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Initial Growth Process of a Zn Nanodot Fabricated
using Nonadiabatic Near-field Optical CVD
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* Japan Science and Technology Agency,
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1. Introduction

In order to realize high spatial resolution, high
precision in controlling size and position, a
nanofabrication technique is required. In the
self-organized growth method [1], its spatial
precision is not sufficiently high to meet this
requirement. To improve the precision, an e-beam
[2], scanning tunneling microscope (STM) [3], and
surface modification [4] are used for site-control of
the substrate. However, it has a disadvantage in
that it limits the materials that can be deposited
because it cannot deal with insulators. By the
conventional optical chemical vapor deposition
(CVD), vapors of metal organic molecules are
dissociated by ostochemical reaction with the
far-field light; er, it is difficult to fabricate
Nanometric Me........ due to the diffraction limit of
light.

Spatial localized nature of the optical near field
is suitable for nano-fabrications. So far, we have
found in the near-field optical chemical vapor
deposition (NFO-CVD) that the metal organic
molecules are photodissociated by a nonresonant
optical near field with photon energy lower than
the dissociation energy of the molecule[5]. We
have explained that this unique photodissociation
comes from the nonadiabatic photochemical
process based on the exciton-phonon polariton
model which we have developed [6]. According to
this model, the photodissociation is induced by a
visible light even for the optically inactive
molecule. In this paper, we introduce the
fabrication of Zn nanodots using

Received April 9, 2007
Accepted May 25, 2007

zinc-bis(acetylacetonate) (Zn(acac),) and the Its
initial growth process. Although Zn(acac), is
optically inactive, we observed the deposition of
Zn-nanodots on the substrate just below the apex
of the fiber probe using NFO-CVD. Finally, we
obtained Zn nanodot of 5-nm in diameter by the
optimizations of the deposit conditions.

2. Experimental

Figure 1 shows the experimental setup for
NFO-CVD. In the experiment, Zn(acac), was used
as the source of the reacting molecular gas. An

Ar laser (A = 457 nm) was used as the light source.

The fiber probe used for NFO-CVD was a
high-throughput single-tapered fiber probe, which
was fabricated by pulling and etching a pure silica

core fiber. The cone angle of the fabricated fiber
Inci 3 457 nm
nelieat Taght Optical Fiber

o —
(Q1) Incident Light

Fiber Probe D]

|=.'_—_:=
Sapphire
Substrate

Vacuum Chamber

Leaked Optical
Far-field Light Near-field

Fig.1. Experimental setup for chemical vapor
deposition using an optical near field.
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probe was 30 degrees and its apex diameter was 30
nm. During deposition, the pressure of Zn(acac),
was 70 mTorr in the CVD chamber. Ultra-high
purity argon (Ar) was used as a buffer gas. In the
nonadiabatic NFO-CVD, the deposition effect of
the far-field light leaking is negligible [6]. Thus a
fiber probe without the usual metal coating, i.e., a
bare fiber probe could be used for the deposition,
and the optical near-field was strongly generated at
the apex of the fiber probe. The separation between
the fiber probe and the sapphire substrate was
controlled to within several nanometers by using a
shear-force technique. The laser output power
from the fiber probe was measured with a
photo-diode placed behind the sapphire substrate.
It should be noted that the deposition of Zn on the
fiber probe and the resultant decrease in the
efficiency of optical near-field generation are
negligible because the deposition time is
sufficiently short, as has been pointed out [6].

3. Results and discussion

Figure 2 shows the shear-force topographical
image of the sapphire substrate after NFO-CVD.
The observed laser power and the irradiation time
were 1 mW and 15 s, respectively. The diameter
and height of the Zn dot were 70 nm and 24 nm,
respectively. Zn(acac), is not usually used for
conventional optical CVD due to its low optical
activity. However, in case of NFO-CVD, the
optical near field can activate the molecule and
photodissociated Zn atom is adsorbed under the
fiber probe. In NFO-CVD, its deposition rate was
almost the same as that of deposition in which
diethylzinc (DEZn) gas was used, although for the
conventional optical CVD, we carried out that

Fig.2. Shear-force topographical images after
NFO-CVD using Zn(acac), at wavelengths of A =
457nm.

Vol.20, No.1, 2007

DEZn has a deposition rate of more than 1000
times higher that of Zn(acac),, We consider that
the physical origin of the photodissociation of
Zn(acac), is also the nonadiabatic photochemical
process by ONF [6].

Deposited Atom ( X10%)

05 m

1 . 1 L 1

10 15
Probe— Substrate distance (nm)

Fig.3. The probe-substrate separation dependence
of deposition rate.

It is necessary to improve size-controllability of
deposited dots, in order to deposit a Zn nanodot
smaller than 10 nm in diameter for the fabrication
of a ZnO quantum dot [7]. So, we investigated the

(2) 120 — 950
f '® Height (nm)
100 —. Diameter (nm)

T % g
% so_j— {255
E | " .
8 40 !/
O i
20f, /
gfoi.__._._i’,' dg

Fluence( X 10" photon)

(b)

Fig4. the initial growth process of a Zn
nanodot.
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deposition rate depending on the probe-substrate
separation was investigated, as shown in Fig. 3.
The observed laser power and the irradiation time
were 160 LW and 60 s, respectively. When the
separation was narrower than 5nm, the deposition
rate decreased with the decrease in the separation.
This deceleration of deposition rate comes from
the insufficient supply of Zn(acac), molecule. This
is because the separation between the substrate and
the fiber probe is too narrow to supply Zn(acac),
for the separation of less than 5-nm. When the
separation was broader than 10nm, the deposition
rate decreased with the increase in the separation.
In this deposit condition, since photodissociated
Zn-atoms diffuse away, the deposition rate may
decelerate. As a result, we selected the
probe-substrate separation of Snm during the
deposition.

Figure 4 (a) shows the initial growth process of a
Zn nanodot. The observed laser power was 65 uw.
The diameter of the nanodot rapidly increased to
the diameter of the probe. On the other hand, its
height slowly increased until the diameter
broadened to the diameter of the probe. When the
fluence is 5x10" photons, the diameter of Zn

nanodot was Snm, as shown in Fig. 4(b). Its height
was 0.3 nm which correspond to the monolayer of
Zn. So, we have considered the epitaxial growth
even in the NFO-CVD. This deposited Zn nanodot
by NFO-CVD was the minutest structure that we
have fabricated.
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We present tamper resistance in optical excitation transfer via optical near-field interactions based on the
energy dissipation process occurring locally in nanometric devices such as quantum dots. A theoretical com-
parison with electrical systems is also shown, focusing on the required environmental conditions. Numerical
simulations based on virtual photon models demonstrate high tamper resistance. © 2007 Optical Society of

America
OCIS codes: 260.2110, 270.0270, 070.6020.

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

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

Here, we define tampering of information as in-
volving simple signal transfer processes, since our
primary focus is on their fundamental physical prop-
erties. We begin with the interaction Hamiltonian be-
tween an electron and an electric field, which is given
by
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Hip=- f & (A a(r) - D(F)dF, (1)

where £ is a dipole moment, ¢(7) and ¢(7) are, re-
spectively, creation and annihilation operators of an

electron at r, and ﬁ(f) is the operator of electric flux
density. In usual light-matter interactions, the op-

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

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

B2n?

m(ni + n§ + nf), (2)

E(n n,n):EB"'

0 yttz

where Ep is the energy of the bulk exciton and M is
the effective mass of the exciton. According to Eq. (2),
there exists a resonance between the level of quan-
tum number (1,1,1) for QD, and that of quantum
number (2,1,1) for QDg. There is an optical near-field
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interaction, which is denoted by U, due to the steep
electric field in the vicinity of QD4. Therefore, exci-
tons in QD4 can move to the (2,1,1)-level in QDg.
Note that such a transfer is prohibited in propagat-
ing light since the (2,1,1)-level in QDg contains an
even number. In QDg, the exciton sees a sublevel en-
ergy relaxation, denoted by I', which is faster than
the near-field interaction, and so the exciton goes to
the (1,1,1)-level of QDg. We should also note that the
sublevel relaxation determines the unidirectional ex-
citon transfer from QD, to QDg.

To compare the tamper resistance capability, here
we introduce an electronic system based on single
charge tunneling, where a tunnel junction with ca-
pacitance C and tunneling resistance Ry is coupled to
a voltage source V via the external impedance Z(w),
as shown in Fig. 1(b). To achieve single charge tun-
neling, besides the condition that the electrostatic en-
ergy E-=e%/2C of a single excess electron be greater
than the thermal energy k5T, the environment must
have appropriate conditions, as discussed in detail in
[8]. For instance, by an inductance L in the external
impedance, the fluctuation of the charge is given by

) e? Bhog
= — coth , 3
(6Q%) 1 co 2 (3)
where p=E;/hwg, wg=(LC)™"2, and B=1/kgT.

Therefore charge fluctuations cannot be small even
at zero temperature unless p>1. This means that a
high-impedance environment is necessary, which
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Fig. 1. Model of tamper resistance in devices based on (a)
optical excitation transfer, (b) single charge tunneling, and
(c) transistor. Dotted curves show the scale of a key device,
and dashed curves show the scale of the environment re-
quired for the system to work. In (a), an exciton can move
from QD, to QDg via optical near-field interactions and
sublevel relaxation.
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makes tampering technically easy, for instance by
adding another impedance circuit.

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

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

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

I =27lg(0)*D(w), (4)

where fig(w) is the exciton—phonon coupling energy
at frequency o, % is the Planck constant divided by
2, and D(w) is the phonon density of states. There-
fore, tampering with the relaxation process requires
somehow “stealing” the exciton—phonon coupling,
which would be extremely difficult technically.

We should also note that the energy dissipation oc-
curring in the optical excitation transfer, derived
theoretically as E311)-E (11,1 in QDg based on Eq.
(2), should be larger than the exciton—phonon cou-
pling energy of A", otherwise the two levels in QDg
cannot be resolved. This is similar to the fact that the
condition p>1 is necessary in the electron tunneling
example, which means that the mode energy fiw, is
smaller than the required charging energy E. By re-
garding #l" as a kind of mode energy in the optical ex-
citation transfer, the difference between the optical
excitation transfer and a conventional wired device is
the physical scale at which this mode energy is real-
ized: nanoscale for the optical excitation transfer, and
macroscale for electric circuits.

Another possible method of attack is to use a probe,
that is, an invasive attack, to tamper with the exciton
flow. This is modeled by the system shown in Fig.
2(a), where the original two quantum dots are de-
picted by A and B, and the attacker is represented by
C. By using a virtual photon model [9], the solid
curves shown in Figs. 2(b) and 2(c) show the calcu-
lated evolution of the population of the lower level of
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Fig. 2. Tamper resistance in optical excitation transfer
system. (a) Physical model based on virtual photon model.
(b), (¢) Evolution of population of Bl-level without QD C
(solid curve), Bl-level with QD C (dashed curve), and C1-
level (dotted curve).

B (=B1) in the absence of the attacker dot C. The in-
terdot interaction is assumed to be 100 ps (U™1), and
the sublevel relaxation at B is assumed to be 5 ps
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(I'1), as typical parameters. Now, in the presence of
C, the dashed curve and the dotted curve in Fig. 2(b),
respectively, show the evolution of the lower levels of
B (B1) and C (C1). It is clear that there is little popu-
lation in C1, meaning that tampering is difficult,
since the sublevel relaxation at B is faster than the
interaction between B2 and C2. Now, suppose that
the interaction between B2 and C2 could be made
faster (for example, 50 ps); then, the attacker could
have a higher population, as shown by the dotted
curve in Fig. 2(c). However, at the same time, the
population of B1 (dashed curve) is degraded accord-
ingly, meaning that the attack is detectable from the
performance degradation of the original system.

In summary, we have analyzed the tamper resis-
tance of optical excitation transfer via optical near-
field interactions by noticing the energy dissipation
process or the relation to the environment for signal
transfer. The tamper resistance is associated with
the physical scale required for the environment,
which is the nanoscale and the macroscale for optical
excitation transfer and conventional electrical cir-
cuits, respectively. Numerical simulations are also
presented that support the difficulty of tampering
with the excitation transfer process.
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The authors report on

time-resolved near-field spectroscopy of ZnO/ZnMgO nanorod

double-quantum-well structures (DQWSs) for a nanometer-scale photonic device. They observed
nutation of the population between the resonantly coupled exciton states of DQWs. Furthermore,
they demonstrated switching dynamics by controlling the exciton excitation in the dipole-inactive
state via an optical near field. The results of time-resolved near-field spectroscopy of isolated DQW's
described here are a promising step toward designing a nanometer-scale photonic switch and related
devices. © 2007 American Institute of Physics. [DOI: 10.1063/1.2743949]

Systems of optically coupled quantum dots (QDs)
should be applicable to quantum information processin;:{.l’2
Additional functional devices (i.e., nanophotonic devices3_6)
can be realized by controlling the exciton excitation in QDs.
ZnO is a promising material for room-temperature operation,
owing to its large exciton binding energy7_9 and recent
achievements in the fabrication of nanorod hetero-
structures.'®"! This study used time-resolved near-field spec-
troscopy to demonstrate the switching dynamics that result
from controlling the optical near-field energy transfer in ZnO
nanorod double-quantum-well structures (DQWs). We ob-
served nutation of the population between the resonantly
coupled exciton states of DQWs, where the coupling strength
of the near-field interaction decreased exponentially as the
separation increased.

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

The far-field photoluminescence (PL) spectra were ob-
tained using a He-Cd laser (A=325 nm) before detection
using near-field spectroscopy. The near-field photolumines-
cence (NFPL) spectra were obtained using a He-Cd laser
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(A=325 nm), collected with a fiber probe with an aperture
diameter of 30 nm, and detected using a cooled charge-
coupled device through a monochromator. Blueshifted PL
peaks were observed at 3.499(I), 3.429(I,p), and
3.467 (I;p) €V in the far- and near-field PL spectra
[Fig. 2(a)]. We believe that these peaks originated from the
respective ZnO QWs because their energies are comparable
to the predicted ZnO well-layer thicknesses of 1.7(I),
3.4(1,p), and 2.2 (I5p) nm, respectively, calculated using the
finite square-well potential of the quantum confinement ef-
fect in ZnO SQWs.'® To confirm the near-field energy trans-
fer between QWs, we compared the time-resolved near-field
PL (TRyppr) signals at the Ig, I;p, and I3 peaks. For the
time-resolved near-field spectroscopy, the signal was col-
lected with a fiber probe with an aperture diameter of 30 nm
and detected using a microchannel plate through a bandpass
filter with 1 nm spectral width. Figure 2(b) shows the typical
TRypp. of SQWs (TRg), 1-DQWs (TR,p), and 3-DQWs
(TR;p), respectively, using the 4.025 eV (A=308 nm) light
with a pulse of 10 ps duration to excite the barrier layers of
ZnO QWs.

We calculate the exciton dynamics using quantum me-
chanical density-matrix formalism,'*"

i n
p==lH.pl+ X L0ApA AN p-pAlA) (1)

(p: density operator, H: Hamiltonian in the considered sys-
tem, AZ and A,: creation and annihilation operators for an
exciton energy level labeled n, and v,: photon or phonon
relaxation constant). The exciton population is calculated us-
ing matrix elements for all exciton states in the system con-
sidered. First, we apply the calculation to a three-level sys-
tem of SQWs [inset of Fig. 2(c)], where the continuum state
hQc is initially excited using a 10 ps laser pulse. Then, the
initial exciton population in ZnO QWs is created in ) g,
where an incoherent Gaussian excitation term with a tempo-

© 2007 American Institute of Physics
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FIG. 1. ZnO/ZnMgO nanorod quantum-well structures. c: ¢ axis of the ZnO
stem. (a) Schematics of ZnO/ZnMgO SQWs, DQWs (1-DQWs), and triple
pairs of DQWs (3-DQWs). (b) Z-contrast TEM image of 3-DQWs clearly
shows the compositional variation, with the bright layers representing the
ZnO well layers. Scale bar: 50 nm.

ral width of 20g is added in Eq. (1) because nonradiative
relaxation paths via exciton-phonon coupling make a
dephased input signal, statistically. Finally, an exciton carrier
relaxes due to the electron-hole recombination with relax-
ation constant 7y;g. Figure 2(c) shows a numerical result and
experimental data. Here, we used 20;5=100 ps, and ;5 was
evaluated as 460 ps.

A similar calculation was applied for DQWs. We used
two three-level systems, coupled via an optical near field
with a coupling strength of U, [inset of Fig. 2(d)]. Figure
2(d) shows the numerical results for the exciton population
in QWs; and the experimental data. Here 20p and 20,
were set at 200 ps, which is twice the value for SQWs, be-
cause the relaxation paths extend the barrier energy state in
the two quantum well (QW). v, and y,p are evaluated as
200 ps. We believe that the faster relaxation for DQWs com-
pared with SQWs reflects the lifetime of the coupled states
mediated by the optical near-field. Furthermore, the charac-
teristic behavior that results from near-field coupling appears
as the oscillatory decay in Fig. 2(d). This indicates that the
time scale of the near-field coupling is shorter than the de-
coherence time, and that coherent coupled states, such as
symmetric and antisymmetric states,'* determine the system
dynamics. Furthermore, nutation never appears unless unbal-
anced initial exciton populations are prepared for (), and
7 Qsp. In the far-field excitation, only the symmetric state is
excited because the antisymmetric state is dipole inactive. By
contrast, in the near-field excitation, both the symmetric and
antisymmetric states are excited due to the presence of a
near-field probe. Since the symmetric and antisymmetric
states have different eigenenergies, the interference of these
states generates a detectable beat signal. The unbalanced ex-
citation rate is given by A;/A,=10 here. From the period of
nutation, the strength of the near-field coupling is estimated
to be U;,=7.7 ns™! (=4.9 ueV).

We evaluated nutation frequencies using Fourier analy-
sis. In Fig. 3(a), the power spectral density of SQWs (PSg)
does not exhibit any peaks, indicating a monotonic decrease.
By contrast, the power spectral density of 1-DQWs (PS;p)
had a strong peak at a frequency of 2.6 ns~!. Furthermore,
that of 3-DQWs (PS;p) had three peaks at 1.9, 4.7, and
7.1 ns™!. Since, the degree of the coupling strength, which is
proportional to the frequency of the nutation, increases as the
separation decreases, the three peaks correspond to the sig-
nals from DQWs with separations of 10, 6, and 3 nm, re-
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FIG. 2. (Color online) Near-field time-resolved spectroscopy of ZnO nano-
rod DQWs at 15 K. (a) NFg, NF,, and NF;p: near-field PL spectra. FFg,
FF,p, and FF3,:  far-field PL  spectra of ZnO  SQWs
(Lw=2.0 nm), 1-DQWs (Lw=3.5nm, 6 nm separation), and 3-DQWs
(Lw=2.0 nm and 3, 6, and 10 nm separation). (b) TRg, TRp, and TR;p,
show TRygpp, signal obtained at I, I, and I;p. Theoretical results on the
transient exciton population dynamics (solid curves) and experimental PL
data (filled squares) of (c) SQWs [same as curve TRg in (b)] and (d)
1-DQWs [same as curve TR,p in (b)]. The insets schematically depict the
respective system configurations. #{): barrier energy state with a central
energy.

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

QWs. (a) PSg, PS;p, and PS;, show the power spectra of TRg, TR,p, and

TD;p, respectively. (b) Separation D dependence of frequency of the
nutation.
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FIG. 4. (Color online) Switching operation by controlling the exciton exci-
tation. Schematic of the nanophotonic switch of (a) “off” state and (b) “on”
state. (c) NF,,, NF w1, and NF ; show NFPL signal obtained with the
illumination of input laser along, control laser alone, and input and control
laser, respectively. (d) Near-field time-resolved PL signal with on state.

decaying dependence represented by this line supports the
origin of the peaks in the power spectra from the localized
near-field interaction between the QWs.

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

Figure 4(c) shows the NFPL for the three pairs of DQWs
with L,,=3.2 and 3.8 nm with different separations (3, 6, and
10 nm). Curve NF,; was obtained with continuous input
light illumination from a He—Cd laser (3.814 eV). No emis-
sion was observed from the exciton ground state of QW;
(EA)) or the excited state of QW, (EB,) at a photon energy
of 3.435 eV, indicating that the excited energy in QW, was
transferred to the excited state of QW,. Furthermore, the
excited state of QW, is a dipole-forbidden level. Curve
NF_ onirol Shows the NFPL signal obtained with control light
excitation of 3.425 eV with a 10 ps pulse. Emission from the
ground state of QW, at a photon energy of 3.425 eV was

Appl. Phys. Lett. 90, 223110 (2007)

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

Finally, the dynamic properties of the nanophotonic
switching were evaluated by using the time correlation single
photon counting method. We observed TRygpy. signals using
a fiber probe with an aperture diameter of 30 nm at 3.435 eV
with both input and control laser excitations [see Fig. 4(d)].
The decay time constant was found to be 483 ps. The output
signal increased synchronously, within 100 ps, with the con-
trol pulse. Since the rise time is considered equal to one-
quarter of the nutation period 7,"” the value agrees with those
obtained for DQWs with the same well width in the range
from 7/4=36 ps (3 nm separation) to 7/4=125 ps (10 nm
separation).

We observed the nutation between DQWs and demon-
strated the switching dynamics by controlling the exciton
excitation in the QWSs. For room-temperature operation,
since the spectral width reaches thermal energy (26 meV), a
higher Mg concentration in the barrier layers and narrower
L,, are required so that the spectral peaks of the first excited
state (E,) and ground state (E;) do not overlap. This can be
achieved by using two QWs with L,,=1.5 nm (QW,) and
2 nm (QW,) with a Mg concentration of 50%, where the
energy difference between E, and E; in QW, is 50 meV.'
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Abstract

We successfully produced a drastic decrease in the required growth
temperature of single-crystalline ZnO nanorods, and enabled successful
growth of vertically aligned ZnO nanorods on a Si(100) substrate using
photoinduced metal organic vapour phase epitaxy (MOVPE). We introduced
325 nm light during the MOVPE growth, and achieved vertical growth of
single-crystalline ZnO nanorods with a hexagonal crystal structure on
Si(100) at a growth temperature of 270 °C. The successful low-temperature
growth of ZnO nanorods on the Si(100) substrate described here is a
promising step toward designing nanoscale photonic and electronic devices

required by future systems.

1. Introduction

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

0957-4484/07/065606+04$30.00

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

Both ZnO films and nanostructures have been prepared
as substrates for ZnO growth with high-quality crystallinity,
typically on sapphire substrates, because this produces a good
lattice match with ZnO [7-11]. Nevertheless, the use of Si
substrates enables the deposition of nanomaterials on large and
inexpensive substrates, offering possible mass production of
nanomaterials. More importantly, since ZnO nanorod field-
effect transistors have large mobility [12], the preparation
of ZnO nanorods on Si appears to be a breakthrough

© 2007 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) SEM image of ZnO films deposited at room temperature. Magnified SEM images at ((b) and (c)) room temperature, ((d) and (e))
150°C, and ((f)—(h)) 270 °C, respectively. ((b), (d), and (f)): outside the spot; ((c), (e), (g), and (h)): inside the spot. (h) Magnified SEM image

of (g).

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

2. Experimental technique

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

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

We used scanning electron microscopy (SEM) to examine
the growth temperature dependence of the surface morphology
of films deposited on Si(100). As shown in figures 1(a)—(c),
irradiation with a He—Cd laser light (inside the white ellipse) at
room temperature covered the Si(100) substrate with several
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Figure 2. (a) Low-magnification and (b) high-resolution TEM images of ZnO nanorods grown at 270 °C. (c) The corresponding SAD pattern.

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

3. Results and discussion

Transmission electron microscopy (TEM) was employed for
further investigation of structural characteristics. A low-
magnification TEM image (figure 2(a)) reveled vertical growth
in the nanorod structure on the Si(100) substrate. Furthermore,
a high-resolution TEM image of the nanorod tip (figure 2(b))
and the corresponding selection area diffraction (SAD) pattern
(figure 2(c)) revealed that the lattice spacing (0.26 and 0.28 nm)
matched the (0002) and (0110) wurtzite planes of ZnO,
respectively. TEM images of all the nanorods investigated in
this study revealed that ZnO nanorods grew along the [0001]
direction. Although the native oxide was removed before
deposition, since the deposition was carried out in ambient
oxygen, the ZnO nanorods were grown on an oxidized Si
substrate. The results indicate that vertically aligned ZnO
nanorods with hexagonal structures can be obtained on various
substrate types, even glass substrates. Detailed discussions on
substrate dependence will be given elsewhere.

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

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

4. Conclusion

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

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

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

applications.
© 2007 Elsevier B.V. All rights reserved.

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

1. Introduction

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

2. Concepts of the system

In this paper, we report the development of the near-
field lithography (NFL) tool with very high resolution at
low cost. This feature would pave the way for developing
a wide range of applications. In the course of the develop-

* Corresponding author. Tel.: +81 3 5732 2575.
E-mail address.: inao.yasuhisa@canon.co.jp (Y. Inao).

0167-9317/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.mee.2007.01.043

ment of our system, we have taken into account the follow-
ing three points as our basic concepts:

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

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

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

3. Structure and operation of the system
3.1. Taking the full advantage of the optical near fields

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

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

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

Pump
\A
7

.

light is deposited on a silicon substrate. A 50 nm thick
absorber layer, typically made of chromium, is then formed
by sputtering. We form an absorber pattern by using the
electron beam lithography and the subsequent dry-etching
process. Finally, we remove the silicon substrate by the
wet-etching process, leaving only the silicon nitride mem-
brane. The fabricated mask has a 10 x 10 mm? elastic mem-
brane area on a 4-in. wafer.

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

D/Ahgnment scope

Exposure light: i-line(A=365nm)

Pressure vessel

Membrane NFL mask
Photoresist / Wafer—,

XY stage: movable to 100 x 100 mm

Mask-wafer Gap = 50um ”

E:

Alignment marks on a mask and a wafer

Fig. 1. Schematic illustration of prototype of near-field lithography.

Membrane

v

Cr:50 nm

60 nm
160 nm

00nm s_pkv xs3e6K

188nm

Fig. 2. (a) Photomask for near-field lithography and (b) chromium mask absorber pattern on a SiN membrane.
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e

Conventional
mercury lamp

Fig. 3. Photograph of (a) whole system of our prototype, (b) inside of the enclosure and the light source, (c) photomask held under the pressure vessel
illuminated by fiber bundle and (d) contact between photomask and wafer by applying pressure and deforming photomask.

the light is illuminated to the photoresist and the The fabricated pattern on the photoresist is shown in
optical near field distribution is translated to the  Fig. 4. The structural dimensions are 160 nm pitch and
photoresist. 50 nm wide, and which are smaller than the wavelength

V| 5t Slef bl
UL

Fig. 4. Uniform pattern in an area of 5 x 5 mm?, (a) SEM image of pattern located at the center of exposure area, (b) SEM image of pattern located at the
edge of exposure area.
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of the light that we used (4 =365nm). In this example,
we employed the tri-layer resist stack, which consists of
the photosensitive layer of 30 nm thick, the middle-etch-
ing mask layer of 20 nm thick and the bottom layer of
100 nm thick [2]. In our test mask, 25 sets of the patterns
with similar line and space are distributed within an area
of 5x5mm’ exposed by the light source. We checked
the uniformity of the physical contact and the exposure
by inspecting each pattern marked by the circles, as
shown in Fig. 4. The average 3c of the line width is
approximately 20 nm, which we attribute to the accuracy
of our chromium mask. Therefore, this value can be
made further small by using an amorphous silicon pho-
tomask absorber [3]. We also note that it is important
to improve the resist materials to improve the line edge
roughness. From this result, we confirmed that our pro-
totype near-field lithography system allows us to obtain
extremely high resolution beyond the conventional wave-
length limit while the system is retained to be simple and
compact.

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

We describe the operation of our prototype in Fig. 5. An
NFL photomask is placed at the region marked by the cir-
cle while the alignment scope and the illumination optics
are set on the top. By applying the pressure to the vessel,
the photomask is brought into contact with the photoresist.
Then, the alignment scope moves on to the wafer and the
position of both the photomask relative to the wafer is
checked first. Then, the illumination optics comes in and
the exposure is carried out. We use a mechanical shutter
for dosage control. After the mask is detached from the
wafer, the wafer is moved to the next position. These series
of action constitute our step and repeat process. The result
of the step and repeat exposure is shown in Fig. 6. The pat-

Y. Inao et al. | Microelectronic Engineering 84 (2007) 705-710

terns are formed on the entire surface of the 4-in. silicon
wafer. In order to improve the throughput of the system
further, a 4-in. mask with multiple membranes arranged
in a matrix form can be used.

3.3. Ultra-clean environment by Dual-clean system

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

We measured the particle counts depending on their
sizes, in three different region of the system by using two

Fig. 6. Photoresist patterns on the entire surface of 4-in. silicon wafer
using step and repeat exposure.

ent scope

" Wafer stage

.| Scan area over 100 mm x 100 mm
= ” - - ; = s

Photomask |4

¥ Alignment markers

Fig. 5. Layout of components inside the prototype and alignment marks observed by the alignment scope.
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A A
Outside Clean booth
{Normal room)

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

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

Particle Outside In clean booth Inside enclosure
size (particles/CF)®  (particles/CF)® (particles/CF)*
Omin 3 min 7 min

0.5um 25126 67 0 0 0
0.3um 357601 771 2646 0 0
0.2um - - 20466 216 0
0.lum  — - 101979 1161 0
0.08um - — 25245 459 0

# Counted by KC-22B(RION CO., LTD).
® Counted by 243A(HIAC ROYCO).

different commercial particle counters (model: KC-22B
[RION CO., LTD], 243A[HIAC ROYCO]). The results
are summarized in Table 1. In the clean booth, we observed

770 particles per cubic foot greater than 0.3 um in
diameter.

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

4. Application of our prototype

To further demonstrate our prototype tool, we also
fabricated 2D patterns, dot and hole arrays, as shown
in Fig. 8a and b. We confirmed a good uniformity over
an area of 50 x50 um?®. These patterns are typical of
nano-devices, such as nano-optical devices (Photonic
Crystal, Sub-Wavelength Structure), nano-electrical
devices (Single electron transistor, Quantum dot laser),
and nano-bio devices (Plasmon biosensors, DNA mole-
cule filter). Therefore, these results suggest that our proto-
type tool based on our basic concept can serve as a useful
fabrication tool for a wide range of nano-scale device
fabrication.

5. Summary

We demonstrated the prototype of the near-field lithog-
raphy system based on the proven concepts of a simple
nano-fabrication tool with high resolution at low cost.
The resist patterns with sub-50 nm features were fabricated
on the entire surface of the 4-in. silicon wafer by using the
step and repeat exposure. We realized the ultra-clean
environment by making use of the dual clean system, which
is crucial for reliable nano-processing. The 2D resist pat-

Fig. 8. SEM images of resist pattern, (a) dot array pattern whose pitch is 200 nm and diameter is 60 nm, (b) hole array patter whose pitch is 250 nm and

diameter is 150 nm.
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Abstract

We introduce a unique photochemical reaction, i.e., nonadiabatic photochemical reaction (NPR) described by exciton—phonon
polariton model, which seems to violate the Franck—Condon principle. We demonstrated a novel photolithography using optical near
field which is based on the NPR. The UV-photoresist was exposed to visible and red light, while the used photoresist are low or non
sensitive for visible light. This method in photolithography drastically reduce the problems, coming from wave properties of light, such as
diffraction limit, interference fringes, and so on. Finally, we exposed electron-beam resist, which is completely insensitive for light, and

succeeded in fabrication of a 50-nm structure.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Photolithography; Nanophotolithography; Nonadiabatic photochemical reaction; Nanofabrication.

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

Recently, to satisfy the demand for mass production of
photonic and electronic devices, various methods of
nanofabrication are contrived [4-6]. Among all, nonadia-
batic photolithography is widely used because it enables
conventional photolithographic components and systems

*Corresponding author. Tel.: +81427886030; fax: + 8142788 6031.
E-mail address: yonemitsu@nanophotonics.t.u-tokyo.ac.jp
(H. Yonemitsu).

0022-2313/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jlumin.2006.01.115

for nanofabrication beyond the diffraction limit of light.
The wave properties of light can cause problems for
nanometric photolithography, including not only the
diffraction limit, but also coherency and polarization
dependence. In photolithography of high-density nano-
metric arrays, the optical coherent length is longer than
their separation between adjacent corrugations, even when
an Hg lamp is used, and there is not enough photoresist
absorption to suppress fringe interference of scattered light
due to the narrow separations. The transmission intensity
of light passing through a photomask strongly depends on
its polarization, so the design of photomask structures
must include such effects. The largest advantage of
nonadiabatic photolithography is free from these problems
coming from wave properties of light.

Fig. 1 illustrates schematic drawings of potential curves
of an electron in molecular orbital and the EPP model. For
an optical far field, the light wavelength is much longer
than the size of molecules and the field intensity is uniform
in a neutral molecule. Thus, only electrons in the molecule
respond to the electric field with the same phase and
intensity. In such case, an optical far field cannot excite the
higher molecular vibrational state, and the light source
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Fig. 1. Schematic drawings of (a) potential curves of an electron in
molecular orbital and (b) the exciton—phonon polariton (EPP) model.

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

An ONF is a highly mixed state with material excitation
rather than a propagating light field. When the creation
(annihilation) operators for photon, exciton and phonon
are denoted af(ap), bg(bp) and cf(cp), respectively, the
Hamiltonian for the system where photon and exciton, or
exciton and phonon interact with each other is written as

H :Z h {wpa;ap + a)e"bTb +— £ (agbp - apb;)}
P
+ > hQpchep + S {ih M= q) Blby ey + ]| + 1.}
4 pq
(1

where p or ¢ is the momentum of each particle, w,, wf* and
Q, are the frequency of photon, exciton and phonon,
respectively, Q. and M(p — ¢) are the coupling coefficient
between phonon and exciton, and, exciton and photon,
respectively, h.c. is the Hermite conjugate.

() Cr Mask

Position (i m)

Position (£ m)
[ 2%

0 2000
Position (nm)

4000

Fig. 2. (a) A schematic of the photomask and the Si-substrate spin coated
with photoresist (OFPR-800) during the exposure process, (b) atomic
force microscopy images of photoresist OFPR-800 exposed to the g-line of
a Hg lamp for 3s, (c) atomic force microscopy images of photoresist
OFPR-800 developed after a 4-h exposure to a 672-nm laser.

This Hamiltonian for the ONF probe can be diagona-
lized using the mean field approximation and unitary
transformation, and expressed in such a quasi-particle
(EPP) representation as

H=Y ho@pge. @
P

Here the creation (annihilation) operator for EPP and the
frequency are denoted é;(f) and w (p), respectively. The
detailed discussion of EPP model was reported in previous
works e.g. [1].

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

Fig. 3. (a) AFM images of photoresist TDMR-AR87 exposed to the polarized g-line of a Hg lamp for 10s using a circle-shaped array photomask, (b)
AFM images of photoresist OTDMR-AR87 developed after a 40-s exposure to the g-line of a Hg lamp using a T-shaped array photomask.
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Fig. 4. (a) Atomic force microscopy images of Electron-Beam resist exposed for Smin using the Q-switched laser (355nm) and a circle-shaped (1 um
diameter) array photomask, (b) cross-sectional profiles of the developed pattern along broken lines A and B in Fig. 4(a).

exposure time were 1 W/cm? and 4h, respectively. The
corrugated pattern was 30 nm deep and 150 nm wide, much
smaller than the wavelength of the light source. In this
region, a steeply spatial gradient of optical energy that
indicates the existence of an optical near field is expected,
and direct irradiation of 672-nm light cannot expose the
photoresist. The formation of the pattern never comes
from the thermal effect. This is because it is difficult to
make such minute temperature distribution corresponding
to the corrugated pattern by the CW-light source that we
used. These results indicate that the nonadiabatic process
using ONF can expose the photoresist.

Fig. 3 shows atomic force microscopy (AFM) images of
the photoresist surface after exposure and development.

Fig. 3(a) shows corrugated pattern on the photoresist
TDMR-AR87 (Tokyo-Ohka Kogyo Co.) using a linearly
polarized g-line light. TDMR-ARS7 is the photoresist for
an i-line (365-nm) light source, whose sensitivity reacts for
g-line is little. The conventional photolithography using a
photomask with a periodically nanometric array has strong
harmful effects on polarization of light and interference
fringes. We confirmed the difficulties due to these harmful
effects experimentally. However, using nonadiabatic
photolithography method, we succeeded in transfers of
the 2D nanometric arrays of circles and T-shapes; as shown
in Figs. 3(a) and (b). The grooves on the photoresist appear
along the ridge lines of the Cr mask pattern. While the used
light source was non-polarized, the harmful effects were
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drastically reduced. Thus, usefulness of nonadiabatic
photolithography is evident.

We also attempted the exposure of electron beam resist
(EB: ZEP-520: ZEON Co. Ltd.) optically. Fig. 4(a) shows
AFM image of the developed EB resist surfaces after
nonadiabatic exposure. The light source was the third
harmonic generation of a Q-switched Nd:YAG laser and
the exposure duration was 5 min. The pulse energy density,
the pulse duration, and repetition frequency were 250 pJ/
cm’, 10ns, and 20Hz, respectively. We succeeded in
patterning even the EB resist, while it never exposed by
the propagating light. The developed pattern of 50 nm
structures had the pit depth of 70 nm, which is deep enough
for the later process, i.e., the etching of substrate, to reach
the Si substrate. The fabricated structure, which had a
diameter of 1um, was asymmetrical because the light
incident angle was 70 °. In contact mode lithography, the
degree of contact between a photomask and resist is very
important, because the ONF localizes in a extremely
minute area. Since the EB resist has high smooth surface,
the degree of contact was improved.

This result shows the possibility that we can choose and
use the best material without considering whether it is
active or inactive to the light.

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

of Japan

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

atomic force microscope

1. Introduction

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

2. Fiber Probe with a Decreasing Thickness Profile of
Metal

Figures 1(a) and 1(b) show an schematic illustrations of
(a) a probe with a decreasing thickness profile of metal and
(b) an apertured probe, respectively. In (a), the radial
thickness of the metal coating gradually decreases from
submicrons or more to subsubmicrons. r| is the tip radius of
curvature, and 6 and ¢ are the cone angles of the fiber and
probe, respectively. In (b), d; (> 2r;) is the distal diameter
of an apertured probe. In both figures, z is the distance of the

*Present address: Surface Engineering Research Institute, Kanto
Gakuin University, 4-4-1 Ikeda-cho, Yokosuka, Kanagawa 239-
0806, Japan.

"Present address: Department of Mechanical Engineering, Toyo
University, Kawagoe, Saitama 350-8585, Japan.

225

Fig. 1. Schematic illustrations of (a) the probe with a decreasing
metal thickness profile and (b) apertured probe, respectively. Here,
r; shows the radius of curvature, 6 and ¢ are the full cone angles of
the tapered fiber and metal coating, respectively, and d; is distal
diameter of the metallized flat end of the apertured probe. In (a), the
metal coating of the probe body has a constant metal thickness
which is fairly thick in comparison to the skin depth. In a distal
portion, the thickness gradually decreases toward the tip.

sample and probe, and the hatched curves schematically
represent the shear-force scanning operations in relation to
the two probes, respectively. For the probe with a decreasing
thickness profile, the operation successfully works as a
constant distance mode as shown in (a). However, in (b), the
precisely topographic variation of the step-like structure
cannot be obtained with the apertured probe due to a poor
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Fig. 2. (a) Schematic illustration of the method involving four
steps: tapering a fiber, sensitizing, activating, and electroless nickel
plating. The size-dependence of electroless plating which is caused
by ultrasonic irradiation results in the decreasing thickness profile
of nickel. 4 = 220 mm.
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aspect ratio, although constant height mode is realized
against the dot-like protrusion. As a result, the fiber probe
with a decreasing metal thickness profile is found to be very
effective in development of a high resolution shear-force/
near-field optical microscope.

3. Sized-Dependent Electroless Plating Method

Figure 2 shows a schematic illustration of the plating
method for fabricating the probe as in Fig. 1(a). The method
involves tapering a fiber, sensitizing, activating, and electro-
less nickel plating with ultrasonic agitation. By this method,
we fabricated a fiber probe with a radius of r; =25nm in a
decreasing metal thickness profile as shown in Fig. 3(a). In
the following, the method is described for this probe. First, a
GeO,-doped silica fiber with a core diameter of 2 um, clad
diameter of 125um, and an index difference of 2% was
consecutively immersed in buffered HF with volume ratios
of 40%NH4F : 50%HF : H,O = 1.7 : 1 : 1 for 80 min and in
10:1:1 for 120min. The temperatures of two etching
solutions were kept at around 25°C. The obtained fiber
probe has a conical tapered core with a cone angle of 6 =
20° and an apex diameter less than 10 nm. The tapered core
is protruding from the flat clad end with a diameter of 25 um.
Next, the fiber probe was consecutively immersed in
0.1 gdm—*-SnCl, solution for 3min and in 5mgdm™3-
PdCl, solution for 3 min. This sensitizing and activating was
repeated twice. Finally, the nickel coating was done by an
electroless plating unit with an ultrasonic generator (Honda
Electronics, W357 HP). The plating time was 15 min. The
compositions of the used plating solution is summarized in
Table 1. The ultrasonic generator has four ceramic trans-
ducers from which a continuous ultrasonic wave with a
frequency of around 1 MHz are radiated directionally. The
total area of the transducers is 126 x 110 mm?. For details of

Y. SAITO et al.

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

Table 1. Composition of the nickel plating bath.
NiSO,-6H,O (mol-dm~3) 0.1
CH;COONH, (mol-dm~3) 0.4
NaPH,0,-H,0 (mol-dm~3) 0.2
pH 5.0
Temperature (°C) 62

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

4. Results and Discussion

The probe, which is called probe Al, has a conical taper
and a distal tip as shown in Figs. 3(b) and 3(c), respectively.
Here, the dotted lines correspond to the cross-sectional
profiles of the tapered fiber. From the figures, the nickel
radial thickness in the cross-sectional portion of the foot of
the conical taper and the radius r| are estimated to be around
850 and 25 nm, respectively. The cone angle ¢ is around 80°
in the tip region. In (b), the hatched curve shows cross-
section of an entirely coated probe, which was plated
without ultrasonic irradiation. The entirely coated probe is
called probe AO. By comparing probe Al with AO, it is
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Fig. 4. Dependence of the radial nickel thickness profiles of five
probes on the cross-sectional diameter of fiber. Here, curve A0 and
curve Al corresponds to the profiles of probes A0 and Al as
appeared in Fig. 2(b). For curves BO-B2, the nickel plating solution
with a temperature of 60°C was agitated by the ultrasonic wave
with power densities of 0, 1.6, and 2.2 W cm~2, respectively. The
plating times of the five probes is 15 min.

found that the size dependence is caused in a tapered portion
with a cross-sectional diameter of 2000—10nm by using
ultrasonic irradiation with a frequency of 1 MHz and electric
power density of 1.6 Wcem™2,

Figure 4 shows the dependencies of five probes which on
the radial nickel thickness were fabricated by various plating
conditions. Here, curves AO and A1 are those of probes A0
and Al, respectively. For curves Bi (i = 0—2), we used the
nickel plating solution at a temperature 60 °C lower than the
62 °C for probes AOQ and Al. The numbers i = 0, 1, and 2 are
defined as ultrasonic power densities of 0, 1.6, and 2.2
W em™2, respectively. They are represented by dotted and
solid curves, respectively. The plating times of the five
probes are 15 min. The curve B0 is 0.67 times the thickness
of probe AQ. It was difficult to control the size-dependence
by varying the temperature and coating rate without ultra-
sonic irradiation. The radius r; of probe B1 is 2 times larger
than probe Al. Although the radius r; is smaller than
probe Al, the nickel thickness in the foot region of the taper
is too thin to block the unwanted propagating light in near-
field optical imaging. Among these probes, probe Al with a
decreasing thickness profile of nickel coating and small tip
radius of curvature r; = 25 nm is essentially effective in the
combined shear-force and near-field optical microscope.
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1000 nm

Fig. 5. Scanning electron micrographs of nickel-coated probes,
obtained using a mechanical stirrer with speeds of (a) 100 and (b)
300 rpm for agitation of the plating solution, respectively.

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

5. Conclusion

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

A part of this work was supported by the Kunitake
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Japan Science and Technology Agency, Japan.
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We fabricated nanoscale GaN whiskers using photochemical etching. The fabricated GaN whiskers were conjugated
and aligned perpendicular to the incident light polarization used for photochemical etching in a self-assembling
manner. Their far-field photoluminescence spectra exhibited a blue-shifted photoluminescence peak at 3.60eV. Near-
field photoluminescence spectra of individual GaN whiskers were obtained, for the first time. The evaluation of the
near-field spectra identified several peaks from individual whiskers, corresponding to a diameter range of 5—10nm, and

revealed a stepwise change in the diameter along the axis of individual whisker.

© 2006 The Optical Society of Japan
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1. Introduction

For future optical transmission and signal-processing
systems with high data transmission rates and capacity, we
have proposed nanometer-sized photonic integrated circuits
(i.e., nanophotonic ICs).) As a representative device, the
low-temperature operation of a nanophotonic switch was
demonstrated by controlling the dipole forbidden optical
energy transfer among resonant energy states in closely
spaced CuCl quantum cubes via an optical near field." The
switch was made from three CuCl quantum cubes with a size
ratio of 1 :4/2:2 on a sub-10-nm scale.

GaN is a promising material for room-temperature nano-
photonic switches, due to its large exciton binding energy?
and chemical stability.¥ Considering the amount of the
energy shift of the single exciton state in GaN nano-
crystallites as a result of the quantum confinement effect
at room temperature, it is estimated that the size inaccuracy
in GaN nanocrystallites must be as low as £10% in order
to realize efficient near-field energy transfer among the
resonant energy state in a nanophotonic switch composed of
5-, 7-, and 10-nm-quantum dots.? To realize this nanoscale
controllability, electron beams® and scanning probe micro-
scopes®® have been used to control the site on the substrate.
However, these techniques have a low throughput ratio for
production, since they use a scanning beam or probe.

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

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

2. Experimental

A 10-um-thick GaN layer (n-type) was grown on a
sapphire substrate using metal organic chemical vapor
deposition (MOCVD). Photochemical etching was then
carried out using a 1 : 1 solution of 50% HF and 30% H,0,
at room temperature, under the illumination of a He-Cd
laser (1 = 325 nm). Adding an oxidizing agent (H,O,) to the
solution eliminated the need for a counter electrode, which is
usually used in photochemical etching.!” We deposited a Cr
island on the GaN surface to increase the etching rate by
catalysis.'” The etched surface morphology was evaluated
using scanning electronic microscopy (SEM). The optical
properties of the whiskers were examined using a collection-
mode near-field optical microscope with a He—Cd laser
(A = 325 nm) for excitation at 15 K, in which we used a UV
fiber probe with a 20-nm-thick aluminum coating.

3. Results and Discussion

Figures 1(a) and 1(b) show SEM images of the GaN
surface etched for 1 and 30min, respectively. The GaN
whiskers were conjugated and the separation of the ridges
(W) and height (H) both increased as the etching proceeded.
Figure 1(c) is a schematic of the aligned whiskers in (b).
Figure 1(d) shows a magnified SEM image of (b), in which
individual whiskers forming the ridge are recognized.
Figure 1(e) shows a magnified SEM image of the surface
after etching for 60 min, in which the smallest whisker
diameters are less than 10 nm. Furthermore, the direction of
the ridge was perpendicular to the incident light polarization
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(8) e ——

Fig. 1. SEM images of the surface morphology after etching for
(a) 1 and (b) 30min. (c) Schematic diagram of aligned whiskers.
(d) Magnified SEM image of (b). (e) Magnified SEM images of
the surface etched for 60 min.

[see the arrows in Figs. 1(a) and 1(b)]. The conjugated
whiskers were aligned perpendicular to the ridge [Fig. 1(e)].
From this dependence on the light polarization, we con-
cluded that the linear alignment of whiskers originates from
the linearly polarized light of the He—Cd laser. We arrived at
this conclusion for the following reasons: (1) Light that is
polarized perpendicular to the slit has a greater transmission
efficiency through the slit in comparison with parallel
polarization, as is well known in optics. (In our photo-
chemical etching process, the fabricated grooves between
the ridges serve as the slit.) (2) By localizing the carriers at
the bottom of the groove (i.e., this slit) with perpendicular
polarization, a deeper groove is fabricated for the perpen-
dicular polarization. The greater transmission (1) enhances
the carrier localization (2), and the resultant deeper groove
further increases the carrier localization. This positive
feedback process leads to the formation of self-aligned
whiskers perpendicular to the light polarization. By contrast,
note that for the ridge structures formed using a Hg lamp,'?
the fabricated ridges were oriented randomly.

In order to estimate the whisker diameters, we obtained
far-field PL spectra. Curve FF; in Fig. 2 shows the low-
temperature (5 K) far-field PL spectral profile from a sample
etched for 60 min. Note that the peak of this curve was blue-
shifted to 3.60eV in comparison with the far-field PL
spectrum of unetched GaN, which has a single peak at
3.48 eV (curve FFj). Since the observed whisker diameter
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Fig. 2. Far-field [FFy: unetched substrate, FF;: substrate etched
for 60 min [Fig. 1(c)]] PL spectra and near-field (NFy—NF4) PL
spectra of substrate etched for 60 min.

was smaller than the exciton Bohr radius of GaN (11 nm'?),
we predicted that the blue-shifted peak originates from the
quantum size effect in the GaN whiskers. This prediction
is supported by the calculation using the effective mass
approximation (m. = 0.2,'® my, = 0.8'¥), in which the blue-
shifted peak at 3.60 eV corresponds to the PL from a whisker
7.2nm in diameter. The large spectral width of 95 meV in
curve FF; arises from the fluctuation in the diameter of the
whiskers. To evaluate the spectral width of an individual
whisker, we measured the near-field PL at several points in
conjugated whiskers at 15K (curves NF|-NF, in Fig. 2).
Since the decrease in whisker diameter must stop at 4.3 nm,
the point at which the band gap energy of GaN reaches the
photon energy of the He—Cd laser (3.81 eV), the sharp peaks
(10meV width) in curves NF;—-NF, correspond to the PL
from whiskers with diameters of 5-10nm. This result
suggests that a longer etching time is required to realize
photon energy control of the whisker diameter. The details
of the dependence of the whisker diameter on etching time
and the photon-energy are currently under study.

Figures 3(a) and 3(b) show the spatial distributions of the
near-field PL intensity at 3.69 and 3.67eV, respectively.
These images show the drastic variation in the PL intensity
along the whisker axis, in which the two intensity distribu-
tions are anti-correlated along the axis, and the bright areas
in the images have a single linear shape. Furthermore, since
the spatial distribution of the near-field PL intensity at
3.67eV, corresponding to the whisker with 5.7nm in
diameter, is much larger (0.4um width along a whisker
axis) than Bohr radius of GaN (11nm), quantum confine-
ment effect along the whisker axis is negligible. Thus, we
concluded that the two intensity distributions at 3.69 and
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Fig. 3. Spatial distribution of the near-field PL intensity at (a)
3.69 and (b) 3.67¢eV. (c¢) Schematic explanation of the stepwise
change in whisker diameter along its axis.

3.67 eV are originated from quantum confinement effect due
to the stepwise change in the whisker diameter, as explained
schematically in Fig. 3(c). The stepwise change in the
whisker diameter originated from fluctuation in the etching
rate. A more detailed examination of the dependence on the
etching conditions (optical power used for etching, etching
time, and so on) should clarify the origin of this phenomenon
and facilitate control of the stepwise change in the whisker
diameter.

4. Conclusion

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

K. KITAMURA et al.

individual GaN whiskers. The near-field PL spectra exhib-
ited sharp peaks from individual whiskers, which corre-
sponded to diameters from 5 to 10nm. Furthermore, the
near-field evaluation revealed a stepwise change in the
diameter along the axis of an individual whisker. The use
of the self-alignment method will dramatically increase the
throughput of the production of nanoscale structures, which
will be required by future systems. Our results suggest the
possibility of realizing an one-dimensional nanophotonic
device in a single whisker by controlling the diameter along
the whisker axis.
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Using low-temperature near-field spectroscopy, we obtained spatially and spectrally resolved photoluminescence (PL)
images of individual ZnO nanorod single-quantum-well structures (SQWs) with a spatial resolution of 20nm. We
observed the dependence of the quantum confinement effect of the PL peak on the well width (L,y), from which the
linewidths of near-field PL spectra of ZnO nanorod SQWs (L,y, = 2.5 and 3.75 nm) were determined to be as narrow as
3meV. However, near-field PL spectra of individual SQWs with L,, = 5.0 nm exhibited two PL peaks, presumably
due to strains or defects in the ZnMgO in the nanorod SQWs. Since the exciton in a quantum structure is an ideal two-

level system with long coherence times, our results provide criteria for designing nanophotonic devices.
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1. Introduction

Future optical transmission systems will require nano-
photonic integrated circuits” composed of nanometer-scale
dots to increase data transmission rates and capacity. ZnO
nanocrystallite is a promising material for realizing room-
temperature nanophotonic devices, owing to its exciton
binding energy, which is as large as 110meV in quantum
structures,” and large oscillator strength.® Furthermore, the
recent demonstration of a semiconductor nanorod quantum-
well (QW) structure enabled us to fabricate nanometer-scale
electronic and photonic devices on single nanorods.*®
Recently, ZnO/ZnMgO nanorod multiple-QW structures
(MQWs) exhibiting the quantum confinement effect have
also been fabricated.” Further improvement in the fabrica-
tion of nanorod heterostructures has resulted in the obser-
vation of significantly enhanced photoluminescence (PL)
intensity, even from ZnO/ZnMgO nanorod single-QW
structures (SQWs).® Furthermore, spatially resolved near-
field PL spectra of individual nanorod ZnO QWs have been
measured to realize nanophotonic devices using low-temper-
ature near-field optical microscopy (NOM).”

2. Experimental

ZnO/ZnMgO SQWs were fabricated on the ends of ZnO
nanorods with a mean diameter of 40 nm using catalyst-free
metalorganic vapor phase epitaxy.'” The average concen-
tration of Mg in the ZnMgO layers used in this study was
determined to be 20at. %. The average ZnO well layer
thicknesses in the substrate, L,y, investigated in this study
were 2.5, 3.75, and 5.0nm, while the thicknesses of the
ZnMgO bottom and top barrier layers in the SQWs were
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fixed at 60 and 18 nm, respectively. These thicknesses were
determined by the transmission electron microscopy (TEM)
measurement. After growing ZnO nanorod SQWs on
sapphire (0001) substrate, they were dispersed on a flat
sapphire substrate to measure the near-field PL of isolated
nanorod QWs [Fig. 1(a)].

Far-field PL spectra were obtained using a He—Cd laser
(A4 = 325nm) before dispersing the ZnO/ZnMgO nanorod
SQWs. The emission signal was collected with an achro-
matic lens (f = 50 mm). The optical properties of individual
ZnO SQWs were investigated by collection-mode NOM at
15K, using a He—Cd laser (1 = 325 nm) for excitation and
an UV fiber probe with an aperture diameter of 30 nm to
detect the PL signals [Fig. 1(b)]. In contrast to the naturally
formed quantum dot (QD) structure formed in a two-
dimensional (2D) narrow QW,!'"!3 the barrier and cap
layers laid on the substrate allowed the probe tip to access
the PL source, which reduced carrier diffusion in the ZnO
SQWs and the subsequent linewidth broadening, thereby
resulting in high spatial and spectral resolution. The
excitation source, which had a spot size of approximately
100 um in diameter was focused on a nanorod sample laid on
the substrate.

3. Results and Discussion

The solid curves in Fig. 2 show the near-field PL spectra
of the isolated ZnO SQW nanorods with well-layer widths
(Law) of 5.0 (NF,), 3.75 (NFy), and 2.5 (NF.) nm. In these
spectra, the emission peaks around 3.365 (IZZ“O) and 3.555
(I»"MgOY78) ey are associated with neutral-donor bound
excitons in the ZnO stem, and the excitons in the
ZnpsMg( O layers, respectively, which correspond to the
peaks in the respective far-field spectra [dashed curves FF,,
FFy, and FF. in Fig. 2(a)]. Blue-shifted PL emission peaks



OPTICAL REVIEW Vol. 13, No. 4 (2006)

PL

UV fiber
probe
(D=30nm)

ZnO stem

ZnMgO
18nm

ZnO SQW
He-Cd laser

Fig. 1. (a) Scanning electron micrograph of the dispersed ZnO/
ZnMgO nanorod SQWs. (b) Schematic of near-field spectroscopy
of isolated ZnO SQWs on the ends of a ZnO nanorod.

were observed at 3.410 (I5?V for L,, = 5.0nm), 3.444
I for Lyy = 3.75nm), and 3.499 (I5?V for L,, =2.5
nm) eV. Since these peak energies are comparable to the
predicted ZnO well layer thicknesses, Ly, of 4.6 (152V), 3.8
(IS QW), and 2.7 (ICSQW) nm, respectively, calculated using the
finite square-well potential of the quantum confinement
effect in the ZnO well layer, we strongly believe that peaks
15V, 13V “and 15QW originated from the ZnO SQWs. For
the theoretical calculation, we used 0.28m, and 1.8m as the
effective masses of an electron and a hole in ZnO, res-
pectively, at a ratio of conduction- and valence-band offsets
(AE./AE,) of 9, and a band-gap offset (AE,) of 250 meV.¥
Note that the Lorentzian functions indicated by the dashed
curves in Figs. 2(b) and 2(c) fit the respective spectrum
shapes at 152" (L, = 3.75nm) and I3V (L,, = 2.5nm)
well, and the spectral widths of the ZnO SQWs (3.2 meV for
L,y =3.75nm and 2.6meV for L,, = 2.5nm) are much
narrower than those of the far-field spectra (40 meV).

The near-field PL spectrum of the nanorod SQWs with
Lyw = 5.0nm (NF,) had a broader spectral width of 5%
with an additional peak at 3.395eV (Z,). In order to
determine the origin of the /, emission peak, we obtained
spatially resolved near-field PL spectra along the axial
direction of ZnO SQWSs of L,, = 5.0nm (Fig. 3). Curves 1
to 14 shown in Fig. 3(a) correspond to the near-field PL
spectra obtained every 18 nm from the left- to right-hand
side along the dashed white line in Fig. 3(b). Curve 10 of NF
and curve FF in Fig. 3(a) are the same as curves NF, and
FF, in Fig. 2(a), respectively. Figures 3(b)-3(f) show the
spatially and spectrally resolved PL images at 3.365, 3.393,

T. YATSUI et al. 219

[ZnO | SQW | SQW | SQW
2 a b c

[ZnMgO

PL intensity (a.u.)

3.35 34

PL Intenslty (a U )
L ]
____.....-.......__.__ J—
PL intensity (a.u.)

& LS
. o9
r ‘LW=3.|75nm.| N
344 3445 3.45

Photon energy (eV)

3495 3.8 3.505

Photon energy (eV)

Fig. 2. (a) Size-dependent PL spectra of isolated ZnO nanorod
SQWs with L,, =5.0 (FF,,NF,), 3.75 (FFy,NF}y), and 2.5
(FF.,NF.) nm, obtained at 15 K. FF: far-field spectra of vertically
aligned ZnO nanorod SQWSs. NF: near-field PL spectra of the
isolated ZnO SQWSs obtained at the well layer. Respective
magnified near-field PL spectra of the isolated ZnO SQWs of (b)
L,w = 3.75 and (c) L,y = 2.5nm.

3.400, 3.410, and 3.550eV, respectively. Several conclu-
sions can be drawn from these spatial distributions. First, the
full width at half maximum of the linearly shaped distribu-
tion of 12ZnO at 3.365eV [Fig. 3(b)] was as small as 20 nm,
which is comparable to the width of the nanorod [40 nm, see
Fig. 1(a)]. This result confirms that this distribution origi-
nates from the isolated ZnO SQWSs nanorod. Second, a
comparison of the cross-sectional profiles along the dashed
white lines in Figs. 3(b) and 3(e) reveals that the peak
intensity at 3.365eV (I5"°) from the ZnO stem decreased,
while the emission at 3.410eV from the SQW (IfQW)
remained at the end of the nanorod [also see curves B and E
in Fig. 3(g)]. This result supports the postulate that the blue-
shifted emission at 3.410eV (I32V) was confined to the end
of the ZnO stem, surrounded by the ZnMgO barrier layers
[see curve F in Fig. 3(g)]. Third, the emission peak of I, was
split into two peaks of 3.393 eV [I,;: Fig. 3(c)] and 3.400eV
[Z,»: Fig. 3(d)], and the peak intensity of [,; decreased at the
end of the nanorod, while that of I, increased. From the
corresponding cross-sectional profiles [curves C and D in
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Bottom  Top
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(a) Low-temperature (15 K) far-field PL spectra of vertically aligned ZnO nanorod SQWs (FF) and near-field

PL spectra (NF) of the isolated ZnO SQWs (Lyy, = 5.0nm). The spatial distributions at the peaks at (b) 3.365 (/4"°),
(c) 3.393 (11), (d) 3.400 (I»), (e) 3.410 (IEQW), and (f) 3.550eV (J%"™M20), Scale bars: 100 nm. (g) Curves B-F show the
cross-sectional profiles along the dashed white lines in (b)—(f). (h) Schematic of the ZnO nanorod SQWs.

Fig. 3(g)], we found that these peaks were located in the top
and bottom ZnMgO layers, respectively [as shown in
Fig. 3(h)]. Since the ZnO QW thickness in the individual
ZnO nanorod, L, was atomically flat, the two peaks are
presumably originated from strains or defects in the ZnMgO
layers. Detailed origins of these peaks are currently under
studied using a fiber probe with a smaller aperture.

4. Conclusion

In summary, low-temperature near-field spectroscopy
determined that the linewidth of near-field PL spectra of
individual ZnO nanorod SQWs (L, = 2.5 and 3.75 nm) was

as narrow as 3meV. Furthermore, near-field PL spectra of
individual SQWs with L,, = 5.0nm exhibited two PL
peaks, resulting from strains or defects in the ZnMgO in
the nanorod SQWs. The results shown here provide criteria
for realizing nanophotonic devices using a two-level
system.'*!5 As a representative device, a nanophotonic
switch can be realized by controlling the dipole forbidden
optical energy transfer among the resonant energy levels of
nanometer-scale QDs via an optical near field.'® By
considering the amount of the energy shift of the single
exciton state in ZnO nanocrystallites resulting from the
quantum confinement effect at room temperature, we
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estimate that the size accuracy of ZnO nanocrystallites must
be as low as £10% in order to realize efficient near-field
energy transfer among the resonant energy states in a
nanophotonic switch composed of 5-, 7-, and 10-nm QDs.'®
Accordingly, the near-field PL measurement of isolated
SQWs described above is a promising step toward designing
a nanophotonic switch and related devices.
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This presentation reviews nanophotonics, which has been proposed by Ohtsu in 1993[1]. It is a novel
optical nanotechnology utilizing local electromagnetic interactions between nanometric elements via optical

5

near fields. The true nature of nanophotonics is to realize “qualitative innovation™ in photonic devices,
fabrications, and systems by utilizing novel functions and phenomena caused by optical near field interactions,
which are impossible as long as conventional propagating light is used. As the evidence of such innovation,
novel nanophotonic devices, nanophotonic fabrications, and nanophotonic systems are demonstrated.

For nanophotonic devices, the optical near field is used as a carrier to transmit the signal. As key devices,
we demonstrate a nanophotonic switch [2], logic gates including a not-gate [3], and an optical nano-fountain
[4] based on optical near field energy transfer between quantum dots. Fabrication processes of practical
devices are also presented.For nanophotonic fabrications, we demonstrate photochemical vapor deposition of
nanometric particles based on the photo-dissociation of gas-phase metal-organic molecules using optical near
fields under nonresonant condition, which is possible by multiple-step excitation via molecular vibration
modes [5, 6]. Such a nonadiabatic process violates the Franck-Condon principle, and can be applied to other
photochemical phenomena in order to open a new field of nano-fabrication. As an example, we demonstrate
the patterning by the near-field photo-lithography using a visible light for UV photoresist[7]. It enables
fabricating a replica of electronic circuit pattern, multiple exposures, nanophotonic devices, and so on. An

architectural approach to nanophotonic information and communication systems is also discussed. Finally, the

future prospects are presented.
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Recently, many single photon sources using quantum dots (QDs) were reported for quantum communication
technology [1]. Nanophotonic devices, which we have proposed, operate by a single photon [2-5], namely, they
have potential as controllable single photon sources. An excitation energy transfer between quantum dots is one of

the most important mechanisms for the operation of the nanophotonic devices. In this presentation, we report the
first observation of single photon QD source by optical near-field spectroscopy and an evidence for a single photon
excitation energy transfer between CuC| QDs.Figurel (a) shows two different sized CuC] QDs coupled with an
optical near-field interaction. When their size ratio is 2:1 » the excitation input light generates single (1,1,1:quantum
numbers)-exciton only in the QD-A. This is because the transition to the (2,1,1)-exciton level in QD-B is optically
forbidden [2]. The exciton in QD-A is transfered to QD-B by optical near-field interaction and relaxes to the
(1,1,1) exciton sublevel. Finally, it recombines in QD-B. If multiple excitons are generated, the relaxation process
changes due to the exciton-exciton interaction. Thus the finally emitted photon is single.

In the experiment, we used SHG of a modelocked Ti:sapphire laser with a pulse duration of 1 ps and a
repetition rate of 80 MHz as the excitation light source. The photons emitted from QD-B were collected using an
optical near-field fiber probe. Number of photon state was measured by HanburyTwiss method [6] and the single
photon emission from QD-B was verified. Figure 1(b) shows the experimental result. Synchronous counting peaks
appeared in the cycle of 12.5ns of delay time which corresponds to 1/80MHz. However, there was no synchronous
counting at the time origin, as shown by the arrow. This result indicates QD-B acts as a single photon source. [ts
accuracy is more than 98 % estimated from the statistical point of view,
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Fig.1 (a) QDs coupled with an optical nearfield interaction. (b) Synchronous counting result by Hanbury-Twiss
method.
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In this paper, we review recent progress in developing nanophotonic
devices using optical near-field interaction. ZnO nanocrystallites are
potentially ideal components for realizing room-temperature operation of
nanophotonic devices because of their high exciton-binding energy and
great oscillator strength. To confirm this promising optical property of ZnO,
we report the near-field time-resolved spectroscopy of ZnO nanorod
double-quantum-well structures (DQWSs). First, we observed nutation of
the population between the resonantly coupled exciton states of DQWs, in
which the coupling strength of the near-field interaction was found to be
decreased exponentially as the separation increased. Furthermore, we
successfully demonstrated the switching dynamics of a dipole-forbidden
optical energy transfer among resonant exciton states. Our results provide
criteria for designing nanophotonic devices. The success of time-resolved
near-field spectroscopy of isolated DQWSs described here is a promising
step toward realizing a practical a nanometer-scale photonic switch and
related devices.
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Abstract: We observed the dark states of coupled InAs quantum dots via an optical near-field.
The experimental results show that the dipoles of near-field coupled InAs quantum dots are
distributed with an anti-parallel configuration.

©2007 Optical Society of America
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A coupled quantum dot (QD) system has a number of more interesting and unique properties than does a
single QD system. The optical near-field interaction is one of the mechanisms used to couple QDs. It is possible
to control the coupling strength of the optical near-field coupling QDs, and to realize unique optical devices. So
far, we have observed the optically forbidden energy transfer between neighboring cubic CuCl QDs via an optical
near field [1] and demonstrated several kinds of nanometric optical device based on the optical near-field coupling
of QDs [2-4]. In our previous experiments, the carrier lifetime increased with the optical near-field interaction
between QDs [5]. This means that the dipoles of near-field coupled QDs distribute with an anti-parallel
configuration. Such a dipole pair has a property like a quadrupole, which results in a dark state. In this
presentation, we observe the luminescence from the dark state of near-field coupled InAs QDs using a near-field
spectrometer.
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Fig. 1. Schematic drawing of the sample structure (a) and an explanation of the dark stage
in a coupled QD system via an optical near field.

Figure 1 shows a schematic drawing of the sample structure and explains the dark state in the coupled QD
system. To realize the coupled QD system, double InAs quantum-dot layers were grown. The mean quantum-dot
size was 5 nm high and 30 nm in diameter. Using molecular beam epitaxy in SK-mode growth, the quantum dots
could be aligned vertically, and the sheet density of the quantum dots was less than 10" cm®. Therefore, the
horizontal distance between quantum dots was about 100 nm, and the vertical coupling of QDs was expected via
the optical near-field interactions, given that their vertical separation was close to their diameter. In the near-field
coupled system, the directions of the electric dipole of the lowest state distribute as shown in Fig. 1(b) and the
result looks like an electric quadrupole. Therefore, the lowest state of the coupled QD system becomes a dark
state. The luminescence intensity from such dark states is weak in far-field measurements, but it should be
enhanced in near-field measurements because the quadrupole system can be resolved into the two individual
dipoles in the near-field region.
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Fig. 2. Near-field photoluminescence spectra for separations ranging from 14 to 3 nm
between the near-field probe and coupled QD system.

Figure 2 shows near field photoluminescence spectra of near-field coupled QDs for separations of 14-3
nm between the QD system and near-field probe. In the experiment, a He-Ne laser (4v=1.959 eV) was used as the
light source, and the sample temperature was 20 K. Peak A corresponds to the lowest state of the coupled QDs,
i.e., the dark state, and peak B corresponds to the excited level, i.e., the parallel dipoles state. Peak A increased
and peak B decreased as the separation decreased. These tendencies can be explained as follows. With a large
separation, the photo-excited carriers in the lowest dark state (peak A) could not relax and the carriers accumulated.
In the end, they did relax from the excited state (peak B). In addition, with the narrow separation, the near-field
probe modifies the relaxation from the lowest dark state (peak A), and the carrier accumulation effect becomes
small and peak B decreases. These experimental results support the coupling of the InAs QDs via the optical
near-field interaction, enabling them to act as nanophotonic devices.

[1] T. Kawazoe, K. Kobayashi, J. Lim, Y. Narita, and M. Ohtsu, Phys. Rev. Lett. 88, 067404 (2002).

[2] T. Kawazoe, K. Kobayashi, S. Sangu, and M. Ohtsu, Appl. Phys. Lett., 82,2957 (2003).

[3] T. Kawazoe, K. Kobayashi, and M. Ohtsu, Appl. Phys. Lett., 86(10), 103102 (2005).

[4] T. Kawazoe, K. Kobayashi, K. Akahane, M. Naruse, N. Yamamoto, and M. Ohtsu, Applied Physics B, 84, 243 (2005).
[5] T. Kawazoe, K. Kobayashi, and M. Ohtsu, IEICE Trans. on Electron., Vol. E88-C, 1845 (2005).



CMEG6.pdf

Nanophotonic switch using one-dimensional ZnO double-
guantum-well structures

T. Yatsui,” S. Sangu,” T. Kawazoe,” and M. Ohtsu,” ¥

*SORST, Japan Science and Technology Agency, 687-1 Tsuruma, Machida, Tokyo, Japan 194-0004

+81 42-788-6040, +81 42-788-6031
TAdvanced Technology R&D Center, Ricoh Co., Ltd.,16-1, Shinei-cho, Tsuduki-ku, Yokohama, Kanagawa, Japan 224-0035

+81 45-590-1431, +81 45-590-1894

*School of Engineering, The University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, Tokyo, Japan 113-8656
+81 3-5841-1189, +81 3-5841-1140

yatsui@ohtsu.jst.go.jp

S.J. An,J. Yoo, and G.-C. Yi
National CRI Center for Semiconductor Nanorods and Department of Materials Science and Engineering,
POSTECH
San 31 Hyoja-dong, Pohang, Gyeongbuk 790-784, Korea
+82 54-279-2155, +82 54-279-8635

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

Figures 1a and 1b explain the “OFF” and “ON” states of the proposed nanophotonic switch. Two QWs, QW,; and
QW,, are used as the input/output and control ports of the switch, respectively. Assuming well widths, L,,, of 3.2 and
3.8 nm with ZnggMg,,0 barrier layers, the ground exciton energy level in QW; and the first excited energy level in
QW, resonate with each other. In the “OFF” operation (Fig. 1(a)), all the exciton energy in QW is transferred to the
ground energy level in the neighboring QW,. Consequently, the input energy escapes to QW,, and consequently, no
optical output signals are generated from QWj;. In contrast, in the “ON” state (Fig. 1(b)), the escape route to QW, is
blocked by the excitation of QW,, due to state filling in QW, by applying the control signal; therefore, the input
energy is transferred to QW and an optical output signal is generated.

To confirm the switching dynamics between the ZnO/ZnMgO DQWSs with L, = 3.2 and 3.8 nm with 3 nm
separation were fabricated on the ends of ZnO nanorods with a mean diameter of 80 nm using catalyst-free
metalorganic vapor phase epitaxy (Fig. 1(c)) [5]. The optical properties of individual ZnO DQWs were observed
under a near-field optical microscope at 15K, using a UV fiber probe with a 30-nm aperture diameter.
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Fig. 1 Controlling the near-field energy transfer. Schematic of the nanophotonic switch of (a) “OFF” state and (b)
“ON?” state. (c) and (d) Fabricated ZnO nanorod DOWs.
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As shown in curve NFogr in Fig.2(a) [the near-field photoluminescence (PL) with continuous input light excitation
from a He-Cd laser (3.814 eV) alone], no emission from the exciton ground level of QW; (EA;) or the excited level
of QW, (EB,) at a photon energy of 3.435 eV was not observed. This indicates that the excited energy in QW; was
transferred to the excited state of QW,. Furthermore, the excited state of QW, is a dipole-forbidden level. Curve
NFcontror iN Fig. 2(a) shows the near-field PL signal obtained with a control light excitation of 3.425 eV via second
harmonic generation of a mode-locked Ti-sapphire laser with a pulse duration of 10 ps, emission from the ground
state of QW, at a photon energy of 3.425 eV was observed. Both input and control light excitation resulted in an
output signal with an emission peak at 3.435 eV, in addition to the emission peak at 3.425 eV (curve NFqy), which
corresponds to the ground state of QW,. Since the excited level of QW, is a dipole-forbidden level, the observed
emission at 3.435 eV indicates that the energy transfer from the ground state of QW; to the excited state of QW, was
blocked by the excitation of the ground state of QW;. In other words, the dipole-forbidden optical energy transfer
among resonant energy levels in ZnO QWs via an optical near field was confirmed directly.

Next, we evaluated the dynamic properties of the nanophotonic switch. We observed time-resolved near-field PL
signals at 3.435 eV with both input and control laser excitation (see Fig. 2(b)). The decay time constant was 483 ps.
The output signal increased synchronously, within 100 ps, with the control pulse, which agrees with the theoretically
expected result based on the quantum mechanical density matrix formalism [6].
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Fig. 2 (c) NFon, NFcontrol, and NFore show near-field PL signal obtained with the illumination of Input laser along, Control laser alone, and
Input and Control laser, respectively. (b) Near-field time-resolved PL signal with “ON” state.

For room-temperature operation, since the spectral width reaches thermal energy (26 meV), a higher Mg
concentration in the barrier layers and narrower wells are required so that the spectral peaks of the first excited state
(E,) and the ground state (E;) do not overlap. We believe that this requirement can be achieved using two QWSs with
1.5-nm (QW,) and 2-nm well (QW,) widths with a Mg concentration of 50 %, in which the energy difference
between E, and E; in QW is about 50 meV [7].
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Abstract: We numerically and experimentally studied the hierarchy of optical near-fields by
engineering the shape of metal plates at nanometer-scale. Combined with localized energy-
dissipation, this hierarchy should enable novel functionality, such as traceability of optical
memories.
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1. Introduction

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

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

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

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

3. Analysis and experiment

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

Oy | K Y Lo o d @), T 2 opm 1)
E (R)—[4”go]{ 3[d 3, 0 d ), JoS (KR)+ 5 d "I (KR)}

where h,'" represents spherical Hankel functions of the first kind and n, is a unit vector from the position of dipole
d® to observation position R, the electric-field intensity from the identically oriented dipoles increases rapidly
compared to that from the oppositely oriented dipoles as the distance between the dipole and the observation
position increases (Fig. 2(b)). In other words, we see that Shapes I and II effectively behave as a dipole and a
quadrupole, respectively. Fig. 2(b) also indicates that comparable intensities are obtained for both shapes when the
observation position is close to the dipoles, which is the intended system response in Layer 1.

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

In summary, we have demonstrated the hierarchy of optical near-fields by shape-engineering of metal
nanostructures, and we have discussed its theoretical origin based on induced dipoles.
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Recently, several kinds of nanometric photonic device have been studied for large-capacity communication systems and
data-transfer bridges in personal computers (PCs). However, there is insufficient discussion on “frue” nanophotonic
devices. We have proposed a “true” nanophotonic device using excitation energy transfer[1]. First, we will discuss the
features of a nanophotonic device based on a comparison of electronic devices used for large-scale integration,
conventional photonic devices, and nanophotonic devices. The important points are how the device transfers signals and
how one determines the device status, i.e., whether it is ON or OFF.

Figure 1 shows typical electronic and photonic devices. In an electronic device (Fig. 1(a)), electrons act as signal
carriers and the resistance in each device determines the device status. These features enable the miniaturization and
integration of such devices. By contrast, a detector outside the device determines the status of a conventional photonic
device (Fig. 1(b)). Consequently, the total device size increases and its integration is difficult. A “zrue” nanophotonic
device (Fig. 1(c)) contains an optical source and a system for determining device status. Therefore, it is smaller than
electronic devices and integration becomes possible.

The interaction that causes the transfer of excitation energy is an optical near field. This is not a wave, but is a local
electromagnetic field that is coupled with excitation in the nanomaterial. We believe that the electronic and photonic
phenomena in a nanomaterial should be described by the optical near-field interaction, since they are indeed physical
phenomena caused by the local electromagnetic field coupled with excitation in the nanomaterial. Next, we will

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

(a) Electronics (b) Conventional Photonics (c) Nanophotonics
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[Trpuk-- 3 for determination
AND + NOT = NAND

Fig.1. The configurations of (a) electronic devices, (b) conventional photonic devices, and (c) nanophotonic devices.
[1] M. Ohtsu et al, IEEE J. Sel. Top. Quant. Electron 8, 839 (2002). T.kawazoe, et al., Phys. Rev. Lett. 88, 067404
(2002).; Appl. Phys. Lett., 82,2957 (2003).; Appl. Phys. Lett., 86, 103102, (2005).; Appl. Phys. B, 84, 241 (2006).
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Nanometer-scale ZnO is a promising material for realizing nano-scale photonic devices at room temperature, due to its large exciton
binding energy (60 meV). Furthermore, spatially- resolved near-field photoluminescence (PL) spectra of individual nanorod ZnO
quantum-well structures (QWSs) have been measured to realize nanophotonic devices using low-temperature near-field optical
microscopy (NOM). To observe the optical interaction between the ZnO QWs, we measured the time-resolved near-field PL signals of
ZnO double-quantum-well structures (DQWs).

Zn0/Zn, Mg, ,0 QWs were fabricated on the ends of ZnO nanorods with a mean diameter of 40 nm. They were grown vertically from
the sapphire (0001) substrate using catalyst-free metalorganic vapor phase epitaxy, in which the ZnO nanorod was grown in the ¢
orientation. Three samples were prepared for this study: single-quantum-well structures (SQWs) with a well layer thickness, L, of 3.0
nm, DQWs with L, = 3.5 nm with 6 nm separation, and three pairs of DQWs with L, = 2.0 nm with different separations (3, 6, and 10
nm), in which each DQW was separated by 30 nm. Using collection-mode NOM with an apertured (diameter of 50 nm) UV fiber
probe, we obtained time-resolved near-field PL spectra at 15 K using the 4.025-eV (A = 308 nm) third harmonic generation of a
mode-locked Ti-sapphire laser with a pulse duration of 10 ps to excite the ZnO QWs. We compared the time-resolved near-field PL
signals at photon energies corresponding to the emission from excitons confined in the ZnO QWs. The decay time constants were
found to be 390, 440, and 160 ps for the (1) SQWs, (2) DQWs, and (3) three-pair DQWs, respectively. To check whether these spectral
intensities decrease monotonically or have some oscillator components, we performed Fourier analysis. While the power spectrum of
the SQWs did not exhibit any peak, indicating that it decreases monotonically, the power spectrum of the DQWs had a strong peak at a
frequency of 2.6 ns™'. We believe that this peak originated from the nutation of the population among the resonant energy states
between the DQWs via optical near-field energy transfer. Furthermore, we found that the power spectra of the three pairs of DQWSs
had three peaks, at frequencies of 1.9, 4.7, and 7.1 ns™. Since the degree of the coupling strength, which is proportional to the
frequency of the nutation, should increase as the separation decreases, we believe that these peaks correspond to the signals from the
respective DQWs with different separations of 10 (1.9 ns™), 6 (4.7 ns), and 3 nm (7.1 ns™). The exponential decay in the value of the
frequency with the separation increase also supports the postulate that the peaks in the power spectra originate from the localized field
interaction between the quantum wells. The results presented here provide criteria for realizing nanophotonic devices using
one-dimensional ZnO nanorod QWs.
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ZnO nanocrystallites are a promising material for realizing nanophotonic devices at room temperature, owing to their large exciton
binding energy and large oscillator strength. Furthermore, ZnO/ZnMgO nanorod heterostructures have been fabricated and the
quantum confinement effect from single-quantum-well structures (SQWs) was observed. Nanophotonic device applications using ZnO
quantum-well structures require a high Mg concentration in the ZnMgO layers, which results in strong localization of the photons in
the quantum-well layers. To realize this, a lower growth temperature is required to avoid the interdiffusion of Mg. To obtain
high-quality crystallinity at a low growth temperature, we used photo-induced metal organic vapor phase epitaxy (MOVPE).

ZnO nanocrystallites were grown on Si(100) substrates using a low-pressure MOVPE system without using any metal catalysts.
Diethylzinc (DEZn) and oxygen were used as the reactants and argon was used as the carrier gas. To decrease the growth temperature,
we used a He-Cd laser (A= 325 nm, 300 pW) as the light source during MOVPE growth, yielding reactive Zn and O radicals via
photolysis. To examine the temperature dependence of the morphology of the deposited film, we realized nanoparticle growth inside
the laser spot only, even at room temperature. Furthermore, when the growth temperature was increased to 270°C, vertically aligned
nanorod structures measuring 1 pm in length and 200 nm in diameter were obtained under He-Cd laser irradiation. Although the
photoluminescence (PL) spectra (measured at 5K) of the nanoparticles grown at room temperature did not show any peaks, those of the
nanorods grown at 270°C resulted in strong PL emission at 3.37eV, corresponding to the emission from a neutral-donor bound exciton
in ZnO. The emission peak energy of room temperature PL (3.29 eV) agreed with the reported value (3.26 eV), which corresponds to
the spontaneous emission from the free exciton in high-quality ZnO nanocrystallites. The full width at half maximum of the PL spectra
was about 105 meV, which is comparable with the 100 meV of high-quality ZnO nanorods grown using MOVPE at 400°C. In addition,
high-resolution transmission electron microscopic images of the nanorod structure grown at 270°C revealed hexagonally packed
single-crystalline growth with (0001) direction. These results imply that the ZnO nanorods grown using photo-induced MOVPE at low
temperature (270°C) were composed of single-crystalline ZnO nanocrystallites. Decreasing the growth temperature using
photo-assisted MOVPE should realize a higher Mg concentration in the ZnMgO layers.
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1. INTRODUCTION

Recently, near-field optical microscope (NSOM) [1.2] employing shear-force
feedback technique, which provides simultaneous topographic and NSOM imaging, has
been applied as a powerful tool for nano-optical imaging and local spectroscopy. To
develop a high resolution NSOM/ shear-force microscopy, we have proposed a new type
of probe tip having a metal film whose thickness gradually decreases toward the
apex.[3] We previously fabricated fiber probes with a decreasing metal film by adding
lead ion with an extremely low concentration to a nickel-plating bath. However, some of
them have a dip-like structure around the foot of a protruding fiber tip (see Fig. 1(a).).

In this paper, we present a new method using nickel-plating bath with chloride ion to

avoid generation of dip-like structure.

Fig.1 Scannning electron micrographs of three protruding probes, which were plated
in electroless nicke plating solutions with (a) [CIJ=0mol/dm’, (b) [CI]=0.75mol/dm", (c)
[CI']=1mol/dm’, respectively.

2. EXPERIMENTAL

The method involves tapering an optical fiber, surface activation, and electroless
nickel plating. Firstly, a GeO,-doped fiber with a core diameter of 2 um and a relative
refractive index difference of 2% was etched in buffered HF. The obtained probe has a
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conical tapered core and a clad diameter of 25 um. The cone angle of £=20° and the
apex diameter less than 10 nm. Next, the tapered fiber was coated with a palladium by a
sputter unit. The thickness corresponds to a few nanometers. Finally, we plated the
tapered probe in a nickel plating bath at a temperatures of 64-68°C. The plating bath
includes  0.04mg/dm®-Pb*",  0.0lmol/dm’-Ni** and  0.1mol/dm’-CH;COO",
2mol/dm>-NH,", and 0.15mol/dm>-PH,0,". To vary the concentration of CI from 0 to
1.5 mol/dm3, ammonium chloride NH4C1 was added. Further, (NH;)>SO4 was added for
control of the total concentration NH; of a plating solution.

3. RESULT

Figures 1(a). 1(b), and 1(c) show scanning electron micrographs of the magnified
top regions of the nickel-coated probes fabricated using plating solutions with [Cl] = 0,
0.75, and 1.5 mol/dm’, respectively. In a-c. the conical fiber tips are protruded from
nickel film. The foot diameters of the protruding tips are estimated to be a constant
value of 240nm. As appeared in Figs. 1(a) and 1(b), dip-like structure of nickel coat is
formed in a region of [CI']<Imol/dm’. At [CI1=0 mol/dm’, the height of dip-like
structure is estimated to be more than 130nm from Fig. 1(a). Using a plating solution
with a high concentration of [Cl']=1.5 mol/dm’, the height is decreased down to a small

value of 20-30nm.

4. SUMMARY

W proposed a submicron-size-dependent plating method using a new plating bath
with a chloride ion concentration of motre than lmol/dm’ for near-field optical
microscopy probe. By applying this plating to a tapered fiber, we reproducibly
succeeded in fabricating a protruding NSOM probe with a foot diameter of 240 nm.

REFERENCES

[1] M.Ohtsu, Near-field Nano/Atom Optics and Technology. (Springer-Verlag, Berlin,
1998).

[2] S. Mononobe. “Near-field optical probes and the imaging applications™, In: Progress
in Nano-Electro-Optics 111 (ed. Ohtsu, M.) (Springer-Verlag, Berlin, 2005).

[3] S. Mononobe. Y. Saito, M. Ohtsu, H. Honma, “Fabrication of a near-field optical
fiber probe based on electroless nickel plating under ultrasonic irradiation™, Jpn. J.
Appl. Phys., 43 (5B), 2862-2863, (2005).
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Nano-scale fabrication techniques suitable for semiconductor electronic devices and nano-optical
components are intensively studied. However, the requirements to their resolution and soaring costs
are demanding. Near-field lithography (NFL) has been proposed as a low cost fabrication tool with
nano-resolution [1-3]. NFL makes use of optical near field generated around the photomask to expose
a photoresist, which is in close contact with the mask. After the demonstration of near-field printing of
sub wavelength structures [1], we have developed the tri-layer resist process particularly suitable for
NFL using a very thin photoresist, and successfully fabricated very fine resist patterns [2, 3].

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

a) Fine resolution over the whole mask with step and repeat exposure

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

b) Ultrafine particle control by dual clean system

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

We also fabricated hole and dot arrays as examples of two-dimensional patterns, useful for sub-
wavelength structures and photonic crystals, as shown in Fig. 5, by using our system. These results
demonstrate good fidelity of the NFL process and its great capability of high-resolution pattern
transfer with low cost, showing interesting opportunities for novel nano-device fabrication.

This study has been supported by Ministry of Education, Culture, Sports, Science and Technology.
[1] M. M. Alkaisi, et al, Appl. Phys. Lett., 75 ,3560-3562 (1999 )

[2] T. Ito et al, J. Photopolymer Sci, and Tecnol., 18 P.435-441(2005)
[3] T. Ito et al, Appl. Phys. Lett., ( to be published )
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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) and proposed several nanometric optical devices: a nanometric AND-gate, a
nanometric NOT-gate, and an optical nanofountain [1].

However, CuCl QDs are unsuitable for the actual integration owing to their size and
position inhomogeneity and chemical instability. In order to obtain the size- and position-
controllability of QDs, III-V semiconductor QDs were selected. Toward the actual integration
in nanophotonic modules, we prepared the InAs QDs using MBE method. Figure 1 shows the
sample structure, near-filed PL spectrum of the sample, and its near-field image at 15 K. This
sample structure enables a nanophotonic NOT-gate operation. In the presentation, we will
discuss the experimental results of the device operation using this sample.
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Fig. 1: Sample Structures (InAs/AlGaAs QDs) for NOT-gate operation, near-field PL spectra
of the sample, and the near-field PL image.

[1] T.kawazoe, et al., Phys. Rev. Lett. 88, 067404 (2002).; Appl. Phys. Lett., 82, 2957 (2003).;
Appl. Phys. Lett., 86, 103102, (2005).; Appl. Phys. B, in press (2006).
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Nanophotonics is defined as a technology that utilizes local electromagnetic interactions
between a small nanometric element and an optical near field. Since an optical near field is
free from the diffraction of light due to its size-dependent localization and size-dependent
resonance features, nanophotonics using optical near field enables the operation of nanometric
optical device and the nanometric fabrication [1]. The primary advantage of an optical near
field is its capacity to realize novel functions based on local electromagnetic interactions. I
introduce these novel functions with the interesting experimental results. It should be noted
that some of the conventional concepts of wave-optics, such as interference, become not
essential in nanophotonics, and the nanophotonics using optical near field brings qualitative
innovation to the optical technology.

Here, I explain about the novel
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using three QDs [2]. The QD-I, O,
and C are used as the input, output,
and control ports of the switch,
respectively. The typical size of
this switch is less than 20 nm. The .
quantized energy sublevels (1,1,1) Fig.1.

in QD-L, (2,1,1) in QD-0, and (2,2,2) in QD-C resonate with each other. Additionally, the
energy sublevels (1,1,1) in QD-O and (2,1,1) in QD-C also resonate. Almost all the energy of
the excitation in the QD-I t;fansfer to the energy sublevels (1,1,1) in the neighboring QD-O,
and finally, it transfers to the energy sublevels (1,1,1) in the QD-C, although the energy
transfers between QDs are optically forbidden. In the OFF state, the input energy escapes to
the QD-C, and then the output signal is obstructed. In the ON state, the escape passes to the
QD-C are blocked by the excitation of the QD-C, and thus the input energy goes through the
QD-O giving an output signal. This device is not achieved without optical near-field features.

The basic concept of this device is applicable to several other functional nanophotonic devices.

The nonadiabatic photochemical processes using an optical near field are useful and
interesting. We had demonstrated optical CVD and photolithography using visible and red
light source [2,3]. Since, in the nonadiabatic photochemical reaction, molecules are exposed
only to the optical near field, a more accurate fabrication becomes possible.

[1] T .kawazoe, et al., Phys. Rev. Lett. 88, 067404 (2002).; Appl. Phys. Lett., 82, 2957 (2003).;
Appl. Phys. Lett., 86, 103102, (2005).; Appl. Phys. B, in press (2006).

[2] T. Kawazoe, K. Kobayashi, S. Takubo, and M. Ohtsu, J. Chem. Phys. 93, 2937 (2005).

[3] . Yonemitsu, T. Kawazoe, K. Kobayashi and M. Ohtsu, J. Luminescence in press,
Available online 10 March 2006.
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Spatial localized nature of the optical near field can be used for novel nano-fabrication. For
example, we have found in the near-field optical chemical vapor deposition (NFO-CVD) that
the metal organic molecules are photodissociated by a nonresonant optical near field with
photon energy lower than the dissociation energy of the molecule[1]. This unique
photodissociation is explained by the nonadiabatic photochemical process and the exciton-
phonon polariton model which we have developed [2].

In the experiment, Zn(acac), was used as the source of the reacting molecular gas. An Ar’
laser (A = 457 nm) was used as the light source. The fiber probe used for NFO-CVD was a
high-throughput single-tapered fiber probe, which was fabricated by pulling and etching a
pure silica core fiber. The cone angle of the fabricated fiber probe was 30 degrees and its
apex diameter was 30 nm. During deposition, the pressure of Zn(acac), was 70 mTorr in the
CVD chamber.
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iameter (nm)

eigt 0.3nm | \ - oy
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Fig. 1: The fluence dependencies of the width and height of deposited Zn-nanodots using
NFO-CVD and their shear force microscope images.

Figure 1 shows the experimental results of Zn deposition. Although Zn(acac), is optically
inactive, we observed the deposition of Zn-nanodots on the substrate just below the apex of
the fiber probe using NFO-CVD. Finally, we obtained Zn nanodot of 5-nm in diameter by the
optimizations of the incident laser power and the deposition time.

[1] T. Kawazoe, Y. Yamamoto, and M. Ohtsu, Appl. Phys. Lett., 79, 1184, (2001).
[2] T. Kawazoe, K. Kobayashi, S. Takubo, and M. Ohtsu, J. Chem. Phys., 122, 024715,
(2005).
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ABSTRACT

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

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

1. INTRODUCTION

Future optical transmission and data -processing systems will require integrated advanced photonic devices, in order to
increase data processing rates and capacity. These devices will have to be significantly smaller than conventional
diffraction-limited photonic devices. To meet this requirement, we have proposed nanometer-scale photonic integrated
circuits (nanophotonic ICs) that are composed of nanometer-sized elemental devices (nanophotonic devices) [1]. As a
representative device, a nanophotonic switch was proposed and its operation was demonstrated by controlling the dipole
forbidden optical energy transfer among resonant energy states in CuCl quantum cubes via an optical near field.

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

(A) High conversion efficiency

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

(C) A propagation length that is longer than the optical wavelength to avoid direct coupling of the propagating
far-field light to the nanophotonic device consisting of nanometer-scale dots. (The propagation length /, is
defined as I(z) = I(0) exp(-z//;), where I(z) is the optical intensity and z is the longitudinal position
measured from the input terminal (z = 0)).

Plasmonics: Metallic Nanostructures and their Optical Properties 1V, edited by Mark I. Stockman,
Proc. of SPIE Vol. 6323, 632300, (2006) - 0277-786X/06/$15 - doi: 10.1117/12.680108

Proc. of SPIE Vol. 6323 632300-1



2. PLASMONIC CIRCUITS
2.1 A Plasmon Waveguide with a Metallic-Core Waveguide

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

(b) Edge  TM-plasmon
TM-plasmon | Optical | 2-D surface = >
: lasmon
near-field |P Plateau
Metal )
Si
B E 3-D beam
é, Plateau _ Metallic
/ \ < core
[\
F2
Metal 7 y F3
(a) y (c) Si

Fig. 1 (a) Bird’s-eye view of a plasmon waveguide. The x- and y-axes are perpendicular and parallel to the plateau
axis, respectively. (b) Cross-section along plane B (yz) in (b). (c) Cross-section along plane A (xz) in (b)

The advantages of our waveguide are:

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

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

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

exponential curve fitting the closed circles in Fig. 2(c), the propagation length for W = 1.0 um was estimated to be 2.0
pm, which is longer than that for W = 150 nm. This is because, as W increases, the effective refractive index approaches
that of the surface plasmon at the planar boundary between gold and air [14]. These experimental results confirm that the
observed excitation along the plateau was the TM plasmon mode. Figure 2(d) shows that the full width at half maximum
(FWHM) of the cross-sectional profiles was 150nm for W = 150 nm. With minor improvements to the waveguide, this

FWHM value should meet requirement (B). Furthermore, note that the transmission was 5.0 x 10~ for W = 150 nm; this

is ten times higher than that of a fiber probe with D, = 150nm [4]. This efficient excitation of the TM plasmon mode can
be attributed to the scattering coupling at the edge between F; and the plateau. This transmission efficiency meets
requirement (A). Finally, the propagation length estimated above is longer than the incident light wavelength. This meets
requirement (C).
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2.2 A Nanodot Coupler with a Surface Plasmon Polariton Condenser for Optical Far/Near-Field Conversion

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

To increase the efficiency of exciting localized surface plasmon in the nanodot coupler compared with that
excited by propagating far-field light, we equipped the nanodot coupler with a surface plasmon polariton (SPP)
condenser for efficient far/near-field conversion. Figure 3 shows the proposed optical far/near-field conversion device

[5].

Incoming far-field light is first transformed into the 2D SPP mode on the metallic film. Then, the SPP mode is
scattered and focused by the SPP condenser, which consists of several hemispherical metallic submicron particles that
are arranged in an arc and work as a phased array [17]. The input terminal of the nanodot coupler is fixed at the focal
point of the SPP. Finally, after the localized surface plasmon is transmitted through the nanodot coupler, it is converted
into an optical near-field so that it couples to the nanophotonic device.

The advantages of this device are that it has

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

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

because the electric field vector, which is dominant in the nanodot coupler, involves a Férster field only[15].

(c) Farther propagation than that of the metallic-core waveguide due to the reduction in the metal content and
plasmon resonance in the metallic nanoparticles. For example, the calculation using the finite-difference time
domain (FDTD) method estimated a propagation length of /, = 2 um (at an optical wavelength A = 785 nm) for
a plasmon-polariton mode with linearly aligned 50-nm dots with 10-nm separation [18].

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

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

The spatial distribution of the optical near-field energy was observed using a collection mode near-field optical
microscope. A light source with a wavelength of A = 785 nm was used to transmit the far-field light through the 10-pum-
thick Si substrate. A sharpened fiber probe with 20-nm-thick gold film was used to enhance the collection efficiency [7].

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

Second, we checked whether near-field coupling between the neighboring nanoparticles resulted in lower
propagation loss by comparing our device with a metallic-core waveguide. For this purpose, we fabricated a gold-core
waveguide the same width as the diameter of the nanoparticles in the nanodot coupler, with its input terminal also fixed
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at the focal point of the SPP (Fig. 3(d) and 3(e)). The dashed line in Fig. 3(f) shows the cross-sectional profile of the
metallic-core waveguide along the dashed line in 3(e) and the exponential envelope (solid curve in Fig. 3(f)) indicates
that the propagation length is /, = 1.2 um. To evaluate the observed propagation length, we calculated the theoretical
value of our metallic-core waveguide. Since the Au-core waveguide is placed on an Si substrate, we calculated the 1D
TM plasmon mode [11] in a cylindrical Au-core waveguide with a diameter of 250 nm (gx, = (0.174 + i4.86)* =-23.59 +
i1.69) [19] surrounded by medium with a dielectric constant equal to the average of Si and air [14], g4 =
((3.705+i0.007)*+1)/2 = 7.36+i0.03 [19]. Based on these assumptions, the calculated propagation length of our Au-core
waveguide is 1.4 pm. Since this is in good agreement with the observed value (1.2 pm), the comparison confirms that
nanodot coupler realizes more efficient energy transfer.

Pick-up intensity (a.u.)

0 1 2 3 4

Position (um)
Fig. 3 SEM image (a) and the near-field energy distribution (b) of a linearly chained nanodot coupler. (c) Solid
circles show the cross-sectional profiles along the white dashed line in (b). The solid curve shows the fitted
exponential envelope. A and B indicate dips resulting from the length of the nanodot coupler. (c) The solid line
shows the cross-sectional profile along the white dashed line in (b). SEM image (d) and the near-field energy
distribution (e) of a metallic-core waveguide. (f) The dashed line shows the cross-sectional profile along the
metallic-core waveguide and the solid curve shows the fitted exponential envelope.

Finally, we also observed the spatial distribution of the optical near-field energy for zigzag-shaped nanodot
coupler (see Fig. 4(a) and (b)). Corners A-D in Fig. 4(c) represent the profiles at locations A-D in Fig. 4 (d),
respectively. Comparing adjacent curves, we found that the energy loss at corners A—D was negligible. This is attributed
to efficient coupling of the TM and TE localized surface plasmon at the corners. As a result, the propagation length
through this zigzag-shaped nanodot coupler was equivalent to that through a linear coupler. Although efficient coupling
has been predicted using the point-dipole approximation [15], this is the first experimental confirmation of it. Such high
flexibility in the arrangement of nanoparticles is an outstanding advantage for conversion for driving nanophotonic
devices.
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Fig. 4 (a) and (b) SEM images and the near-field intensity distribution (c)
of a zigzag-shaped nanodot coupler. (d) The cross-sectional profiles along
the dashed white lines in (c). The arrows A—D indicate the corners

3. NANOPHOTONIC FABRICATION FOR NANOPHOTONIC DEVICES

To fabricate nanodot couplers and nanophotonic devices at all scales, we proposed a self-assembling method that builds
nanodot chains by controlling the desorption with an optical near-field [8, 9]. Our approach is illustrated schematically in
Fig. 5(a). A nanodot chain of metallic nanoparticles is fabricated using radio frequency (RF) sputtering under
illumination on glass substrate. To realize self-assembly, a simple groove 100-nm wide and 30-nm deep is fabricated on
the glass substrate. During deposition of the metal, linear polarized light illuminating the groove directly from above
(Ego) is used to excite a strong optical near-field at the edge of the groove (see Fig. 5(b)), which induces the desorption of
the deposited metallic nanoparticles [8]. A metallic dot has strong optical absorption due to plasmon resonance, which
strongly depends on particle size. This can induce desorption of a deposited metallic nanodot when it reaches the
resonant diameter [8]. As the deposition of metallic dots proceeds, growth is governed by a trade-off between deposition
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and desorption, which determines dot size, depending on the photon energy of the incident light. Consequently, the
metallic nanoparticles should align along the groove (Figs. 5(b) and 5(c)).

(a)
hv XZ Sputtering YZ ;
vV
o E| - o ~
30nm 30 2 @ o o o o o Yo o
l ............................................ Optical Sputtering
....... S0, near-field m m m m m
‘ fer—%.
Groove Z.X
~100nm (b) (c)

Fig. 5 (a) Size- and position-controlled ultra-long nanodot chain formation. The slanted light had a spot
diameter of 1 mm. The groove parallels the y-axis. Eqy and E, are perpendicular and parallel to the y-axis,
respectively. (b and ¢) Cross-sections in planes xz and yz, respectively.

[llumination with 2.33-eV light (50 mW) during the deposition of aluminum resulted in the formation of 99.6-
nm-diameter aluminum nanodot chains with 27.9-nm separation that were as long as 100 um in a highly size- and
position-controlled manner (Fig. 6(a)). The deviation of both nanodot size and the separation, determined from SEM
images, was as little as 5 nm. The deviation, which was as small 5%, meets the requirement for a nanodot coupler with
an efficiency equivalent to 50% of that of an ordered array. To identify the position of the chain, we compared
topographic atomic force microscopy (AFM) images of the surface of the glass substrate before and after aluminum
deposition, at the same position. Curves o and B in Fig. 6(b) show the respective cross-sectional profiles across the
groove. Comparison of these profiles shows that the nanodot chain formed around edge G,. Furthermore, illumination
with parallel polarization E, along the groove resulted in film growth along the groove structure and no dot structure was
obtained. Since the near-field intensity with Eqy was strongly enhanced at the metallic edge of the groove in comparison
with Ey owing to edge enhancement of the electrical field (see Fig. 5(b)), a strong near-field intensity results in nanodot
chain formation. Dot formation at the one-sided edge originates from the asymmetric electric-field intensity distribution,
owing to the slanted illumination.

Aluminum-dot chain formation was also observed with RF sputtering of aluminum under illumination with
2.62-eV light (100 mW) with Eg, using the same grooved (100-nm wide and 30-nm deep) glass substrate, which resulted
in the formation of 84.2-nm nanodots with 48.6-nm separation (Fig. 6(c)). Although the deviation of both nanodot size
and the separation was as large as 10 nm, the dot size was reduced in proportion to the increase in the photon energy
(99.6 nm x (2.33/2.62) = 88.5 nm ~ 84.2 nm). This result indicates that the obtained size is determined by the photon
energy and that the size-controlled dot-chain formation originates from photo-desorption of the deposited metallic
nanoparticles [8]. The period under 2.62-eV light illumination (132.8 nm) was longer than that (127.5 nm) for fabrication

e 2

(b) Dot B ||50nm

Height (nm)

L i

0 1(I)O 2(I)O 300
Position (nm)
Fig. 6 (a) SEM image of deposited aluminum with perpendicular polarization Egy (hA =2.33 eV). (b) Curves a and 3

show the respective cross-sectional profiles of AFM images across the groove before and after aluminum deposition, at
the same position. (¢) SEM image of deposited aluminum with perpendicular polarization Eq (kA =2.62 eV).

i
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using the 2.33-eV light. However, the ratios of the center-center distance (d) and radius (a) of the nanodots (d/a = 2.56
and 3.15 obtained under 2.33-eV and 2.62-eV light illumination, respectively) are similar to the optimum value, which is
in the range of 2.4-3.0, for the efficient transmission of optical energy along a chain of spherical metal dots calculated
using Mie’s theory [16]. This is determined by the trade-off between the increase in the transmission loss in the metal
and the reduction in the coupling loss between adjacent metallic nanoparticles as the separation increases. Future
theoretical analysis, which will include the effect of a continuous metallic film below the nanodot chain, is required to
decide the optimum separation of nanoparticles depending on the photon energy. However, our preliminary results imply
that the center-center distance was set at the optimum distance for efficient energy transfer of the optical near-field,
given that such a strong optical near-field can induce desorption of the deposited metallic nanoparticles and result in
position-controlled dot-chain formation.

4. SUMMARY

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

Furthermore, our deposition method is based on a photo-desorption reaction, illumination at multiple photon
energies using a simple lithographically patterned substrate could realize the simultaneous fabrication of size- and
position-controlled nanoscale structures with different particle sizes, using other metals or semiconductors. The use of
this self-assembling method with a simple lithographically patterned substrate will dramatically increase the throughput
of the production of the nanoscale structures that will be required by future systems.
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Nanodot couplers provide
efficient near-field energy

transfer

Takashi Yatsui, Wataru Nomura, and Motoichi Ohtsu

Nanodots self-assemble along a groove in a substrate to create a
far/near-field converter for nanometer-scale photonic integrated cir-
cuits.

Nanometer-scale photonic integrated circuits are one way to cre-
ate the optical devices required by future systems.! These inte-
grated circuits consist of nanometer-scale dots. An optical near
field, the thin film of light on the surface of a nanometric mate-
rial, is used as the signal carrier. Since an optical near field is free
from the diffraction of light due to its size-dependent localiza-
tion and resonance features, nanophotonics enables the fabrica-
tion, operation, and integration of nanometric devices.

Driving such a device requires an external, conventional,
diffraction-limited photonic mechanism with a far/near-field
converter. A potential converter is a plasmon waveguide. A plas-
mon is a quasiparticle made of electron plasma and a photon.
The waveguide employs a metallized silicon wedge structure
to convert far-field light into an optical near field via a one-
dimensional plasmon mode.”? Compared with a metallic core
waveguide, or wire, a chain of closely spaced metallic nanoparti-
cles should reduce energy loss® because of the lower metal con-
tent and plasmon resonance in the metallic nanoparticles. En-
ergy transfer in the nanodot coupler relies on near-field coupling
between the plasmon-polariton modes of neighboring particles.

We compared the spatial distribution of the optical near-field
intensity in a linear nanodot coupler and a metallic core waveg-
uide. To create the nanodot coupler, carbon hemispheres were
deposited and coated with a 100-nm-thick gold film: see Figure
1(a). The same process was applied to carbon wire to make the
metallic core waveguide: see Figure 1(c). In the nanodot coupler
we found plasmon-polariton transfer as long as 4um. Further-
more, the propagation loss was 10 times lower than that of the
metallic core waveguide: see Figure 1(b), (d), and (g). Similar
energy transfer was observed in a zigzag-shaped nanodot cou-

Metallic core

—
O
~
f

05 | Linear-shaped |
;- Nano-dots
Ei', coupler
2
2
2
£ (h)
a Zigzag-shaped
i Nano-dots
0 #1 | #2 coupler
o os5f B

Position (um)

Figure 1. (a) A scanning electron microscopy (SEM) image and
(b) a near-field optical microscopy (NOM) image show a linearly
chained nanodot coupler. (c) SEM and (d) NOM images show a metal-
lic core waveguide. (e) SEM and (f) NOM images show a zigzag-
shaped nanodot coupler. (g) The solid and dashed curves correspond
to the cross-sectional profiles along the dashed white lines in (b) and
(d),respectively. (h) The cross-sectional profile follows the dashed white
lines in (f).

pler with low energy loss at the corners: see Figure 1(f) and (h).*
Such high flexibility in the arrangement of nanoparticles is an
outstanding advantage of optical far/near-field conversion for
driving nanophotonic devices.

We fabricated nanodot couplers at all scales with a self-
assembling method that builds nanodot chains by controlling
desorption with an optical near field.>*® A nanodot chain of

Continued on next page
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Figure 2. (a) Size- and position-controlled ultra-long nanodot chain
formation occurs along a groove paralleling the y-axis. Eqy is perpen-
dicular to the y-axis, and E, parallel to it. (b and c) These cross-sections
illustrate planes XZ and YZ. (d and e) These SEM images show de-
posited aluminum with perpendicular polarization Eqy (hA = 2.33 and
2.62¢V, respectively).

metallic nanoparticles was created using radio frequency sput-
tering under illumination on a glass substrate with a simple
groove 100nm wide and 30nm deep. During deposition of the
metal, linearly polarized light illuminating the groove (Eq) ex-
cites a strong optical near field at the edge of the groove—see
Figure 2(b)—which induces desorption of the deposited metal-
lic nanoparticles.” A metallic dot has strong optical absorption
due to plasmon resonance. This can induce desorption of a de-
posited metallic nanodot when it reaches the resonant diameter.”
As the deposition of metallic dots proceeds, growth is gov-
erned by a trade-off between deposition and desorption. This
plus the photon energy of the incident light determines dot size.
Consequently, the metallic nanoparticles should align along the
groove.

Mlumination with 2.33 and 2.62eV light during aluminum
deposition caused the formation of chains of 99.6nm-diameter
nanodots with 27.9nm separation, and chains of 84.2nm-
diameter nanodots with 48.6nm separation, respectively: see
Figure 2(d) and (e). This occurred along a 100-um-long groove
in a highly size- and position-controlled manner. The dot
size decreased in proportion to the increase in photon en-
ergy: 99.6nm x (2.33/2.62) = 88.5 ~ 84.2nm. This indi-
cates that photon energy determines size and that the size-
controlled dot-chain formation occurs due to photodesorp-
tion of the deposited metallic nanoparticles. The ratios of the
center-center distance (d) and radius (a) of the nanodots—
d/a =2.56(2.33eV) and 3.15 (2.62eV)—are similar to the opti-
mum value (2.4-3.0) for the efficient transmission of optical en-
ergy along a nanodot coupler as calculated using Mie’s theory.”

Our results thus imply that d was set at the optimum distance
for efficient energy transfer of the optical near field, since a
field of that strength can induce desorption of the deposited
metallic nanoparticles and result in position-controlled dot-
chain formation.

In summary: Our deposition method is based on a pho-
todesorption reaction. As such, illumination at multiple pho-
ton energies using a simple lithographically patterned substrate
could enable the simultaneous fabrication of size- and position-
controlled nanoscale structures with different particle sizes as
well as with other metals or semiconductors. This combination
of features has the potential to dramatically increase the produc-
tion throughput of the nanoscale structures that future systems
will require.
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Nanooptics deals with optical near fields, the
electromagnetic fields that mediate the interac-
tion between nanometric particles located in close
proximity to each other. The projection-operator
method is a theoretical description of how a vir-
tual exciton-polariton is exchanged between
these particles, corresponding to the nonreso-
nant interaction. The optical near field mediates
this interaction, and is represented by a Yukawa
function, which means that the optical near-field
energy is localized around the nanometric par-
ticles like an electron cloud around an atomic
nucleus. Its decay length is proportional to the
particle size. This chapter is primarily a review
of nanophotonics, a leading branch of nanoop-
tics, which is the technology utilizing the optical
near field. The true nature of nanophotonics is
to realize qualitative innovation in photonic de-
vices, fabrication, and systems by utilizing novel
functions and phenomena caused by optical near-
field interactions, which are impossible as long as

15.1 Basics

Nanooptics deals with the light generated in or on
nanometer-sized particles. It has been applied to open
an innovative field of technology, i.e., nanophotonics,
in order to develop novel photonic devices, fabrications,
and systems, as proposed by Ohtsu [15.1]. Nanopho-
tonics is a means, for example, to reduce the size of
photonic devices, improve the resolution of optical fab-
rications, and increase the storage density of optical disk
memories.

Considering photonic devices, the technologies
listed below, which bear some relation to nanophotonics,
have recently been developed. Nevertheless, they cannot
reduce the size of these devices beyond the diffraction
limit of light.

1. Photonic crystal [15.2] This is a filter device used
to control optical interference and light scatter-
ing by installing a subwavelength-sized periodic
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conventional propagating light is used. As evidence
of such qualitative innovation, this chapter de-
scribes novel nanophotonic devices, nanophotonic
fabrication, nanophotonic systems, and extensions
related to science.

structure in the device material, as is the case for
a diffraction grating. Constructive interference be-
tween the scattered light takes place at the center
of the material, concentrating the optical energy. In
contrast, at the edge of the material, the scattered
light interferes destructively. In order to main-
tain the destructive interference, the rim must be
sufficiently larger than the wavelength of light;
otherwise the constructive interference is not main-
tained, and light concentrated at the center leaks
to the rim. This means that a photonic crystal in-
volves conventional wave-optical technology and
the minimum size of the device is limited by
diffraction.

Plasmonics [15.3] This technology utilizes the reso-
nant enhancement of the light in a metal by exciting
free electrons. The optical energy can be concen-
trated as a plasmon on the metal surface as a result
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of the strong interaction with free electrons. How-
ever, this technology is based on wave optics in the
metal, and so is again limited by diffraction. Related
technologies, such as metaoptics [15.4] and optics
in materials with a negative refractive index [15.5],
are also limited by diffraction.

3. Silicon photonics [15.6] This technology involves
developing narrow-striped optical waveguides using
high-refractive-index silicon crystals to confine the
light effectively. This is also an application of wave
optics in silicon, and is limited by diffraction.

4. Quantum-dot laser [15.7] This is a laser device
that uses nanometer-sized semiconductor quantum
dots as the gain media. Since the quantum dots
are much smaller than the wavelength of light, the
light cannot be confined in an individual quantum
dot efficiently due to scattering and diffraction. To
solve this problem, a large number of quantum

15.2 Nanophotonics Principles

The use of optical near fields has been proposed as a way
to transcend the diffraction limit imposed on optical sci-
ence and technology [15.8]. This proposal holds that an
optical near field can be generated on a subwavelength-
sized aperture by irradiating the propagating light. It also
holds that the size of the spatial distribution of the op-
tical near-field energy depends not on the wavelength
of the incident light, but on the aperture size. Although
these claims are no more than those in the framework
of primitive wave optics, optical near fields have been
applied to realize diffraction-free, high-resolution op-
tical microscopy (i.e., optical near-field microscopy),
which achieved rapid progress after high-resolution,
high-throughput fiber probes were invented and fabri-
cated in a reproducible manner [15.9, 10]. However, in
the early stage of these studies, the concept of optical
near fields was not clearly discriminated from that of an
evanescent wave on a planar material surface (i. e., a two-
dimensional topographical material) or that of a guided
wave in a subwavelength-sized cross-sectional wave-
guide (i. e., a one-dimensional topographical material).

In order to distinguish these clearly, note that an
evanescent wave is generated by the primary excitations,
i.e., electric dipoles, induced near the two-dimensional
material surface, which align periodically depending on
the spatial phase of the incident light. In contrast, the
guided wave in a subwavelength-sized cross-sectional
waveguide is generated by the electronic dipoles in-
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dots are installed in a conventional laser cavity,
which means that the device size is limited by
diffraction.

Although the four examples listed above have been pop-
ular subjects of study in recent years, they are all based
on diffraction-limited wave optics. Even if novel or
nanometer-sized materials are used in the future, the
size of a photonic device cannot be reduced beyond the
diffraction limit as long as propagating light is used
for its operation. This also applies to improvements in
the resolution of optical fabrication and for increasing
the storage density of optical disk memories. To go be-
yond the diffraction limit, one needs non-propagating
nanometer-sized light to induce primary excitation in
a nanometer-sized material in such a manner that the
spatial phase of the excitation is independent of that of
the incident light.

duced along the one-dimensional waveguide material.
They align periodically depending on the spatial phase of
the incident light. Examples are the silicon and metallic
waveguides used for silicon photonics and plasmon-
ics, respectively. The two-dimensional evanescent wave
and one-dimensional guided wave are both light waves,
which are generated by periodic alignment of electric
dipoles depending on the spatial phase of the incident
light.

Unlike these waves, an optical near field is gener-
ated by the electronic dipoles induced in a nanometric
particle (i.e., a subwavelength-sized zero-dimensional
topographical material). Their alignment is indepen-
dent of the spatial phase of the incident light because
the particles are much smaller than the wavelength of
the incident light. Instead, it depends on the size, con-
formation, and structure of the particles. Due to this
independence and dependence, optical science and tech-
nology beyond the diffraction limit can be realized only
by an optical near field, not by an evanescent wave or
a guided wave.

Classical electromagnetics explains the mechan-
isms of optical near-field generation described above
(Fig. 15.1): electric dipoles are induced by irradiating
a nanometric particle with the incident light. Among the
electric lines of forces originating from these electric
dipoles, the optical near field is represented by those that
originate from the positive charge of the electric dipole



Nanooptics | 15.2 Nanophotonics Principles

and terminate on the negative charge. This does not prop-
agate to the far field. Since the particle is much smaller
than the wavelength of the incident light, the alignment
of the electric dipoles is determined independently of
the spatial phase of the incident light. Therefore, the
spatial distribution and decay length of the optical near-
field energy depend not on the wavelength of the light,
but on the size, conformation, and structure of the par-
ticle. Moreover, the scattered light is represented by the
closed loop of the electric line of forces, and propagates
to the far field.

Methods such as Green’s function, numerical calcu-
lation using the finite-difference time domain (FDTD)
method, have been developed for semiquantitative de-
scription of the optical near field based on conventional
optical theories (i.e., the theories discussed in other
chapters of this handbook) [15.11]. However, conven-
tional optics theories do not provide any physically
intuitive pictures of non-propagating nanometric optical
near fields because these theories have been developed to
describe light waves propagating through macroscopic
space or materials. For nanooptics and nanophotonics,
a novel theory has been developed based on a frame-
work that is completely different from those of the
conventional theories.

This novel theory is based on how one observes an
optical near field, i. e., the interaction and energy transfer
between nanometric particles via an optical near field.
This perspective is essential because the interaction and
energy transfer are indispensable for nanophotonic de-
vices and nanophotonic fabrications. That is, in order to
observe a non-propagating optical near field, a second
particle is inserted to generate observable scattered light
by disturbing the optical near field (Fig. 15.2). However,
the real system is more complicated than that shown in
Fig. 15.2 because the nanometric subsystem (the two
particles and the optical near field) is buried in the
macroscopic subsystem consisting of the macroscopic
substrate material and the macroscopic electromagnetic
fields of the incident and scattered light (Fig. 15.3).

The premise behind the novel theory is to avoid the
complexity of describing all of the behaviors of nano-
metric and macroscopic subsystems rigorously, since
we are interested only in the behavior of the nanomet-
ric subsystem. The macroscopic subsystem is expressed
as an exciton—polariton, which is a mixed state of ma-
terial excitation and electromagnetic fields. Since the
nanometric subsystem is excited by an electromag-
netic interaction with the macroscopic subsystem, the
projection-operator method is effective for describing
the quantum-mechanical states of these systems [15.12].
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Fig.15.3 A nanometric subsystem composed of two particles and

an optical near field, buried in a macroscopic subsystem

Under this treatment, the nanometric subsystem is
regarded as being isolated from the macroscopic sub-
system, while the functional form and magnitude of the
effective interactions between the elements of the nano-
metric subsystem are influenced by the macroscopic
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subsystem. That is, the two nanometric particles can
be considered as being isolated from the surrounding
macroscopic systems and as interacting by exchanging
the exciton—polariton energies.

Since the time required for this local electromagnetic
interaction is very short, the uncertainty principle allows
the exchange of a virtual exciton—polariton between
the two nanometric particles, as well as that of a real
exciton—polariton (Fig. 15.4). The former exchange cor-
responds to the nonresonant interaction between the two
particles. The optical near field mediates this interac-

15.3 Nanophotonic Devices

For the operation of nanophotonic devices, it is essen-
tial to transfer the signal and fix the transferred signal
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tion, which is represented by a Yukawa function. The
Yukawa function represents the localization of the opti-
cal near-field energy around the nanometric particles like
an electron cloud around an atomic nucleus whose de-
cay length is equivalent to the material size [15.12]. The
latter corresponds to the resonant interaction mediated
by the conventional propagating scattered light, which is
represented by a conventional spherical wave function.

As described, the optical near field is an electro-
magnetic field that mediates the interaction between
nanometric particles located in close proximity to each
other. Nanooptics deals with this field. Nanophotonics
is the technology that utilizes this field to realize novel
device, fabrications, and systems. That is, a photonic
device with a novel function can be operated by trans-
ferring the optical near-field energy between nanometric
particles. In such a device, the optical near field trans-
fers a signal and carries the information. Novel photonic
systems become possible by using these novel photonic
devices. Furthermore, if the magnitude of the transferred
optical near-field energy is sufficiently large, structures
or conformations of nanometric particles can be mod-
ified, which suggests the feasibility of novel photonic
fabrication.

Note that the true nature of nanophotonics is to
realize qualitative innovation in photonic devices, fabri-
cations, and systems by utilizing novel functions and
phenomena caused by optical near-field interactions,
which are impossible as long as conventional propa-
gating light is used (Fig. 15.5). On reading this note,
one may understand that the advantage of going be-
yond the diffraction limit, i. e., quantitative innovation,
is no longer essential, and is only a secondary nature
of nanophotonics. In this sense, one should also note
that optical near-field microscopy, i. e., the methodology
used for image acquisition and interpretation in a non-
destructive manner, is not an appropriate application of
nanooptics and nanophotonics because the magnitude
of the optical near-field energy transferred between the
probe and sample must be extrapolated to zero.

Although few examples of qualitative innovations
in nanooptics exist, nanophotonics has already realized
this innovation by correctly utilizing the true nature of
the optical near-field interaction, which is reviewed in
the following sections.

magnitude at the output terminal, which can be achieved
by transferring and dissipating the optical near-field en-



ergy, respectively [15.13]. Several research groups have
recently begun similar discussions on this operation (for
example, refer to [15.14]). A pair of two closely spaced
equivalent quantum dots is used as the input terminal of
the nanophotonic device (Fig. 15.6). As a result of the
optical near-field interaction between the two quantum
dots driven by the input optical signal, the quantized
energy levels of the exciton in the quantum dots are
split into two. One corresponds to the symmetric state
of the exciton, and the other is the antisymmetric state.
They represent the respective parallel and antiparallel
electric dipole moments induced in the two quantum
dots.

The third, larger quantum dot, installed proximal to
the input terminal (Fig. 15.7), is used as the output termi-
nal of the device. The higher energy level of the exciton
in this quantum dot is tuned to that of the symmetric
state of the input terminal, which is made possible by
adjusting the size of the third quantum dot. As a result of
this tuning, optical near-field energy can be transferred
from the input to the output terminal, allowing signal
transfer. The excitation transferred to the output termi-
nal is relaxed immediately to the lower energy level in
the third quantum dot by coupling with phonons, which
fixes the magnitude of the transferred signal.

A device utilizing the symmetric state of the in-
put terminal in the manner shown in Fig.15.7 is
called a phonon-coupled device. Examples of phonon-
coupled devices include nanophotonic switches, logic
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gates, such as AND and NOT gates [15.15], content-
addressable memory [15.16], and digital-to-analog
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Fig.15.8 The structure of a nanophotonic switch. L is the size of the quantum dot used as the input terminal
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On State

Fig.15.9 The spatial distribution of the output signal energy at the
output terminal of the nanophotonic switch. This switch used three
cubic CuCl quantum dots with sizes of 4, 6, and 8 nm, separated by
a fixed distance of 3nm

converters [15.17]. Conversely, a device utilizing the an-
tisymmetric state is called a propagating light-coupled
device; for example, optical buffer memory and super-
radiant-type optical pulse generators [15.18].

As an example of a phonon-coupled device, Fig. 15.8
shows a nanophotonic switch whose operation has been
modified slightly from that shown in Fig. 15.7 [15.19].
Three cubic quantum dots with a size ratio of 1: +/2:2
are used as the input, output, and control terminals,
respectively. This device utilizes the optical near-field
energy transfer between the resonant energy levels of
the exciton and successive fast relaxation. Note that the
conventional optical transition between two resonant ex-
citon levels in the adjacent quantum dots, e.g., the (1,1,1)
and (2,1,1) energy levels of the input and output termi-
nals, is forbidden. That is, no energies are transferred
as long as the propagating light mediates the interac-
tion between the quantum dots. In contrast, when using
an optical near field, this transition is allowed due to
the exchange of the virtual exciton—polariton. This is
an example of a qualitatively innovative device oper-
ation because it is impossible as long as conventional
propagating light is used. Figure 15.9 shows the spatial
distributions of the output signal energy on the output
terminal for the off and on states of the switching op-
eration. The device is as small as 15 nm. Figure 15.10
represents the dynamic behavior of the output signal,
which agrees well with the calculated results based on
the virtual exciton—polariton model.

A figure of merit has been used as an important pa-
rameter for evaluating device performance. In the case of
a switch, it is defined as a combination of device volume,
switching time, switching energy, the ratio between on-
and off-signal magnitudes, etc. The figure of merit for the
nanophotonic switch is 10-100 times larger than those
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Fig.15.10 Dynamic behavior of the output signal of
a nanophotonic switch. The figure on the bottom shows
the experimental and theoretical curves of the part of the
output signal identified by the ellipse in the figure on the top

of conventional photonic switches operated using prop-
agating light (e.g., devices using optical micromirrors,
Mach—Zehnder interferometer-type waveguides, opti-
cally nonlinear media, and the quantum sublevels in
a quantum dot). Furthermore, the magnitude of the heat
dissipated from the nanophotonic switch is estimated to
be as low as 10712 W in the case of 1 GHz repetitive
operation, which is only 1075 times that of a conven-
tional semiconductor transistor. Such a large figure of
merit and the ultralow heat dissipation suggest a variety
of applications to novel computation and information
processing systems.

For applications to advanced systems, nanophotonic
devices must be connected to conventional macroscopic
photonic devices, such as optical fibers or semiconduc-
tor lasers. Figure 15.11 shows a novel device developed
for this interconnection that concentrates the propagat-
ing light energy to a nanometric region [15.20]. It has
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Fig.15.11 The structure of an optical nanofountain and the
spatial distribution of the optical signal energy, which used
CuCl quantum cubes of 2—10nm

smaller quantum dots on the circular rim, medium-sized
quantum dots installed inside, and the largest quantum
dot fixed at the center. The propagating light energy in-
cident into this circular device is concentrated to the
largest quantum dot at the center due to both successive
optical near-field energy transfer from the smaller to the
larger quantum dots and fast relaxation, as in the case of
the nanophotonic switch. This device has been named
an optical nanofountain and its equivalent numerical
aperture is as high as 40.

15.4 Nanophotonic Fabrications

Optical fabrications beyond the diffraction limit are re-
quired to produce a variety of conventional devices
and to fabricate the nanophotonic devices reviewed in
Sect. 15.3. To fabricate nanophotonic devices, several
capabilities are required. A variety of materials must
be deposited on a substrate and the inaccuracy of their
sizes and positions must be as low as 1 nm for effi-
cient, reproducible optical near-field energy transfer.
However, conventional fabrication technologies using
electron beams, ion beams, and propagating light cannot
meet these requirements due to their low resolution, con-
tamination, damage to the substrate, and low throughput.

To meet these requirements, novel technologies must
be developed that can be realized by utilizing opti-
cal near-field energy transfer. Representative examples
of such nanophotonic fabrications are reviewed in this
section.

15.4.1 Photochemical Vapor Deposition

Photochemical vapor deposition is a way to deposit ma-
terials on a substrate using a photochemical reaction
that pre-dissociates metalorganic molecules by irradi-
ating gaseous molecules or molecules adsorbed on the
substrate with ultraviolet light. Consequently, the elec-
trons in the molecules are excited to a higher energy
level following the Franck—Condon principle. This is
an adiabatic process because no molecular vibrations
or rotations are excited; i.e., the Born—Oppenheimer
approximation is valid. After excitation, the electron
transits to the dissociative energy level. As a result of
this transition, the molecule is dissociated and the atoms

Beam spot of the incident propagating light

composing the molecule are deposited on the substrate.
By using an optical near field as the light source for this
deposition scheme, nanometric materials can be fabri-
cated whose size and position are accurately controlled
by the spatial distribution of the optical near-field en-
ergy. Nanometric metallic particles of Zn and Al and
light-emitting semiconductor particles (e.g., ZnO and
GaN) have been deposited with size and positional ac-
curacies beyond the diffraction limit [15.21-25]. This is
an example of a quantitative innovation.

Although an ultraviolet light with high photon en-
ergy must be used for the aforementioned adiabatic
process, it has been found that an optical near field
with a much lower photon energy (i.e., visible light)
can dissociate the molecule. This has been explained by
a theoretical model of the virtual exciton—polariton ex-
change between a metalorganic molecule and the fiber
probe tip used to generate the optical near field. In
other words, this exchange excites not only the elec-
tron, but also molecular vibration. This is a nonadiabatic
process, which does not follow the Franck—Condon
principle, and therefore the Born—Oppenheimer approx-
imation is no longer valid. Several experimental results
have been reported, including the nonadiabatic disso-
ciation of diethylzinc (DEZn) molecules by a visible
optical near field and the deposition of nanometric Zn
particles [15.26]. The virtual exciton—polariton model
explains this nonadiabatic process quantitatively by in-
troducing the contribution of a phonon excited in the
fiber probe tip [15.27].

The presented nonadiabatic process suggests that
the large, expensive ultraviolet light sources that are
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indispensable for conventional photochemical vapor de-
position are no longer required. It also suggests that the
process can even dissociate optically inactive molecules
(i.e., inactive to the propagating light), which is ad-
vantageous for environment protection because most
optically inactive molecules are chemically stable and
harmless. For example, optically inactive Zn(acac);
molecules have been dissociated nonadiabatically us-
ing an optical near field to deposit nanometric Zn
particles [15.28].

15.4.2 Photolithography

Photolithography is a technology used to carve substrate
material. After coating the substrate with a thin film of
a photoresist, light is irradiated through a photomask
to induce a photochemical reaction in the photoresist.
When the aperture on the photomask is smaller than
the wavelength of the light, the transmission of the
propagating light is sufficiently low while an optical
near field is generated at the aperture. Using the pho-
tochemical reaction between the optical near field and
the photoresist, a nanometric pattern beyond the diffrac-
tion limit is formed on the photoresist, and a chemical
etching process is subsequently used to carve the sub-
strate. Practical nanophotonic technologies, such as
using a two-layered photoresist, have been developed
to form deep patterns and to realize a quantitative inno-
vation (Fig. 15.12) [15.29].

As long as an adiabatic process is used for pho-
tolithography, ultraviolet light with a high photon energy
is required to induce the photochemical reaction via
the optical near field. However, photolithography us-
ing a nonadiabatic process is possible, as was the case

Opitcal near field | Incident light
Photomask [ Glass
. : ® ® ® . Cr film
Photoresist —

-—— Substrate material

Fig.15.12 The structure of the photolithography system and the
cross-sectional profile of the photoresist after development. The
photographs were supplied courtesy of R. Kuroda, Canon Corp

@ Springer Handbook of Lasers and Optics
2= Frank Trdger (Ed.) - © Springer 2007

0 5 10 15
(pm)
[
0 (nm) 72.39

Fig.15.13 Top view of a photoresist with a corrugated pat-
tern that was fabricated nonadiabatically using optical near
fields

in Sect. 15.4.1; i. e., a photochemical reaction can even
be induced using visible light with a very low photon
energy. Figure 15.13 shows a narrow corrugated pattern
fabricated using nonadiabatic photolithography [15.30],
which has been analyzed theoretically based on a virtual
exciton—polariton model by introducing the contribu-
tion of phonons. This result represents a qualitative
innovation in photolithography, suggesting that large,
expensive ultraviolet light sources are no longer re-
quired, and that harmless, chemically stable molecules
can be used as the photoresist, even if they are optically
inactive. As an example, an optically inactive resist film
has been used for electron-beam lithography. Although
this film is optically inactive, a photochemical reaction
is induced and fine patterns can be fabricated by using
a photomask consisting of a two-dimensional array of
circular disks (Fig. 15.14) [15.30].

Fabrication using the adiabatic process suffers from
the contribution of the small amount of propagating light
transmitted through the aperture on the photomask and
the plasmon generated on the photomask. This limits
the resolution of fabrication and the pattern contrast.
In contrast, since the nonadiabatic process is free from
these contributions, greater resolution, higher contrast,
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Fig.15.14 Bird’s-eye view of the optically inactive resist film used for electron-beam lithography, fabricated nonadiabat-

ically using optical near fields

and a variety of patterns (e.g., Ts, Ls, and rings) have
been realized [15.30].

15.4.3 Self-Organized Deposition
and Nanoimprinting

Self-organized deposition is a way to deposit nanometer-
sized particles, as discussed in Sect. 15.4.1. In this case,
however, a fine structure, e.g., a narrow groove, is
first patterned on the substrate instead of using a fiber
probe or photomask (Fig. 15.15) [15.31]. While sput-
tering metallic particles on this patterned substrate,
irradiation with propagating light is used to desorb the
deposited particles. This irradiation generates an opti-
cal near field in the groove, which excites free electron
oscillations in the deposited metallic particles. The size
of the deposited metallic particles increases with con-
tinued sputtering. As a result, the center frequency of
the electron oscillation spectrum shifts and its spectral
linewidth increases due to the finite path length of the
free electrons and resultant damping of the resonant os-
cillation. The magnitudes of the center frequency shift
and linewidth increase are nearly proportional to the
particle size if it is sufficiently small [15.32].

When the shifted center frequency is tuned to the
optical near-field frequency (i.e., the particle grows to
a specific size), the magnitude of the optical near-field
energy absorbed by the particle is maximal at this size-
dependent optical absorption resonance. Moreover, the
desorption rate is maximal under this resonant condi-
tion, so a further increase in particle size is prohibited
by the balance between the magnitudes of sputtering

and desorption [15.33,34]. Since the size of a deposited
particles depends on the photon energy of the optical

Metallic particle

sputtered
Propagating light p )
o @ @ Chain of metallic particles
o
005 2°%° >
P” o F
Desorption (}/
‘ |
Groove ‘ ‘

Optical near field  Substrate

Fig.15.15 The principle of self-organized deposition

Al particles
Fig.15.16 Chains of gold and aluminum particles fabri-
cated via self-organized deposition using red (wavelength

= 633 nm) and green (wavelength = 532 nm) light. Their
diameters are 100 nm and 70 nm, respectively
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near field as the result of this balance, the size can be
controlled accurately.

This accurate size-control method forms the first par-
ticle, on which a new optical near field is subsequently
generated because the propagating light is still being
irradiated. As a result of this secondary optical near
field, a second particle forms next to the first one, and
the size of the second particle is equivalent to that of
the first because of size-dependent resonant optical ab-
sorption [15.33]. Because this formation process occurs
successively, a chain of the metallic particles is formed
along the groove within the area irradiated by the prop-

agating light (Fig. 15.16). Note that this chain is formed
in a self-organized manner, and neither a fiber probe nor
a photomask is used. The sizes and separations of these
particles are determined accurately by the photon energy
of the optical near field.

As a recently developed fabrication technology,
light-assisted nanoimprinting has enabled the formation
of nanometric structures, without the requirement for
a development process [15.35]. By using optical near
fields, the adiabatic process forms a pattern that is even
smaller than that of the mold [15.36]. Further progress is
expected if a nonadiabatic process can also be utilized.

15.5 Extension to Related Science and Technology

Nanophotonics has led nanooptics and realized qualita-
tive innovation. As examples of its extension to related
science and technology, this section reviews applications
to novel photonic systems and atom photonics.

Nanophotonic systems utilize nanophotonic devices.
For example, novel architectures have been proposed
for optical signal transmission systems and their perfor-
mance has been confirmed experimentally. They include
interconnections and summation involving an optical
nanofountain [15.16], computing using nanophotonic
switches and an optical nanofountain [15.17], and broad-
casting using multiple nanophotonic switches [15.37].
They have realized quantitative innovations by decreas-
ing the device size and power consumption beyond the
diffraction limit. More importantly, qualitative innova-
tion has been realized as a consequence of the novel
functions of nanophotonic devices, which are impossible
with conventional photonic devices.

An optical/magnetic hybrid disk storage system
with a storage density of 1Tb/in?> has been devel-

15.6 Summary

As a result of the development of nanophotonics, which
utilizes the local electromagnetic interactions between
nanometric particles mediated by optical near fields,
nanooptics now exists as a novel field of optics in
nanometric space. However, the name nanophotonics
is occasionally used for photonic crystals, plasmonics,
silicon photonics, and quantum-dot lasers using con-
ventional propagating lights. Here, one should consider
a stern warning by C. Shannon on the casual use of
the term information theory, which was a trend in its
study during the 1950s [15.46]. The term nanophoton-

@ Springer Handbook of Lasers and Optics
ZL Frank Tréger (Ed.) -+ © Springer 2007

oped. Quantitative innovation has already been realized
by transcending the diffraction limit of optical stor-
age density [15.38]. Qualitative innovation in optical
storage and readout has been also proposed by ap-
plying the hierarchy in optical near fields to memory
retrieval [15.39].

An example of an extension to related science
is atom photonics, which controls the thermal mo-
tion of neutral atoms in a vacuum using optical
near fields [15.40]. Theoretical studies have exam-
ined single-atom manipulation based on the virtual
exciton—polariton model [15.41]. Recent experimental
studies have examined atom guidance through a hollow
optical fiber [15.42], atom-detecting devices [15.43],
atom deflectors [15.44], and an atomic funnel [15.45].
Atom photonics will open a new field of science
that examines the interaction between virtual exciton—
polaritons and a single atom. Furthermore, it can be
applied to novel technologies for atomic-level material
fabrication.

ics has been used in a similar way, although some work
in nanophotonics is not based on optical near-field inter-
actions. For the true development of nanophotonics, one
needs deep physical insights into the virtual exciton—
polariton and the nanometric subsystem composed of
electrons and photons. It is both unethical and mislead-
ing to use the name nanophotonics in a casual manner,
for example, to obtain a research grant. Since nanooptics
should be defined as a field of optical science and tech-
nology including nanophotonics, Shannon’s warning
should be extended to the term nanooptics.
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