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PREFACE

In order to realize the ultimate status of light and matter, M. Ohtsu
tries to control the spatial properties of light. The approach he has used is
through the research of near-field optics and its application to nano-
structure fabrication and atom manipulation(Fig.1). This will open up a new
era of nano/atom photonics. It should be pointed out that the nano/atom
photonics is closely related to quantum optics, atom optics, high density
optical storage, nano-structure fabrication technology, and so on. And for
this relationship of near-field optics with a variety of fields, nano/atom
photonics exhibits rapid progress. Further researches are done to realize
novel nanometric materials ,devices, and their integration(Fig.2).

Ohtsu-Saiki group, which is executed in Kanagawa Academy of
Science and Technology(KAST) and directed by Ohtsu and Saiki, has started
from April, 2001 in order to transfer the results of the research of the
previous “PHOTON CONTROL” project to industry so as to produce
commercial near field optical spectrometers, optical memories, fiber probes,
and so on®. The “LOCALIZED PHOTON” project, which is supported as
ERATO (Exploratory Research for Advanced Technology ) by Japan
Science and Technology Corporation and directed by Ohtsu, studies a novel
theory of optical near-field, nano-photonics, and atom-photonics.®) Further, a
national project on “Ultrahigh capacity optical storage”, which is supported
by METI(Ministry of Economy, Trade and Industry) and directed by Ohtsu,
has started from the fiscal year 2002 to develop a prototype of an optical
storage system of 1Tb/in? storage density. Results of the recent research
carried out by Ohtsu are reviewed in this issue of the COLLECTED
PAPERS.
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Jpn. J. Appl. Phys. Vol. 42 (2003) pp. 3658-3661
Part 1, No. 6A, June 2003 .
©2003 The Japan Society of Applied Physics

Accumulative Atom Detection by Magneto-Optical Trap for Near-Field Optical Funnel

Akifumi TAKAMIZAWA'!, Haruhiko ITO!, Shungo YAMADA' and Motoichi OHTSU'?

VInterdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, 4259, Nagatsuta-cho. Midori-ku, Yokohama 226-8502, Japan
2ERATO, Japan Science and Technology Corporation, 687-1 Tsuruma, Machida 194-0004, Japan

(Received September 30, 2002; accepted for publication February 17, 2003)

We use a magneto-optical trap as an integrating counter for descending cold atoms. In the case of cold #’Rb atoms with an
initial mean temperature of 9 uK, 60% of the total number of 2.6 x 107 are captured after a 26-cm free-fall and trapped for a
long time of 270s. From the capture efficiency and the decay time, the minimum detectable flux intensity of a cold 3’Rb
atomic beam is estimated to be 2 x 103 atom/cm?-s. The atom-counting system is used for detection and evaluation of a cold

atomic beam produced out of a near-field optical funnel.

[DOI: 10.1143/JJAP.42.3658]

KEYWORDS: accumulative atom detection, magneto-optical trap, cold atomic beam, near-field optical funnel

1. introduction

The thermal motion of gaseous atoms had been a barrier
to high-resolution laser spectroscopy for a long time.
However, owing to the recent development of atom cool-
ing,” it has been possible to greatly control the thermal
motion. Since an ultracold atomic ensemble was generated,z)
its application to physics and technology has attracted
considerable interest. Consequently, atom optics making full
use of resonant and near-resonant interactions between light
and atoms has been established, and reﬂection,” diffrac-
tion,” and channeling® of atomic beams have been demon-
strated. Moreover, the atom laser® has been produced from
the Bose-Einstein condensate of alkali-metal atoms,” and
applied to technologies such as atom interferometry® and
atom holography.”

Control of thermal atomic beams by means of atom-
optical methods is also applied to nanoscale patterning.'®'"
If a cold atomic beam is used instead of the thermal atomic
beam, it will be possible to fabricate nano-structures with
higher spatial accuracy. However, in the case of the
conventional schemes using far-field light, it is difficult to
obtain spatial-control accuracy beyond a half wavelength
due to the diffraction effects, so that it is not easy to form
dot-shaped structures. Indeed, fabrication of a nanostructure
with an arbitrary shape has not been reported so far, although
line-shaped patterns have been formed. To overcome the
diffraction limit, we are developing new atom-optical
methods with nanometric optical near fields, including atom
deflection and single-atom trapping which control each
individual atom species- and state-selectively.'? The atom-
control techniques are necessary for realization of optical
atomic-scale deposition.

A cold atomic beam with high flux intensity is required
for interaction with nanometric optical near fields. To this
end, we are planning to produce the cold atomic beam using
a funnel-shaped optical near field.'® In this scheme, cold
atoms fall from a magneto-optical trap (MOT)'¥ into a
hollow funnel-prism where the orifice is directed upward.
Under a blue-detuning condition, the atoms approaching the
inner-wall surface are reflected by the repulsive dipole force
from the optical near field generated on the inner wall.
Moreover, if a weak pumping light beam is added, the so-
called A-type three-level atoms such as alkali-metal atoms
lose their kinetic energy at each reflection through the
Sisyphus cooling mechanism.'>1® As a result, the atoms are

collected at the bottom and go out of a small exit hole. In our
previous work,'” we observed multireflection of cold Rb
atoms in the near-field optical funnel, and estimated the
optimum frequency detuning and diameter of the light beam
that excited the optical near field from measurements of the
reflection efficiency.

A CW cold atomic beam can be generated by multi-
loading of cold atoms from the MOT into the funnel. Under
our experimental conditions, the flux intensity of the atomic
beam is estimated to be 8.3 x 10'? atom/cm?-s from the
Monte Carlo simulations.'® This value is sufficient for the
interaction with the optical near field stimulated on a
nanometric aperture, but not for evaluation of the cold
atomic beam from observation of resonance fluorescence or
absorption change of a probe light beam. Indeed, although
the number of descending atoms from an MOT is often
estimated by a probe light beam, the number of atoms
passing through the detection region per unit time in the case
of the cold atomic beam coming out of the funnel is smaller
than that of the simplex release from the MOT by three
orders of magnitude, so that it is difficult to detect the cold
atomic beam. In addition, if we take the flight distance from
the exit to the detection region to be sufficiently long to
accurately measure the mean longitudinal temperature of the
cold atomic beam, it expands in the lateral direction even if
it is well-collimated, so that the number density of atoms is
reduced. Therefore, the system that efficiently detects a
small number of atoms is required for evaluation of the cold
atomic beam.

In this paper, we present a detection scheme of accumu-
lating atoms with an MOT. In particular, under the ultrahigh
vacuum pressure of 10~° Pa, the capture time reaches over
3min and many atoms can be gathered. Consequently, the

number of captured atoms is easily estimated from the

measurement of the intensity of resonance fluorescence,
which is induced by absorption of the light beams used for
the MOT, with a popular charge-coupled device (CCD)
camera. '

In §2, we describe an experiment of detecting cold ¥Rb
atoms in the double MOT configuration.'® The capture
efficiency is obtained from the number of atoms trapped in
the second MOT for detection increasing with the number of
loading times from the first MOT for cold-atom generation.
The capture time in the detection MOT is also obtained from
the number of trapped atoms decreasing with time after the
stop of loading. Next, in §3, we discuss the detection
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sensitivity in the case where the atom-detection scheme is
used for a cold atomic beam generated by the near-field
optical funnel. Finally, we give the conclusion in §4.

2. Experiment .

Figure 1 shows the double MOT setup in which we detect
cold 8’Rb atoms falling for a long distance, where the MOT
for detection is made 26 cm below the MOT for cold-atom
generation. The two MOTs are connected by a 8.1-cm-long
stainless-steel tube of which the inner diameter increases
stepwise from 4 mm to 12 mm from top to bottom. The upper
MOT consists of a pair of anti-Helmholtz coils that produces
a quadrupole magnetic field with a gradient of 10 G/cm and
three orthogonal pairs of two counterpropagating o+ — o~
circularly-polarized light beams with the diameter of 1cm
and the intensity of 4 mW/cm? under a background pressure
of 1077 Pa. The six light beams are red-detuned by 10 MHz
with respect to the 5S;,2, F =2 <> 5P3;;, F = 3 transition
of 8’Rb. Repumping light beams with the diameter of 1cm
and the intensity of 5SmW/cm? tuned to the 5S; 2 F=
1 < 5P3j;, F =2 transition are superimposed over the
cooling light beams.

A ¥"Rb ensemble of 2.6 x 107 atoms with a diameter of

anti-Helmbholtz coils

generation MOT
@ . A
cooling and
repumping beams

connecting tube
g 26 cm

O anti-Helmbholtz coils

detection MOT

. cooling and
repumping beams

photo-transistor

Fig. 1. Experimental setup with double MOTs. Both of the MOTs are
composed of circularly-polarized cooling light beams, repumping light
beams, and a pair of anti-Helmholtz coils. The MOT for detection is made
26 cm below the MOT for cold-atom generation, and a stainless-steel tube
connects the two MOTs. The background pressures of the upper and
lower MOTs are 107 Pa and 10~ Pa, respectively. The cold atoms of
2.6 x 107 with a mean temperature of 9 uK are released from the upper
MOT and 40% of them fall into the lower MOT through the connecting
tube. Resonance fluorescence radiating from the 8’Rb atoms captured in
the lower MOT is observed using a photo-transistor.
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2mm is first generated Smm above the entrance of the
connecting tube. Then, after turning off the quadrupole
magnetic field, we conduct the polarization gradient cool-
ing?® for 10 ms by changing the red detuning to 80 MHz and
cool the 8’Rb atoms to a mean temperature of 9 pK. Next,
when all light beams are turned off, the cold 87Rb atoms are
released from the upper MOT and divergently fall into the
lower MOT under a background pressure of 10~° Pa. The
cooling light beams of the lower MOT are red-detuned by
17MHz with respect to the 55,2, F =2 <> 5P35, F=3
transition. Both of the cooling and repumping light beams
have the same intensity of 1 mW/cm?. The diameter of all
light beams is 2cm and all atoms coming through the
connecting tube enter the capture region of the lower MOT.
The other conditions of the lower MOT are the same as those
of the upper MOT. The cold ¥’Rb atoms captured in the
lower MOT make a cloud with a diameter of 4 mm and emit
resonance fluorescence with a wavelength of 780nm. The
number of trapped atoms is estimated from the fluorescence
intensity measured using a photo-transistor.

Cold ¥Rb atoms are multiloaded from the upper MOT
into the lower MOT. Figure 2 shows the number of atoms
captured in the lower MOT plotted as a function of the
number of loading times. The cold atoms are stored for 2 s in
the upper MOT and then released. The next cold-atom
generation begins at 0.5 s after release. As shown in Fig. 2,
the number of captured atoms linearly increases until the
number of loading times is about 20, and then it reaches
saturation: after 100 loading times, it becomes 3 x 10%. The
ratio B of the capture number in the lower MOT to the
supply number from the upper MOT is 0.23 in the linear-
increase region. As discussed below, since some atoms are
lost in the connecting tube by collision with the wall, the
effective capture number is larger. In the next section, we
will estimate the net capture efficiency a of the detection
MOT by taking the lost atoms into consideration.

Figure 3 shows the capture number of cold ¥Rb atoms
plotted as a function of time ¢ after the completion of
loading. Here, filled circles and a solid curve indicate the
experimental values and the fitting with the function

[ ]
3 F . x|
~ o
% -,
7 o
E 2 2 i
< [ J
s &
g ’
g 1t i
0 1
0 50 100

number of loading times

Fig. 2. The number of ®Rb atoms stored in the detection MOT plotted as
a function of the number of loading times. The capture number linearly
increases until the number of loading times is about 20, and then reaches
saturation.
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Fig. 3. Time change of the number of ¥Rb atoms stored in the detection
MOT after the completion of loading. Here, the experimental values are
indicated by dots, while the solid curve shows the fitting by the function
exp(—y1) with y~' = 270s.

exp(—yt), respectively. From Fig. 3, the time y~! at which
the number of atoms stored in the lower MOT decays to e~!
times is estimated to be 270s.

3. Discussion

We are planning to use the accumplative-counting scheme
for evaluation of a cold atomic beam produced by the near-
field optical funnel mentioned in the introduction. From the
numerical simulations, about 107 atoms per second are
estimated to be outputted from the funnel.'® It corresponds
to the linear region of the MOT detector. In the experiment
described in the previous section, 8’Rb atoms are always
pumped into the 5S;/,, F =2 upper ground state of the
hyperfine structure by the repumping light beams of the two
MOTs. On the other hand, in the near-field optical funnel,
87Rb atoms are pumped into the 5S;,,, F = 1 lower ground
state at every reflection for the Sisyphus cooling. In the
funnel case, when the MOT detector operates, the 5’Rb
atoms in the lower ground state are first transferred into the
upper ground state and then trapped.

In order to examine the influence of the pumping on the
capture efficiency, we conducted a similar experiment in the
case of 8’Rb atoms in the lower ground state. Here, we
pumped the cold 87Rb atoms to the lower ground state just
after release from the upper MOT by illuminating them with
a weak pumping light beam tuned to the 55y, F =2 <
5P3/; F =2 transition. The result shows that the capture
efficiency with the additional pumping light beam reduces
by 3% compared to that without it. From this, we find that
the capture efficiency is hardly affected by the ground states
which atoms occupy.

Let us estimate the detection sensitivity in the case where
the near-field optical funnel is used in the place of the upper
MOT. First, we calculate the net capture efficiency o of the
MOT detection system based on the results of the double-
MOT experiment, where some atoms hit the inner wall of
the connecting tube and adhere to the surface. The tube
radius increases from 2mm to 6 mm from top to bottom at
each step of about 2 cm-length. Note that the loss of incident
atoms occurs in the first tube part with the smallest radius.
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We assume that 8’Rb atoms with a distribution radius oo and
a mean temperature T divergently fall through the connect-
ing tube. The probability n that an atom with a mass m
falling from the upper MOT under the gravitational accel-
eration g passes through the first tube part with a radius R
and a length [ is approximately given by?"

R2
o HeTU+h) [ M
oy +——
mg

where kg and h are the Boltzmann constant and the height of
the upper MOT from the entrance of the connecting tube,
respectively. Substituting the experimental values of op =
Imm and T =9uK together with R=2mm, /= 1.5cm
and h=0.5cm into eq. (1), we obtain n = 0.4. Conse-
quently, it follows that & = B/n = 0.6. Since a collimated
cold atomic beam passes through the connecting tube
without hitting the inner wall, the quantity « is the capture
efficiency in the atom-funnel case.

Then, assuming that a CW cold atomic beam with a
constant flux intensity F is outputted from the exit hole of
the funnel with a radius r, we consider the case of observing
resonance fluorescence radiating from the 3’Rb atoms
trapped in the detection MOT by a CCD camera. If the
capture number N, is much larger than 1 and successively
changes, the increase rate of Nca, is approximately given by

chap
dt

where the first term on the right-hand side is the number of
atoms captured per unit time and the second term is the
number of atoms escaping from the detection MOT per unit
time. Putting dNcap/dt = 0, we obtain the steady-state value

ar*aF
Y

In our near-field optical funnel technique for generating a
cold atomic beam, we use intense laser light with a power
exceeding 1 W. To avoid a detector breakdown by the
scattered intense light, we use a CCD camera for detection
although a photomultiplier tube has a high sensitivity. Let us
take an example of observation with a commercial CCD
camera (SONY XC-ST50, imaging lens VLC-50Y-M),
which is placed 44cm away from the center point of the
MOT. When the CCD chip receives the intensity Inin = 8 X
10~6 mW/cm? of the 780 nm-fluorescence, a pixel of the
CCD chip takes 1 count. Considering that fluorescence with
the intensity Iuom = 8 x 107'mW/cm? comes from an
atom to the CCD chip, we obtain the minimum detectable
number Npin = Imin/Jatom = 1 X 10*. The condition that the
87Rb atoms can be detected by the CCD camera is Ny, >
Nnin. From eq. (3) with r = 0.1 mm, we obtain the minimum
detectable flux intensity Fmin =2 X 10° atom/cm?-s. This
value is much smaller than the expected one of F = 4 x 10"!
atom/cm?-s obtained from the numerical simulations.'”
Taking the ratio of the cold-atom flux intensity to the
minimum detectable one, we find that the detection
sensitivity is 63 dB. Thus, even if we use a commonplace
CCD camera, the accumulative method gives a high
detection sensitivity.

n=1-—exp

= nriaF — ¥Neap )

N =

cap —
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The most popular method for detecting an atomic beam is
to use a hot wire. If the work function of the wire metal is
larger than the atomic ionization energy, the hot-wire
detector using surface ionization has a high detection
sensitivity for neutral atoms. However, since the surface
ionization is not selective, the background noise is large
even in ultrahigh vacuum, so that the signal-to-noise ratio is
low compared to resonant detection methods. Although a
micro-channel plate is also used for detection of an atomic
beam, it is efficient for metastable atoms but inefficient for
ground-state atoms used in the near-field optical manipula-
tion we are developing. Two-step photoionization is one of
the most elegant methods for resonant detection of ground-
state atoms. However, it generally requires high-power laser
light, for example, Ar-ion laser light with a power exceeding
1'W for ionization of Rb atoms. By contrast, the accumu-
lative method using MOT allows a background-free resonant
detection of ground-state cold atoms with low-power lasers
such as diode lasers.

It takes about 1ms for the detection MOT to capture
atoms under our experimental conditions. On the other hand,
as discussed above, the minimum detectable number is 1 x
10* for the CCD-camera observation. Consequently, the
time resolution of this accumulative detection method is
determined by the MOT time and the minimum detectable
number. If the atomic flux intensity is sufficiently high, the
atoms are detectable to the time resolution of 1 ms. As an
example of time-resolution experiments using the accumu-
lative detection method, let us consider measurement of the
longitudinal velocity distribution of cold atoms by means of
the time-of-flight method. From the Monte Carlo simula-
tions, the mean longitudinal temperature of a cold Rb atomic
beam generated through the near-field optical funnel is
estimated to be 60 uK at the exit hole.'® In the case where
we take a long distance of 26 cm from the cold-atom source
to the detection MOT, an atom with the initial velocity of 0
reaches down to the detection MOT after 230 ms, while an
atom with the initial velocity equal to the root-mean-square
velocity reaches down to the detection MOT faster by 10 ms.
The time difference is sufficiently large for measuring the
longitudinal velocity distribution of the cold atomic beam.

- Incidentally, under the conditions given in §2, the 8’Rb
atom with a velocity of 10m/s can be trapped by the
detection MOT. The velocity is obtained as the result of 5 m-
free-fall. This corresponds to the flight time of 1s. This
indicates that the accumulative method allows the long-
distance detection of cold atoms.
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4. Summary

The MOT method enhances the detection sensitivity by
accumulating atoms. Compared to the other ionization
methods for detection of neutral atoms, it has a great
advantage of efficiently detecting cold atoms in the ground
state without a high-power laser. It is also effective when
one requires a long distance from the atomic source to the
detection region.
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We developed a near-field optical deflector for precise direction control of atomic motion using a
dipole force. The blue-detuned, near-field light used to deflect atoms was generated near the edge of
a 100-nm-wide slit and had a spatial distribution of 126 nm at a distance of 10 nm from the top edge.
The deflection angle for a Rb atom was a function of light intensity, frequency detuning, and atomic
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velocity. © 2003 American Institute of Physics. [DOI: 10.1063/1.1558222]

Atom optics deals with resonant interactions between
light and atoms.! By focusing an atomic beam using atom-
optical methods,? one can selectively deposit atom species on
a substrate to make small structures.” However, the conven-
tional methods using far-field light have limited spatial accu-
racy of atom control due to the diffraction limit, which is
about half the wavelength of the light used. Consequently, it
is difficult to move atoms to the exact position they are
aimed at. It is also difficult to make arbitrary shapes using
far-field light methods. Although lines and arrays have been
produced,4"' dots have not been made using pure atom-
optical methods. For optical nanofabrication, one can use
near-field light, which is not affected by the diffraction limit.
Such near-field light is generated at the nanometric aperture
of a sharpened fiber probe.'? Since near-field light decays as
a Yukawa-type function,'>!* it exerts a strong dipole force on
atoms that is proportional to the spatial gradient of the light
intensity.'’ Using the dipole force from nanometric near-field
light, one can precisely control atomic motion beyond the
diffraction limit.

We proposed atom manipulation using a fiber probe to
produce so-called atomic quantum dots.'? The feasibility of
deflecting and trapping atoms with a fiber probe has been
examined theoretically.'®!” These atom manipulation tech-
niques can be applied to atom-by-atom deposition. In this
letter, we describe a scheme for deflecting atoms using blue-
detuned, near-field light generated at a long, narrow slit. Like
the fiber-probe method, a slit-type deflector also allows
highly accurate atomic spatial control. In addition, it has the
advantage of being able to deflect many atoms at once, so
that it is easier to detect the deflected atoms than with a fiber
probe. Consequently, it is useful for a demonstration of pre-
cise atom control with near-field light.

For high-density, high-speed recording/reading with
near-field light, Yatsui et al. made a pyramidal silicon probe
with a small aperture at the peak, which efficiently generated
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nanometric near-field light.'® Considering this advantage, we
fabricated a slit-type deflector from a pyramidal probe. Fig-
ure 1 illustrates the deflection of atoms using the slit-type
deflector. A triangular-pillar structure is made on one side of
the slit in order to introduce a light beam. Near-field light is
generated at an edge of the slit by irradiating the back-side
surface with a light beam. Atoms passing through the slit are
deflected by the repulsive dipole force under blue-detuning
conditions; the dipole force becomes repulsive when the
light frequency exceeds the atomic resonance frequency
(blue detuning), while it becomes attractive in the opposite
case (red detuning). Atoms not entering the near-field light
are blocked by the V-shaped groove in front of the slit, so
that only deflected atoms leave the deflector. '
We made a slit-type deflector with a slit 100 nm wide
and 100 um long by photolithography and anisotropic
chemical etching of a (100)-oriented silicon-on-insulator
substrate. A V-shaped groove on the (111) face was formed
by anisotropic etching with 34-wt % KOH at a temperature
of 80°C. The groove was 10-um deep, with a slope length
of 14 um, and an edge angle of 54.8°. Part of the Si and

Excitation light beam

Near-field light

FIG. 1. Sketch of the slit-type atom deflector fabricated from a silicon-on-
insulator substrate. Only atoms entering the slit are deflected by the repul-
sive near-field light induced near the edge of the slit. The inset shows a SEM
image of a 100-nm-wide slit. The slit is 100 um long.

© 2003 American Institute of Physics
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FIG. 2. (a) Measurement configuration of the light-intensity distribution
near the slit edge with a 100-nm-aperture fiber probe. The scanning is per-
formed along the x-axis 10 nm below the edge with radius a. (b) The solid
curve (A) shows the experimental result, where a light beam with a wave-
length of 780 nm is used for Rb-atom deflection. The broken (B) and dotted
(C) curves show the numerical profiles when the aperture size is not convo-
luted and is convoluted, respectively. In the experimental case, a far-field
component arises in the region exceeding +90 nm.

SiO, layers behind the slit on the output side was removed
using KOH and buffered-hydrofluoric-solution etching. The
residual Si layer supported the slit structure. An aluminum
coating formed by vacuum deposition of aluminum metal on
both sides of the slit edge perpendicular to the surface was
used to suppress far-field light. The directional deposition
leaves the incident surface for the excitation light beam and
the top edge uncoated. In order to induce near-field light with
a localization length equal to the slit width, we adjusted the
radius of curvature of the top édge to S0 nm with a coat
thickness of 40 nm.

Since the slit width and length are easily determined by
controlling the etching time and the mask length used for
photolithography, we can make smaller, shorter slits as
needed. In this case, the slit width and length were deter-
mined so that the slit-type deflector could be combined with
a slit-type atom detector that we developed.19 The inset in
Fig. 1 shows a scanning electron microscope (SEM) image
of the slit in the deflector. Its 100-nm width equals the spatial
resolution of the detector. The deviation of a Rb atom from
the incident axis is estimated to exceed 10 wm under realistic
conditions.!® This indicates that the deflected atoms can be
detected with a spatial uncertainty of less than 1%. By con-
trast, the detection efficiency depends on the slit length.
When the slit length of the detector is the same as that of the
deflector, the detection efficiency is estimated to exceed
10%," if laser-cooled atoms are used.?’

In order to examine the spatial distribution of the near-
field light, we scanned the edge with a 100-nm-aperture fiber
probe. As shown in Fig. 2(a), the origin of the x-axis denot-
ing the scanning direction was taken as 10 nm from the top
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edge. For simplicity, we assume that the uncoated slit edge is
approximately hemicylindrical with radius a.

The solid curve A in Fig. 2(b) shows the light-intensity
profile produced by a light beam with a wavelength of 780
nm (for Rb-atom deflection), a power of 1 mW, and a spot
diameter of 10 um. Here, the light beam is polarized perpen-
dicular to the slit-length direction, since there is no cutoff
and near-field light is generated efficiently.?! In this measure-
ment, we remove the opposite part of the slit where the near-
field light is not induced to facilitate probe scanning. The
distribution length of the near-field light component was 180
nm, as estimated subsequently. However, note that this con-
volutes the size of the aperture. Incidentally, propagating far-
field light appears in the outer region at a distance exceeding
+90 nm. This is due to the imperfect metal coating of the
bottom surface.

In order to evaluate the effective distribution length of
the near-field light, we calculated the intensity profile using
the phenomenological formula I {R)=1,{0)H(R)/H(0),
where H(R)=|VW¥(R)|2+|¥(R)|*/A? with a Yukawa-type
function ¥ (R) = f exp(—|[R—R’|/A)/|R—R’|dS."? The co-
ordinate vectors R and R’ indicate the measurement point on
the aperture of the probe and the source point on the slit
edge, respectively, and the origin is at the top edge. The
surface integral is made over the area 7ra X L, where L is the
excitation length equal to the spot diameter of the excitation
light beam. For decay length A=a =50 nm, when we calcu-
late I,(R), we get curve B in Fig. 2(b). From the numerical
result, the effective distribution length is estimated to be 126
nm, which is defined as the full width at the ¢ 2 maximum.
Moreover, mtegratmg I¢= [I:(R)dS over the aperture area
mX 50* nm?, we get curve C in Fig. 2(b). This curve closely
matches the experimental profile and the full width at the
€2 maximum is 180 nm.

Let us estimate the deflection angle for a Rb atom. The
deflection angle 6 of a ballistic atom is given by?

©dr b2 Ug(r)] 2
0—77—2bf"72-1—72-— X, ,

where b, r,, and K,, are the impact parameter, turning
point, and atomic kinetic energy, respectively. The distance r
is measured from the center of the hemicylindrical slit edge.
The total potential U,,(r) cons1sts of the repulsive dipole-
force potential Ugp(r) given by’

(M

Iy ¥
Ud,p(r)— hﬁln[l-!- I, W 2)
and the attractive van der Waals potential U 4, (r) given by
U 1 fiy; n -1
vaw(r)= T 16(r—a)° 4 —3- —2+—1 (€)

J

where & is the detuning of the light frequency from the
atomic resonance frequency. The natural linewidth v and the
saturation intensity I; are 277X 6 MHz and 1.6 mW/cm? for
the RbD; line, respectively. The van der Waals potential is
summed over the allowed dipole transitions using the natural
linewidth y; and the wave number k. The refractive index
n; of the slit edge is 3.7 for the 780-nm wavelength of the
RbD, line.
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FIG. 3. The maximum deflection angle 6, of a Rb atom (a) plotted as a
function of the atomic velocity v and near-field-light intensity /,(0) under
the frequency detuning 8/27=+1 GHz and (b) plotted as a function of v
and 6727 for I,{0)=10° W/cm?. The atomic velocity is log-plotted.

Figure 3(a) shows the maximum deflection angle 6,
plotted as a function of the atomic velocity v (log plot) and
the near-field-light intensity 7,40). For simplicity, instead of
the exact Yukawa-type function, we use the approximation
I {r)=1,0)exp[—(r—a)/1.6X1078]  with é=+2m
X 1 GHz. Since the throughput, which is defined as the ratio
of the intensities of the output near-field light to the input
far-field light, at the triangular pillar is about 1%, as the
excitation-light power changes from 1 to 10 mW, the near-
field light intensity changes from 10 to 10® W/cm?. By con-
trast, slow atoms with a velocity of less than 10 m/s are
easily generated with a magneto-optical trap. Such cold at-
oms are required for efficient interaction with nanometric
near-field light. The maximum deflection angle Op,y in-
creases as the intensity /,{0) increases and also as the
atomic velocity v decreases. When I,{0) =5 X 102 W/em?, a
Rb atom with v=1 m/s is retroreflected.

Figure 3(b) shows the maximum deflection angle O,
plotted as a function of the atomic velocity v (log plot) and
the frequency detuning &/27 for 1,(0)=10? W/cm?. When
the frequency detuning 8/27 changes from + 10 to +1 GHz,
the maximum deflection angle 6,, changes from 5.3° to
180° when v=1 m/s.

Totsuka et al.

In summary, a slit-type deflector is useful for controlling
the direction in which atoms are flying. The deflection direc-
tion can be changed with light intensity and frequency de-
tuning over a wide range. The atom deflection technique will
be used for optical deposition of neutral atoms and for de-
tailed study of the interaction between atoms and near-field
light.
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Fluorescence Spectroscopy of Rb Atoms with Two-Color
Optical Near Fields for a High-Resolution Slit-Type

Detector

Kouki TOTSUKA®), Haruhiko ITO', and Motoichi OHTSU" !, Regular Members

SUMMARY  We introduce stepwise resonant excitation by
two-color optical near fields in order to detect Rb atoms with a
slit-type detector. Blue fluorescence of the second D3 line is mon-
itored for background-free detection. Feasibility of the method
is shown from an experiment with a Rb vapor cell, where a sub-
Doppler spectrum with the FWHM of 80 MHz is obtained. The
detection efficiency is estimated at about 3% for cold Rb atoms.
key words: optical near field, evanescent wave, atom detection,
Rb atom spatial resolution

1. Introduction

We are developing near-field optical methods of con-
trolling gaseous atoms with high spatial accuracy far
beyond the diffraction limit of light waves. The tech-
niques, including atom deflection and atom trap by
means of a fiber probe with a nanometric aperture for
precise control of atomic motion and position [1], are
expected to be applied to nanofabrication and atom-
by-atom deposition. Note that it is difficult to make a
nanometric structure of an arbitrary shape by using
conventional atom-optical methods with propagation
light [2],[3], because they suffer from the diffraction
limit.

In our previous work [4], we have reported a new
atom detector with a small slit. It utilizes the inter-
action between atoms and optical near fields generated
on the slit, so that the spatial resolution is basically
determined by the slit width. Now we are planning to
detect Rb atoms deflected by the fiber probe. Since the
interaction occurs in a nanometer region, cold atoms
with very low speed are required for the sufficient in-
teraction time. Such cold atoms are generated by well-
known laser-cooling techniques [5]. In a typical case,
a cold Rb atomic ensemble has a velocity distribution
where the tail reaches 10m/s. When the atom has a
velocity of 10m/s, the deflection angle is estimated to
be about 0.1° under feasible experimental conditions.
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It leads to the displacement of 10 um from the incident
axis [4]. In order to resolve the atomic position with
a spatial accuracy of 1%, we fabricate a slit width of
100nm. Although there are a couple of popular meth-
ods with a microchannel plate or a secondary-electron
multiplier for atom detection, the spatial resolution is
only 1um at most [6]. In addition, they are effective
for metastable atoms, while inefficient for ground-state
atoms we manipulate.

We discussed a detection scheme using photoion-
ization by two-color optical near fields in our previous
paper [4]. In the scheme, the slit-type detector works
as an atom ionizer and the ionized atoms are counted
with a channel electron multiplier. The detection effi-
ciency is estimated to be more than 10% for ground-
state atoms. Moreover, thanks to the resonant charac-
ter, we can detect atoms species- and state-selectively.
However, a high power laser with several watts is used
for efficient ionization of the ground-state atoms. Use
of the intense laser beam may thermally damage the
near-field optical device and also use of the additional
ion detector complicates the vacuum chamber system.

In this paper, we describe an alternative spectro-
scopic method without intense laser beams for detecting
Rb atoms with high spatial resolution. In this case, the
Rb atoms are excited to the 5D5/, state by two-color
optical near fields, which are generated by two diode
lasers with low intensities. The excited Rb atoms emit
fluorescence with a wavelength of 420 nm and decay to
the ground state. By monitoring the blue fluorescence
different from the infrared excitation laser light, we can
detect the Rb atoms without being disturbed by scat-
tering light.

2. Method

Optical near fields generated on a planar surface, i.e.
evanescent waves, have been employed for fluorescence
and reflection-absorption spectroscopy of atoms near
a surface [7]-[9]. They are also used for monitor of
optically-thick atomic gas that totally absorbs reso-
nant light and does not transmit it [10]. Recently,
two-photon spectroscopy with evanescent waves has
been studied both theoretically and experimentally
[11]. Moreover, saturation-absorption spectroscopy has
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LD1(780nm) + LD2(775nm)

Fig.1 Sketch of a slit-type atom detector fabricated from a
silicon-on-insulator wafer with Si and SiO2 layers. Two-color
optical near fields are generated on a small-width slit by illumi-
nating the V-groove with two diode-laser beams LD1 (780nm)
and LD2 (775nm). Rb atoms are excited by the two-color opti-
cal near fields and detected by observing blue fluorescence with
a wavelength of 420 nm.

been applied to measurement of the pseudomomentum
of evanescent waves [12], [13].

Here, we introduce a new method of two-step
atomic excitation with two-color optical near fields gen-
erated on a small slit. Differently from the planar
evanescent waves that the penetration depth is deter-
mined by the wavelength used, the localization length
of the optical near field is comparable to the slit width.
We apply this scheme to observation of Rb atoms with
a slit-type detector.

Figure 1 is a sketch of the slit-type detector con-
sisting of Si and SiO; layers. Two kinds of layer are
required for fabrication of the small slit. The metal
coating is made for suppression of far-field light. As re-
ported already, we have fabricated a slit with a width of
70nm and a length of 100 um [4]. In order to increase
the interaction chance, we make the length of the slit.
Two-color optical near fields detecting atoms are gen-
erated on the slit by illuminating a V-groove from the
back with two diode-laser beams LD1 and LD2: their
wavelengths are 780 nm and 775 nm, respectively. The
V-groove structure enables us to generate the optical
near fields with high throughput, if we choose the po-
larization of the excitation light such that the direction
is perpendicular to the slit [4].

The Rb atoms entering the near-field region are ex-
cited from the 53, /; ground state to the 5Ds/; state via
the 5P3/, state by the two diode-laser beams as shown
in Fig. 2. The excited Rb atoms spontaneously decay to
the 6P3/, state or the 5P3/5 state in the branching ratio
of 3 to 5 in a lifetime of 1.56 us. Then, the Rb atoms in
the 6P3/ state spontaneously decay to one of the 581/2,
6S1/2, 4Ds/2 and 4D3/; states in a lifetime of 3.45 us:
the ratio of the 53/, decay channel to the other chan-
nels is 1 to 4. When the Rb atoms transfer to the

IEICE TRANS. ELECTRON., VOL.E85-C, NO.12 DECEMBER 2002
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Fig.2 Relevant energy levels of Rb. The first diode laser
(LD1) with a wavelength of 780 nm excites Rb atoms from the
581 /2 ground state to the 5P3/3 state and then the second diode
laser (LD2) with a wavelength of 775nm excites them to the
5Dg5,o state. Part of the excited Rb atoms spontaneously fall
into the 5S, /, state by way of the 6P3/, state, emitting fluores-
cence with a wavelength of 420 nm.

Rb vapor cell

with prism PMT

Fiber bundle
LD1

Fig.3 Experimental setup with a Rb vapor cell. Total-internal
reflection of two counterpropagating diode-laser beams LD1 and
LD2 are made through a prism attached to a glass window, so
that two-color planar optical near fields (evanescent waves) are
generated in the vicinity of the inner wall surface. The incident
angles of LD1 and LD2 are 43° and 53°, respectively. Fluores-
cence with a wavelength of 420 nm is collected by a fiber bundle
and sent into a photomultiplier tube (PMT) with an interference
filter (IF).

58,2 state, they emit fluorescence with a wavelength
of 420nm. Considering the lifetimes and the branch-
ing ratios, we find that the blue-fluorescence emission
takes place at a rate of 2.9 x 10°s™!. By observing
the fluorescence, one can detect the small number of
atoms avoiding the scattering light from the excitation
LD beams.

3. Experiment with a Rb Vapor Cell

In order to show the feasibility of the atomic excitation
with two-color optical near fields, we perform the flu-
orescence spectroscopy with a Rb vapor cell. Figure 3
shows the experimental setup. The Rb oven is heated
up to 140°C. As shown in Fig.3, the two-color optical
near fields (evanescent waves) are generated through a
prism attached to a cell window, where the two counter-
propagating diode-laser beams LD1 and LD2 are cou-
pled to the prism at incident angles of 43° and 53°, re-
spectively. The blue-fluorescence photons are collected
by a fiber bundle with an efficiency of 0.02. The col-
lected signal is guided through the fiber bundle and
a 420-nm interference filter (IF) with a bandwidth of
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Fig.4 Sub-Doppler spectrum of fluorescence with a wave-
length of 420nm. The intensity is plotted as a function of the
frequency detuning of LD2, where LD1 is locked to the 5S; /21
F =3 — 5P3/5, F = 4 hyperfine transition. The FWHM of the
spectrum is 80 MHz.

7nm to a photomultiplier tube (PMT).

Figure 4 shows the fluorescence spectrum plotted
as a function of the frequency detuning of LD2, where
the frequency of LD1 is locked to the 5S;/5, F =3 —
5P3/3, F' = 4 hyperfine transition. The linewidth of
the diode-laser beams is below 1 MHz and the beam
diameter is 2mm. The intensities of LD1 and LD2 are
2.9mW/cm? and 112mW /cm?, respectively. As seen
in Fig. 4, the FWHM of the spectrum is 80 MHz. Note
that it is narrower than the Doppler width of about
500 MHz. This comes from the experimental configu-
ration where the two diode-laser beams counterprop-
agate. The sub-Doppler profile is determined by the
natural linewidths of the relevant transitions and the
time-of-flight broadening originating from that atoms
traverse the near-field region.

4. Discussion

Our goal is the application of the fluorescence method
to our slit-type detector. Let us estimate the detec-
tion rate of the slit-type detector for the Rb atom in
the 5S; /5 ground state. If both Rabi frequencies of the
5S1/2 — 5P3/3 and 5P3/9 — 5Ds, transitions are the
same and much larger than the both natural linewidths,
the atomic decay from the 5P3/, state does not take
place, so that the occupation probability of the 5D5 /2
state becomes maximum, i.e. 0.5. Note that the 5P3 /2
state is so-called dark state: since the density matrix
elements with respect to the transitions from the 53, /2
state and the 5D5/; state are out of phase each other,
the 5P3/, state is not occupied due to the destructive
interference [14]. In this case, the blue-fluorescence
emission occurs most frequently. From the fact that
the 5D5/2 — 6P3/3 — 5S; /5 decay takes place at a rate
of 2.9 x 105571, it follows that the blue fluorescence oc-
curs at a rate of 1.5 x 10%s~!. Then, assuming that the
collection efficiency of the fluorescence photons is 0.01

10
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Fig.5 Detection efficiency of Rb atoms plotted as a function
of the atomic velocity in the case where the slit length is 100 zm.

in the case of using a lens with an NA of more than
0.2, we find that the detection rate of the PMT with a
quantum efficiency of 0.2 for 420nm is 3 x 10%2s~1.

We are planning to deflect a cold Rb atomic beam.
In fact, we are making it with a near-field optical fun-
nel [15]. Let us consider the case where the collimated
atomic beam flies along the slit length of 100 um. In
this case, a Rb atom with a velocity of 10 m/s interacts
with the optical near fields for 1x10~%s. Therefore, the
detection efficiency for the atom with the highest speed
of the cold atomic beam is estimated to be 0.3%. Fig-
ure 5 shows the detection efficiency in the low-velocity
region of Rb. The detection efficiency increases in pro-
portion to interaction time with the optical near fields:
it reaches about 3% for a velocity of 1m/s.

5. Conclusion

We consider resonant excitation of Rb atoms with two-
color optical near fields and application to a slit-type
atom detector. From a demonstration experiment with
a Rb vapor cell, we show the feasibility of the detec-
tion scheme with blue-fluorescence observation. Using
this method, one can species- and state-selectively de-
tect atoms with high spatial resolution. Although the
detection efficiency is not necessarily high, it is suffi-
cient for detection of cold atoms we are planning to
manipulate.
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Multireflection of cold Rb atoms occurs inside a reversed triangular hollow prism with a blue-detuned optical near field. We
examine it with a probe light beam, using the frequency detuning and the diameter of an excitation light beam as parameters.
In the first bounce, the number density of the reflected atoms reaches a maximum of 106 atom/cm3 at a blue detuning of
0.7 GHz when the beam diameter is 4 mm. The Rb atoms repeat reflection with a period of about 15 ms and an efficiency of
83% per bounce. A cold Rb atomic beam with a high flux of 4 x 10'! atom/(cm?-s) can be generated through a near-field
optical funnel composed of the prism. [DOI: 10.1143/JJAP.41.6215]

KEYWORDS: optical near field, atom reflection, atom funnel, cold atomic beam, dipole force

1. Introduction

An optical near field generated on a prism surface, so-
called evanescent light, exerts a repulsive dipole force on
atoms when the frequency is slightly higher than an atomic
resonant one, which is called blue detuning, and can reflect
them approaching the surface. The atom mirror has been
used for isotope separation" and detection of van der Waals
force on a ground-state atom.? Multireflection of cold Cs
atoms falling out of a magneto-optical trap (MOT) has also
been observed.” A gravitational cavity with an atom
mirror® and an atom resonator made up of two atom mirrors
for an atom laser™ have been proposed. In addition to the
planar atom mirror, a cylindrical optical near field generated
in a hollow fiber can be used as a tunnel mirror for guiding
atoms.>” In fact, Rb atoms have been successfully guided
through a small hollow glass fiber supported by a blue-
detuned optical near field.>

We are planning to generate a cold atomic beam with a
funnel-shaped optical near field.'” Figure 1 schematically
shows the atom funnel. Cold atoms are produced using an
MOT'" in a reversed conical or triangular hollow prism
with a small exit hole at the bottom, and then released from
the trap. When an optical near field is excited on the inner-
wall surface by a blue-detuned doughnut light beam'? shone
upward, the falling atoms are reflected in the vicinity of the
inner wall due to the repulsive dipole force. Moreover,

regarding an alkali-metal atom such as Rb, which forms the

12

A-type three-level system between two hyperfine ground
states and an excited state, if the excitation doughnut light
beam is blue-detuned with respect to both ground states and
a weak pump beam that compels the atom to be in the lower
ground state at the beginning of reflection is shone
downward, the atom loses its kinetic energy at every
reflection (Sisyphus cooling).!*'® As a result of repetition
of reflection and cooling, many atoms are collected at the
bottom and go out of the hole. Multiloading of cold atoms
from the MOT to the funnel results in the generation of a
cold atomic beam with high flux. Such a cold atomic beam is
necessary for atom manipulation with high spatial accuracy
using nanometric optical near fields.!>

The highest atom flux is obtained under a maximum
reflection efficiency of the cold atoms. The strength of the
dipole force and the height of the potential that dominate
reflection depend on the frequency detuning and the

pump beam

hollow prism

cold atoms

Y

blue-detuned
doughnut beam

o
cold atomic beam

Fig. 1. Sketch of an atom funnel with an optical near field. A blue-
detuned doughnut light beam is shone upward and excites an optical near
field (evanescent light) via total internal reflection at the inner wall of a
hollow prism. Cold atoms released from an MOT fall and are reflected by
the repulsive dipole force when the atoms enter the near-field region. In
addition, a pump light beam shone downward leads to the Sisyphus
cooling in the reflection process. The atoms repeat reflection and cooling,
and then go out of a small exit hole at the bottom.

intensity of the excitation light beam.'® If the blue detuning
is too small or too large, the repulsive potential decreases, so
that it cannot reflect atoms. Also, heating of atoms due to
spontaneous emission of photons can take place in the case
of small detuning. On the other hand, as the beam diameter
becomes larger, the near-field area that can be excited
becomes wider, so that more atoms can be collected.
However, since the light power is limited, it reduces the light
intensity and then the repulsive potential.

In this paper, we examine the dependence of the atom-
reflection efficiency on the frequency detuning and the
diameter of the excitation light beam, and determine the
optimum blue detuning and beam diameter for the atom
funnel. In §2, we describe an experiment of the observation
of multireflection of cold Rb atoms by monitoring the
absorption of a probe light beam introduced along the
thalweg of a reversed triangular prism. Number density of
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anti-Helmholtz coils
cooling beams

4

excitation beam

Fig. 2. Experimental configuration for absorption measurement with a
probe light beam. The funnel prism with an exit hole of 200 um is made
by combining three square glass plates, and is illuminated with a blue-
detuned Gaussian light beam with a power of 590mW so that the
repulsive optical near field that reflects atoms is generated on the inner-
wall surface. The probe light beam with a power of 1.4uW and a
diameter of 1 mm is incident along the thalweg of the funnel prism at a
height of 2.5mm above the exit hole, and the absorption change due to
85Rb atoms is monitored with a photodiode (PD). The spherical cold ®*Rb
atom ensemble produced by the MOT is centered at a height of 5mm
above the exit hole and is cooled to 13 4K by means of the polarization
gradient cooling. A pump light beam with an intensity of 5mW/cm? is
shone downward for pumping of the $>Rb atoms to the 58, F = 3 upper
ground state. The bottom plane of the funnel prism is an equilateral
triangle with a side of 12.8 mm.

the reflected atoms is plotted as a function of the blue
detuning for three excitation-beam diameters. After a
discussion in §3, we remark a conclusion in §4.

2. Experiment

In order to detect cold ¥Rb atoms reflected inside the
near-field optical funnel, we observe the absorption change
of a probe light beam tuned to the resonant wavelength of
780 nm. Figure 2 shows the experimental configuration. The
funnel optics, hereafter called funnel prism, consists of three
square quartz glass plates combined at right angles each
other: the refractive index n = 1.45, and the side and the
thickness of the plate are 25 mm and 3 mm, respectively. It is
placed in a vacuum chamber under a pressure of 5x
10~% Torr, in which the orifice is directed upward. Three
circularly-polarized light beams are incident through each
glass plate and an MOT is formed within the upper part,
while the bottom corner is ground flat and a small hole with
a diameter of 200 um is made in the center. The lower part
works as a triangular funnel, illuminated with a Gaussian
light beam from a Ti:Al,O3; laser with wavelength A =
780nm and a power of 590mW. The frequency is blue-
detuned between 0.4GHz and 2 GHz with respect to the
transition frequency between the 58,2, F =3 and 5P3,
F = 4 states. Note that the excitation light beam propagates
in the glass plates upward by repeating total internal
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reflection, and the optical near field is generated on the
inner-wall surface. From the incident angle 6 = 55°, the
decay length of the optical near field'”

A
n= ————
2nv/n2sin? 0 — 1

is estimated to be 190 nm. Incidentally, the upper edge of the
funnel prism is opaque so that the excitation light beam is
blocked.

A diode-laser beam with a power of 10mW and a
diameter of 10mm is divided into the three circularly-
polarized light beams. The three light beams and their
retroreflection beams are used as cooling light for the MOT,
where the frequency is red-detuned by 10 MHz with respect
to the transition frequency between the 5S;/2, F = 3 upper
ground state and the 5P3/5, F = 4 excited state of the *°Rb
hyperfine structure. Repumping light beams tuned to the
transition between the 5S,,, F = 2 lower ground state and
the 5P3,;, F =3 excited state are superimposed over the
cooling light beams. By applying a quadrupole magnetic
field with a gradient of 10G/cm using a pair of anti-
Helmbholtz coils, a cold 35Rb atom ensemble composed of
10% atoms, whose diameter is 1.5mm, is produced at a
height of 5mm above the exit hole. Next, decreasing the
power of the cooling light to 30% as well as changing the red
detuning to 90MHz after turning off the quadrupole
magnetic field, we perform the polarization gradient cool-
ing'® and cool the $*Rb atoms to a temperature of 13 uK.
Then, the cooling and repumping light beams are turned off,
and the cold atoms fall into the funnel prism.

As shown in Fig. 2, a probe light beam with a diameter of
1 mm and a power of 1.4 uW is incident along the thalweg
of the funnel prism at a height of 2.5 mm above the exit hole.
The frequency modulation of 30kHz with an amplitude of
three times larger than the natural linewidth y/2m =
6.1 MHz of the 5P3;, state is applied to the probe light
beam at the transition frequency between the 5S2, F =3
and 5P3/;, F = 4 states. The modulated absorption signal of
the probe light beam is detected with a lock-in-amplifier.
Moreover, an additional light beam with an intensity of
5mW/cm?, which is tuned to the 5S;;, F =2 — 5P3),
F =3 transition, illuminates the whole funnel prism, and
pumps the 35Rb atoms in the lower ground state to the upper
ground state. Note that, since the Sisyphus cooling does not
take place in this case, we can observe the pure reflection
process.

The repulsive dipole-force potential for reflection is
approximately given by

o)

11 hy?
81, &’
where 8, I, and I, = 1.6 mW/cm? are the frequency detuning,
the light intensity, and the saturation intensity, respectively.
Considering the attractive van der Waals force from the
glass plates, we calculate the reflection potential to be 1 mK
in terms of temperature in the case of §/2m = +1 GHz.'?
Figure 3 shows the number density of the reflected atoms
plotted as a function of the time ¢ after release from the
MOT, where the blue detuning and the beam diameter of the
excitation light beam are 0.7 GHz and 4 mm, respectively.
The latter is given as fullwidth at e~? maximum in the

@
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Fig. 3. Multireflection of ®Rb atoms inside the funnel prism. The number
density of the reflected atoms is plotted as a function of the time ¢ after
release from the MOT, where the blue detuning and the beam diameter of
the excitation light beam are 0.7GHz and 4mm, respectively. The
number density is derived by subtracting the value in the case where the

~ optical near field is not excited from that in the case where the optical
near field is excited. The first reflection occurs after ¢ = 40 ms.

intensity profile. Note that the Rb atoms arrive on the funnel-
prism wall at about # = 30 ms. Here, the number density of
the reflected atoms is determined as follows. First, the total
atom number is estimated from the absorption quantity of
the probe light beam. Then, since the observed atoms are
contained in a volume given by multiplying the probe-beam
cross section of 7(0.5)> mm? by the probe-beam propagation
length of 5mm, the total number density is derived by
dividing the total atom number by the volume. Finally, the
reflected-atom number density is obtained by subtracting the
value for the case without the excitation light beam from the
total number density. In Fig. 3, we find that the Rb atoms
bounce many times with a period of about 15ms. The
reflected-atom number density has a maximum of 10° atom/
cm® in the first bounce, and then decreases with a constant
rate every bounce. From the ratio of two successive peak
values, we obtain the reflection efficiency of 83% per
bounce.

Figure 4 shows the number density of the reflected atoms
plotted as a function of the frequency detuning 6 in three
cases where the beam diameter is 3 mm (open circles), 4 mm
(filled circles), and 5 mm (open triangles). Here, the number
density is time-averaged over 40ms <t < 115ms. The
broken, solid, and dotted curves are fitted for the beam
diameters of 3mm, 4mm, and 5mm, respectively. From
Fig. 4, we find that the most efficient reflection of the 35Rb
atoms occurs when the blue detuning is 0.7 GHz and the
beam diameter is 4 mm.

3. Discussion

There is an optimum blue detuning at which the reflection
efficiency is maximum. The dipole-force potential has a
dispersion characteristic with respect to the atomic resonant
frequency and is maximum at a blue detuning, which shifts
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Fig. 4. Number density of the reflected atoms plotted as a function of the
frequency detuning 8, where the time average is taken over
40ms < t < 115ms. The open circles (broken curve), the filled circles
(solid curve), and the open triangles (dotted curve) show the number
densities for beam diameters of 3 mm, 4 mm, and 5 mm, respectively.

to the higher side as the light intensity becomes stronger.
Although the reflected atom moves in the direction of the
velocity vector, the probability that it flies to the area with no
optical near field increases as the excitation-beam diameter
decreases. On the other hand, the intensity of the optical near
field decreases as the excitation-beam diameter becomes
larger, so that the repulsive potential becomes lower and it
reduces the upper limit of the atomic kinetic energy possible
to reflect. The atoms that bounce to the outside of the area
with the repulsive optical near field and those that hit the
glass surface without reflection and are adsorbed there
contribute to the reflection loss. The decrease in the atom
number at every reflection in Fig. 3 is due to such reflection
loss. Note that, because there is no cooling process in this
experiment, there is little probability that the reflected atom
falls into the minute exit hole at the bottom of the funnel
prism, so that the loss due to escape from the hole is
negligible. In addition to the atoms reflected on the two glass
plates on both sides of the probe light beam, the atoms
reflected on the third glass plate can contribute to the atom
number shown in Fig. 3. The peaks appearing with a period
of 15 ms originate from the complex motion of those atoms.

On the other hand, the optimum beam diameter depends
on the light power, the size and the mean temperature of the
cold atom ensemble, and the height at which the cold atom
ensemble is made. Note that the height is an important factor
because the atoms are accelerated by gravity. In general, a
larger beam diameter can be used for a higher light power.
The optimum beam diameter is chosen according to the
spatial and velocity distributions of the incident atoms. If the
light intensity is too strong, the probability that undesirable
spontaneous emission occurs increases, so that the atoms are
heated or transferred to the level at which the reflection
potential is low. These result in a decrease of the reflection
efficiency. If a higher excitation light power is used and then
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a larger beam diameter is used, the reflection efficiency can
be higher under a suitable blue detuning.

When the Sisyphus cooling is carried out, the atoms
falling from MOT are collected at the bottom of the funnel
prism and then exit through the small hole. In contrast to the
other methods, for example, boosting atoms from an MOT
with a laser beam'® or a two-dimensional MOT funnel,2°’2')
the near-field optical funnel can generate a CW cold atomic
beam by multiloading of cold atoms from the MOT to the
funnel. From the Monte Carlo simulation in the case where
the blue detuning is 0.7 GHz and the beam diameter is 4 mm,
following the procedure described in ref. 10, we estimate the
85Rb atom flux coming out of the reversed triangular funnel
with an exit hole of 200 um to be 4 x 10'! atom/(cm?-s). It is
a sufficient value for the atom-manipulation experiments
with nanometric optical near fields.'>

4. Conclusion

In the near-field optical funnel, multireflection of cold
atoms arises and funneling efficiency depends on reflection
efficiency. For a given excitation light power and MOT
conditions, there are a blue detuning and an excitation-beam
diameter that maximize the reflection efficiency. By
choosing optimum blue detuning and beam diameter suitable
for an experimental situation, one can produce a high-flux
cold atomic beam. Such a cold atomic beam will be applied
to the near-field optical manipulation with a nanometric fiber
probe, including precise atom deflection and single-atom

trapping.
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Atom optics using nanometric near field light allows us control of atoms with high spatial accuracy beyond the diffraction
limit. It can be applied to new optical nanofabrication like atom-by-atom deposition. To this end, we developed a slit-type
atom deflector that sends atoms at the aimed point on a substrate. In addition, we made a multi-slit atom detector with high
spatial resolution. For the atom deflection by near-field light, a cold atomic beam is required. We generated it with an atom
funnel composed of evanescent-light mirrors.

Figure 1 shows the configuration of atom deflection. A slit-type deflector is fabricated from a silicon-on-insulator
wafer by photolithography and anisotropic etching [1]. Repulsive near-field light deflecting atoms is generated at the top of
triangular-pillar part of the 100-nm-wide slit (see the upper inset) by irradiating the backside with a blue-detuned light beam.
Atoms not entering the near-field region are blocked by the V groove of the input side. The deflected atoms are observed
with a multi-slit detector (see the lower inset) using two-step photoionization induced by two-color near-field light. For Rb
atoms, two-color near-field light is generated by a 780-nm diode-laser beam tuned to the 5S,, - 5P, transition and a 476.5-
nm Ar-ion laser beam. The ionized atoms are counted by a channel electron multiplier (CEM) applied a negative bias. We
are planning to make the multi-slit such that the individual width is 100 nm. In this case, a Rb atom deviated by 10 um at
the deflection angle of 0.1 degree can be detected with a spatial accuracy of 1 %. The slit length is taken to be 100 um,
which is the same as that of the deflector, so that the detection efficiency is estimated to be about 10 % for laser-cooled
atoms [2].

For efficient interaction with nanometric near-field light, atomic source should be dense and cold. For this purpose,
we made a cold atomic beam by a near-field optical funnel [3]. Figure 2 shows the cross-section, where repulsive
evanescent light reflecting Rb atoms falling from a magneto-optical trap (MOT) is generated via total-internal reflection of a
blue-detuned hollow light beam (see the inset) in the inner wall. The cold Rb atoms are collected at the bottom after the
Sisyphus cooling induced by a pumping light to the lower ground state, and come out of the small exit hole. The generated
cold atomic beam is confined and guided by the hollow light beam. To show the feasibility, we performed the hollow-beam
guiding of Rb atoms with a mean temperature of 10 uK from a MOT over a long distance of 26 cm. The guiding efficiency
was 21% when the Sisyphus cooling is also made inside the guiding beam. The atom flux obtained by the funnel is
estimated to be about 10" cm™s'.
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Two-Color
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Fig. 1 Slit-type atom deflector and multi-slit atom detector. Fig. 2 Generation of a cold atomic beam by
The upper and lower insets are SEM pictures of deflector a near-field optical funnel. The inset shows a
slit and detector slits, respectively. CCD camera image of a hollow-beam cross-section.
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Abstract: We observed the output of Rb atoms from a near-field optical funnel. A beam flux of 10°
atoms/cm’s is obtained by performing Sisyphus cooling under blue detuning of +1 GHz.
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OCIS codes: (140.3320) Laser cooling; (020.7010) Trapping; (999.9999) Nano-optics

We are planning to control atoms with high spatial accuracy beyond the diffraction limit using optical near-
fields. The futuristic manipulation techniques, including fine atom deflection [1] and single-atom trapping
[1,2], allow atom-by-atom deposition for nanofabrication, which is difficult for conventional atom-optical
methods using propagating light. This scheme requires high-density cold atoms for the interaction between the
atoms and the nanometric optical near-fields to occur efficiently. To generate a high-flux cold atomic beam
suitable for near-field optical manipulation, we have proposed an atom funnel that uses blue-detuned
evanescent light [3,4]. Here, we report a recent experiment in which funneled atoms were observed with a
magneto-optical trap (MOT).

cold atomic beam

25cm

%

detection MOT

Fig. 1. Experimental configuration.

Figure 1 shows the experimental configuration for funneling and detection. Repulsive evanescent light is
induced on the inner wall of an optical funnel composed of three glass plates by the total-internal reflection of
a blue-detuned hollow light beam shone in the upward direction. A cold *Rb atom cloud is produced inside
the optical funnel, 5 mm above the bottom, by the upper MOT, followed by polarization gradient cooling. The
top view is shown in Fig. 2. Then 10 atoms with a mean temperature of 7 pK are released and transferred to
the 5S,,, F =1 lower ground state by a pumping light beam. The free-fall atoms are reflected repeatedly inside
the funnel [5] while losing kinetic energy due to Sisyphus cooling [6]; they collect at the bottom and pass
through a 200-pm exit-hole. The output *’Rb atoms are stored by the lower MOT, located 25 cm below, under
a background pressure of 10" torr. The accumulated atoms are counted by observing the resonance
fluorescence with a CCD camera.
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Fig. 2. Top view of the cold 'Rb atom cloud inside the funnel.
The lower MOT also captures atoms escaping the funnel without interaction, that is, atoms falling straight
from the upper MOT. In order to estimate the net funneled atoms, we subtract the number obtained without the
pumping light beam from that obtained with Sisyphus cooling. Figure 3 shows the number of funneled atoms
plotted as a function of the blue detuning measured with respect to the 58y, F =1 - 5Pa,, F =2 transition.
Here, instead of a hollow light beam, we use a 110-mW Gaussian light beam with a waist of 4 mm. For
Sisyphus cooling, we also apply a 7-uW/cm? pumping light beam, red-detuned by 10 MHz with respect to the
581n, F = 2 - 5Py, F = 2 transition. As shown in Fig. 3, the maximum number of *’Rb atoms passes through
the funnel at a blue detuning of 1 GHz. A cold atomic beam is generated by multi-loading from the upper
MOT. The flux of the output *’Rb beam is estimated to be 10° atoms/cm?s at the exit hole. In blue detuning
below 1 GHz, atoms are lost because of the heating caused by scattering spontaneous photons. On the other
hand, in blue detuning above 1 GHz, atoms are lost because the dipole-force potential that reflects the atoms
becomes low. We are trying to increase the number of output atoms by using a hollow light beam.
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Fig. 3. Number of funncled *’Rb atoms plotted as a function of blue detuning.
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Atom manipulation using near-field light
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We are developing several atom-manipulation techniques based on resonant
interaction between atoms and near-field light. Since near-field light decays as
Yukawa-function, it exerts a strong dipole force on atoms. The dipole force is
attractive when the light frequency is lower than the atomic resonant frequency
(red detuning), while repulsive in the opposite case (blue detuning).

We first made an atom fiber composed of a hollow optical fiber. When a
blue-detuned light beam is coupled to the core, repulsive near-field light is
induced around the inner-wall surface. Atoms entering the hollow region are
reflected whenever they approach the inner wall and guided through the hollow
region. We conduced guiding of Rb atoms with a micron-sized hollow fiber and
detected the guided Rb atoms by two-step photoionization.

We also proposed atom deflection with a slit-type deflector. The near-field
light induced in the slit deflects atoms entering the slit. A 100-nm-wide slit was
fabricated in an SOI substrate using photolithography and anisotropic etching.
The spatial distribution of near-field light was measured using a fiber probe with
a nanometric aperture. From the result, the optical potential and the deflection
angle for Rb atoms were estimated. The deflected atoms can be detected by a
slit-type detector similar to the deflector. For high-efficient detection of ground-
state neutral atoms, two-step photoionization with two-color near-field light is

used. In order to increase the detection efficiency, we made a multi-slit detector.

A cold atomic beam with high flux intensity is required for the near-field
optical manipulation. To this end, we demonstrated an atom funnel using near-
field light. In the funnel, cold Rb atoms produced by a magneto-optical trap
(MOT) are collected at the bottom through reflection and Sisyphus cooling, and
go out of a small exit hole as a collimated beam. The output atoms are detected
by an accumulative detector using MOT.

Finally, feasibility of a single-atom trap using near-field light is discussed.
These atom-manipulation techniques will be useful for atom-by-atom
deposition.
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Abstract

We have successfully fabricated ZnO nanocrystallites emitting strong ultraviolet radiation at room temperature via the
simple thermal oxidation of metallic Zn precursors at 380 °C. X-ray diffraction measurements showed only the diffraction peak
from ZnO, revealing that metallic Zn precursors were successfully oxidized even at the low temperature of 380 °C. The mean
size of the ZnO nanocrystallites determined using Scherrer’s formula was ca. 30 nm. Room temperature photoluminescence
measurements using a cw He—Cd laser (A = 325 nm) showed a strong emission peak at 3.27 eV, which was ascribed to free
excition recombination. These results suggest that sufficient oxygen can diffuse into the metallic Zn precursors, even at

temperatures as low as 380 °C, to allow the fabrication of pure ZnO nanocrystalites.

© 2003 Elsevier Science Ltd. All rights reserved.
PACS: 61.46; 78.55; 78.66; 81.65.M
Keywords: A. Nanostructures; D. Optical properties

The low-dimensional structure of semiconductors has been
of great interest in novel nanotechnology applications as
well as in fundamental physics, due to its unique physical
phenomena [1,2]. Recently, the nanostructure of wide-band
gap semiconductors, such as GaN [3,4] and ZnO [5-7], has
attracted much attention for application to nanophotonic
devices in the ultraviolet (UV) region [8]. ZnO, with its wide
bandgap (3.37 eV at 300K) and large exciton binding
energy (60 meV), is a promising material for UV region
optoelectronic devices. So far, many attempts have been
made to synthesize ZnO nanostructures using various
techniques such as physical vapor deposition [9], thermal
evaporation [10], and catalysis-assisted vapor—liquid sol-
ution growth method [11]. Although ZnO nanostructures are

* Corresponding author. Tel.: +81-427-788-6042; fax: +81-427-
788-6031.
E-mail address: twkim90@ohtsu.jst.go.jp (T.W. Kim).

formed, most of these processes require temperatures above
1000 °C. A high process temperature is disadvantageous in
the fabrication of a nanophotonic integrated circuit (IC). At
low temperature, the direct oxidation of metallic Zn to
fabricate ZnO may be feasible for realizing a nanophotonic
IC, since ZnO nanodots can be used as a nanometric light
emitter in the device [8].

Recently, we reported the fabrication of a single ZnO
nanodot via the oxidation of a metallic Zn nanodot
fabricated by optical near-field chemical vapor deposition
(NFO-CVD) [12]. In that report, we demonstrated that by
combining an adequate oxidation method, i.e. laser anneal-
ing in an oxygen atmosphere at room temperature, NFO-
CVD is a feasible method for fabricating ZnO nanodots with
high controllability of size and position, which are
indispensable for function in a nanophotonic IC.

In this study, we report the successful fabrication of ZnO

0038-1098/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0038-1098(03)00346-6
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nanocrystallites with strong UV emission at RT using the
thermal oxidation of metallic Zn precursors at a temperature
of 380°C. We used a simple method to fabricate ZnO
nanocrystallites; metallic Zn precursors with a nominal
thickness of 50 nm were first deposited on sapphire (001)
substrate by thermal evaporation of pure metallic Zn powder
(99.999%) and then the sample was placed in a thermal
furnace under a constant flow of high-purity oxygen gas.
The metallic Zn precursors were transformed into ZnO
nanocrystallites by thermal oxidation at 380 °C. The crystal
structure and morphology of the samples were characterized
using X-ray diffraction (XRD) and scanning electron
microscopy (SEM), respectively. The elemental compo-
sition of the oxidized Zn was examined by energy-
dispersive X-ray spectrometry (EDX). Photoluminescence
(PL) was measured with a cw He—Cd laser (A = 325 nm) at
room temperature.

Fig. 1 shows the XRD patterns of ZnO and as-deposited
metallic Zn precursors. For the as-deposited metallic Zn,
two significant peaks were observed at 26 = 36.30° and
43.26°, which correspond to the (002) and (101) diffraction
of hexagonal phase Zn. After oxidation at 380 °C for 6 h, no
diffraction peak of metallic Zn was observed. Instead,
diffraction peaks corresponding to (100), (002), and (101)
planes of ZnO with a hexagonal wurtzite structure were
clearly observed. Indeed, no peak of metallic Zn was
detected by XRD for the sample oxidized at 380 °C for 1 h.

This indicates that the metallic Zn precursors are completely
transformed into crystalline ZnO at temperature as low as
380 °C. Increasing the annealing time to 14 h, the reflections
from ZnO become sharp and strong, indicating the growth
and high crystallinity of the ZnO. From the position of the
reflection peaks, the lattice parameter of ZnO was
determined to be a = 3.252 and ¢ = 5.208 A. These values
are in good agreement with the reported values for ZnO [9].
The mean size of the ZnO nanocrystallites determined using
Scherrer’s formula [13] was ca. 30 nm for annealing at
380 °C for 14 h.

Fig. 2 shows typical SEM images of as-deposited Zn
precursors (a) and ZnO nanocrystallites (b) after thermal
oxidation at 380 °C for 14 h. Many characteristic hexagonal
Zn nanoplates are seen in Fig. 2(a). The diameters of the
nanoplates ranged from 50 to 200 nm with thicknesses from
20 to 50 nm. This morphology was only observed when the
growth rate was as slow as 2 nm/min. We believe that this
hexagonal shape implies the formation of single-crystal pure
metal Zn precursors. After oxidation, the hexagonal plates
swelled as they incorporated oxygen, which increased the
cell volume. In Fig. 2(b) a hexagonal plate composed of,
several nanocrystallites is indicated with a white arrow. The
mean diameter, 30 nm, is consistent with the value
determined by XRD.

In order to examine the elemental composition of the
Zn0O produced, EDX measurement was carried out. To
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Fig. 1. XRD patterns of the ZnO and as-deposited metallic Zn precursors. For the as-deposited metallic Zn, two significant peaks were observed
at 20 = 36.30° and 43.26°, which correspond to the (002) and (101) diffractions of hexagonal phase Zn. After oxidation at 380 °C, no diffraction
peak of metallic Zn was observed. Instead, diffraction peaks corresponding to the (100), (002), and (101) planes of ZnO with a hexagonal

wurtzite structure were clearly observed.
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Fig. 2. Typical SEM images of as-deposited Zn precursors (a) and
ZnO nanocrystallites (b) after thermal oxidation at 380 °C for 14 h.
Hexagonal Zn nanoplates are observed in Fig. 2(a). After oxidation,
the swelled hexagonal plate composed of several nanocrystallites is
indicated with a white arrow.

avoid detecting the oxygen signal originating from the
sapphire substrate, CaF, (111) was used as the substrate.
Under the same fabrication conditions, ZnO was formed on
CaF, (111) substrate. Fig. 3 shows the EDX spectrum, in
which only five characteristic X-ray peaks originating from
Zn, O, Ca, and F are observed; each peak is indexed in the
figure. The EDX measurements showed that there was no
contamination or impurities in the ZnO and the atomic ratio
of Zn/O was approximately 1:1 within the accuracy of the
equipment. The XRD and EDX measurements suggest that
our approach is useful for fabricating pure polycrystalline
ZnO nanomaterials at temperatures as low as 380 °C.

PL was used to examine the luminescence properties of
the sample. Fig. 4 shows PL spectra of ZnO fabricated at
380 °C measured at 10, 60, and 297 K. At 10K, two
dominant peaks were observed at 3.362 and 3.320eV,
which were assigned to bound-exciton-emission at neutral-
donor site, (D°, X) and two-electron transitions at the neutral
donor site [14-16]. The (D° X) line had a linewidth of
13 meV. This value is comparable with that of epitaxial ZnO
[16]. As the temperature increased to 60 K, the intensity of
the (D° X) emission decreased significantly and the peak
positions of the (D°,X) and the two-electron transitions
shifted to 3.356 and 3.317 eV, respectively, keeping
separation of about 40 meV. With a further increase in
temperature, the intensities of (D°X) and two-electron
transitions decreased drastically, and the peaks disappeared
at above 90 K. Above 90 K, the intensity of the free exciton
peak X,p became dominant. At room temperature PL
measurement, a single strong peak was observed at 3.27 eV,
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Fig. 3. EDX spectrum of ZnO fabricated on CaF, (111) substrate. Only five characteristic X-ray peaks originating from Zn, O, Ca, and F are

observed; each peak is indexed in the figure.
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Fig. 4. PL spectra of ZnO nanocrystallites fabricated at 380 °C
measured at 10, 60, and 297 K. In the figure, X, 5 and (D°, X) denote
free excitonic emission and bound-exciton-emission at neutral
donors, respectively. Numbers in the figure indicate magnification
value of the y-axis.

which was ascribed to free exciton recombination. Note that
comparable intensity of the UV emissions was maintained
up to room temperature and the intensity dominated the
green emission around 2.5 eV. Moreover, the linewidth of
130 meV was comparable to the reported value, while the
value of 3.27 eV was slightly lower than that of epitaxial
ZnO films reported previously [16]. This can be explained
by considering the strain-induced energy shift with exciton
transitions of ZnO [17,18]. Ong et al. reported that the
exciton transition energies varied in the presence of a strain
field [18]. XRD, which can determine the lattice parameter,
is one of the methods most commonly used to estimate the
strain induced in a sample. In our case, the XRD results
revealed that the ZnO nanocrystallites had lattice constants
of a = 3.252 and ¢ = 5.208 A, which are close to those of
bulk ZnO. This reflects the absence of residual strain in our
sample, unlike an epitaxial ZnO thin film, in which residual
strain induced by a lattice mismatch is generally observed.
When biaxial strain exists in a sample, then the c-axis is
lengthened, and the transition energies of the exciton
increase. This shifts the PL peak to a slightly high-energy
region compared with a sample without strain [18,19]. The

PL peak observed at 3.27 eV was in good agreement with
that of strain-free samples [5,9,19]. In addition, our ZnO
sample exhibited optically pumped UV lasing at room
temperature.

In conclusion, we successfully fabricated ZnO nano-
crystallites emitting strong UV at room temperature via the
simple thermal oxidation of metallic Zn precursors at
380°C. XRD and room temperature PL measurements
showed that the metallic Zn precursors were successfully
oxidized at temperatures as low as 380 °C and the sample
possessed sufficient luminescent properties. These results
suggest that sufficient oxygen can diffuse into the metallic
Zn precursors, even at temperatures as low as 380 °C, to
allow the fabrication of pure ZnO nanocrystallites. We
believe that the thin hexagonal plate of metallic Zn used as a
starting material play an important role in the low
temperature oxidation process, because sufficient oxygen
can diffuse into such thin metallic Zn, even at low
temperature.
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Summary

Using density operator formalism, we discuss interdot excita-
tion energy transfer dynamics driven by the optical near-field
and phonon bath reservoir, as well as coherent excitation
dynamics of a quantum dot system. As an effective interaction
between quantum dots induced by the optical near-field, the
projection operator method gives a renormalized dipole inter-
action, which is expressed as a sum of the Yukawa functions
and is used as the optical near-field coupling of quantum dots.
We examine one- and two-exciton dynamics of a three-quan-
tum dot system suggesting a nanometric photonic switch, and
numerically obtain a transfer time comparable with the recent
experimental results for CuCl quantum dots.

1. Introduction

In near-field optical microscopy and spectroscopy, localization
and tunneling of photons have played essential roles in spatial
resolution beyond the diffraction limit. They are now recog-
nized as key issues for nano and atom photonics (Ohtsu et al.,
2002), and it is very important to experimentally achieve
local manipulation and control of the quantum states of an
atom, molecule or quantum dot (QD) (Shojiguchi etal.,
2003). In this respect, coherent dynamics with dephasing
of such a system driven by the optical near-field should be
thoronghly investigated from the theoretical viewpoint. At
the same time, we need to explore an intuitive understanding
of the coherent excitation dynamics of QD systems and of their
clear differences driven by either the far- or near-field.

Correspondence: K. Kobayashi. Tel.: +81 42 788 6036; fax: +81 42 788 6031;
e-mail: kkoba@ohtsu.jst.go.jp

© 2003 The Royal Microscopical Society

The purpose of this study is to theoretically address the
above issues, in particular, the interdot excitation energy
transfer via the optical near-field and the coherent excitation
dynamics of a QD system. We follow an effective interaction
picture to provide a systematic, consistent and quantitative
method. Using an example of a three-QD system, we examine
the one- and two-exciton dynamics driven by the optical near-
field that competes with the exciton—phonon interaction, and
compare the time scale required for the transfer with recent
experimental work (Kawazoe et al., 2002, 2003). On the basis
of this analysis, an optical near-field nano-switch is proposed
as a fundamental building block of nano photonics.

The paper is organized as follows. Section 2 discusses
the optical near-field interaction between QDs, which is res-
ponsible for the interdot excitation energy transfer, from an
effective interaction viewpoint. We then examine the excitation
dynamics of a three-QD-system driven by the optical near-field
interaction as well as the phonon interaction in Section 3.
Section 4 gives some numerical results obtained from the
equation of motion, followed by a proposal of a nano-switch
based on the interdot excitation energy transfer in Section 5.
Finally, concluding remarks are presented in Section 6.

2. Optical near-field interaction between quantum dots as an
effective interaction and the interdot excitation energy
transfer

According to the theoretical framework developed in our
previous studies (Kobayashi & Ohtsu, 1999; Kobayashi et al.,
2001; Sangu et al., 2001; Ohtsu et al., 2002), let us consider
an interdot interaction due to the optical near-field. The total
Hamiltonian H for the system consists of H,, for incident
photons, H_,.. for a surrounding macroscopic matter system,
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Hy, for a nanometric QD system, and their interactions ¥ as
given by the multipolar QED Hamiltonian (Cohen-Tannoudji
etal., 1989; Craig & Thirunamachandran, 1998; Andrews &
Demidov, 1999).

~

H= thoton + Hmattzr + HQD + V'

7=-3 i, D), (1)

where fi, denotes the dipole operator of either constituents of
the macroscopic matter system or each QD, and D(F) represents

the electric displacement vector at position 7. It is convenient
to treat this kind of problem in two stages. First, the photons
and macroscopic matter system are described on an equal
basis in terms of a so-called polariton basis. The interaction
between the QD system and the macroscopic system is then
expressed using the polariton basis as

H= ro +V'= ZE(k)&E&E + zEaBLBa - Zﬁa ﬁ(ﬁl)'
a o

D(a)—z 2nh

e WlEe™ ~ Efe ] (2)
Here the creation and annihilation operators of the polariton
with wave vector k and eigenenergy E(k) are denoted as E_,"
and E_,k, whereas those of excitons in QD o are designated
as B! and B,, with E, being the exciton energy. The electric
displacement vector is expanded in terms of the polariton basis
and the coupling coefficient f (k) between the macroscopic matter
system and photons with polarization vector &, . The Planck
constant divided by 27 and the normalization volume are 7and
V, respectively. The coupling coefficient f (k) can be written as

hck \/ E(k)? - B2
JhE()\ 2E(K)* — E;, — (hck)*’
where ¢ and E,, are the velocity of light in a vacuum and
the excitation energy of the macroscopic matter system,
respectively.

Although the Hamiltonian of Eq. (2) provides a variety of
information about both static and dynamic properties of the
system, here we restrict ourselves to exploring the interaction
between QDs. Then it is more practical to use some of eigen-
states |‘I’,L ) of H,, instead of exact eigenstates ¥, )of H,and
an effective interaction operator V,; that satisfies the following
relation

fk) = 3)

eff

<‘I‘, WP ) <‘I’,|V|‘I’,>. @)

These procedures are carried out on the basis of the projection
operator method, as discussed previously in detail. When
we set the relevant initial and final states in P-space to

|¥r)=|4%)|B)|0) and |¥F) = | 4)|B*) ). with |a), |o) (@ =
A,B) and IO) being the ground, excited states of QDs and the

vacuum state of the polaritons, the effects of both the photons
and the macroscopic matter system, i.e. the polaritons, are
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renormalized into an effective two-body interaction between
QDs. We call this effective interaction the optical near-field
interaction or coupling which is explicitly given as

AU(r) = ( ¥ )

_ B4l 2k 1 1 &7
= f f()”E(k)+EA+E(k)+EB]e

+ 1 + 1 e—ﬂ?i
E(k)— E, E(k)-Eg

= By 2 (WY (Agu) + W, Y (A1)} (5)
3(h ) a=A

where the transition dipole moments of the relevant QDs A

and B are denoted as p, and p;, respectively. In addition, W,

denotes the weight factor of each Yukawa function defined as

Veﬂ'

Y(Agr

1
Ay = h—CJZE,,(Em +E,), (6)

with the interdot distance r = | T — Ty [ the polariton effective
mass rewritten as E, = m,c*. The factor A,_becomes either real
or pure imaginary depending on the magnitude of E,, and E,,
which means that this component behaves as either a localized
or propagation mode. We are primarily interested in the local-
ized mode, and also neglected two additional terms in Eq. (5)
that areindependent of the QD parameters as a far-field contri-
bution. Here it should be noted that the optical near-field coup-
ling U(r) could induce the interdot energy transfer process
when the neighbouring QDs have resonant levels, i.e. E, = Ej.

)= EXP[-Aur]
—

3. Excitation dynamics driven by both optical near-field and
phonon interactions

In the preceding section, we focused on the optical near-field
interaction between QDs. However, phonon effects on the
coherent excitation dynamics of a QD system cannot be
excluded. Using an example of a three-QD system shown
schematically in Fig. 1, we discuss how the interdot excitation
energy and quantum coherence are transferred under the
optical near-field and the phonon interactions with the QDs.
The model Hamiltonian of such a system can be written as

ﬁ=1‘:10+‘7m+‘7v|b, I:IO=I:IOD+I:IP ,

ﬁQD = Ezﬁtﬁ + EIAIAI + (EZ - El)été + El A;AZ,
H,= Ze btb,,
Ve = hU(rn)(DfAlé + DCYAL) + rU(r,5)(A1A, + A,AD)CC,
Vi = 2, h(g.b1C + g:5,C"), (7)

where I:IQD, I:Iph, Ve, and V,, describe the isolated QD excitons,
the phonon bath reservoir, optical near-field interaction and
exciton—phonon interaction, respectively. The eigenenergies

© 2003 The Royal Microscopical Society, Journal of Microscopy, 210, 247-251
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Fig. 1. Three-QD system coupled via optical near-field (Vy;) and
phonon (V,,,) interactions. The horizontal lines represent energy levels
of each QD, and the distance between two neighbouring QDs is denoted
asryy(ry).

of each QD and the phonon levels are denoted as E,, E,, and € ,,
whereas g, denotes the QD-phonon bath coupling constant.
The operators (D', D), (A}, 4,), and (A}, 4,) are fermionic
operators for the creation and annihilation of an exciton in QD
1, QD 3 and the lower energy level of QD 2, respectively, while
the fermionic operators (C!,C) and the bosonic operators
(bt, b,) are for the (E,— E,) level of QD 2 and for the phonon
bath reservoir, respectively. The equation of motion describing
the dynamics of the system can be obtained using Born—
Markov approximation (Carmichael, 1999) as

3O _1
ot in

where we trace out the degrees of freedom of the phonon bath
reservoir, and define the density operator of the QD system in
the interaction representation as p(t), representing the relaxa-
tion constant as y. In order to solve Eq. (8), we use the follow-

ing expansion for the density operator, instead of the usual
density matrix form:

Wm,ﬁ«)]—%({éfé,ﬁ(t)}—zéﬁ(oéf), @)

b= Y. RO, ©)
4

Table 1. Explicit expressions for the operator O(l)
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Fig. 2. One-exciton dynamics. The population probabilities of Py, P;, Ps,
and P,, corresponding to the operators 0Q0), 63), 0(5), and O(7) are
plotted as a function of time. The operator 0(1) represents a one-exciton
statein QD 1, O(3) and O(5) describe one-exciton in the E, and E, level in
QD 2, respectively, and O(7) describes onein QD 3.

where P,(t) refers to the occurrence probability of the state
defined by the operator O(¢). As shown in Table 1, the opera-
tor O(¢) is related to either the number of excitons occupied
in the system or the quantum coherence of the system, and it
is suitable for examining one-exciton dynamics, two-exciton
dynamics and so forth.

4. Numerical results

We show some numerical results obtained from Eqgs (8) and
(9) in order to discuss the exciton dynamics of the system illus-
trated in Fig. 1. In the following we assume cubic CuCl QDs
embedded in NaCl matrix whose physical quantities are cited
from the references (Hanamura, 1988; Kataoka et al., 1993;
Sakakura & Masumoto, 1997). Figure 2 presents an example
of one-exciton dynamics that illustrates how fast an exciton
located in QD 1 at time t = O is transferred to QD 3. It follows
from the figure that it takes about 10-20 ps under the con-
dition of #y =160 peV, AU(r,) = hU(r,3) = 40 peV. This con-
dition was estimated from Eq. (5) for CuCl QDs with a size of
5 nm arranged equidistantly at 10 nm, and with transition

One-exciton part Two-exciton part

Quantum coherence part

aa A

0(2) = D'DA,CAICTALA,
0(4) = DDAICtA,CALA,
0(6) = D'DAICA,CTA,A]
0(8) = DD'A[CA,CTALA,

0(1) = D'DA,CAICIA,AL,
0(3) = DDTAICTA,CA,AL
O(5) = DDTAICA,C1A,AL,
0(7) = DD'A,CACTALA,,
0(9) = DD'A,CA}CA,AL

0(c)) = 7‘? (DAL - DAJENA,AL O(c2) = 7’;- (DAL - DAICHALA,

A o i(ATA, = AAD) aa. o HATA — AAD) ..
0(c3)=D'D E%A‘—A’) C€Ct,0(c4) = DD* 7—’(‘“’ - A4 oo

0(c5) = 7‘; (D'CA, + DETA}ALA,
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Fig. 3. Two-exciton dynamics. The time evolution of the population
probabilities of P,, P,, P¢, and P; are plotted, similar to Fig. 2. Initially, one
exciton exists in QD 1 and another in QD 2, denoted as P4(0) = 1. The
probability P; shows exciton transfer from QD 1 to QD 3 when an exciton
existsin QD 2.

dipole moments of p, =z =0.29 (V- nm?*)"2. The theoret-
ically estimated time scale is found to be consistent with the
recent experimental results (Kawazoe et al., 2002a,b).
Moreover, nutation can be seen in P(t) and P,(t), owing to the
quantum coherence between QDs 2 and 3.

Figure 3 depicts an example of two-exciton dynamics under
the initial condition that one exciton exists in QD 1 and
another in QD 2 at time ¢t = 0, i.e. P4(0) = 1. The other condi-
tions are the same as used in Fig. 2. The probability P(t) in
Fig. 3 shows that exciton transfer from QD 1 to QD 3 takes
place in less than 60 ps when an exciton exists in QD 2. The
exciton, or excitation energy, is transferred via the quantum
coherences 0(c3), 0(c7), and O(c2) driven by the optical near-
field interaction. This coincides with the oscillations with a
period of about 20 ps in P,(t), P,(t), and Py(t), as well as P(t),
although they are damped due to the phonon relaxation. It
should be noted that the first peak shift between P,(t) and P,(t)
originated from the fermionic nature of the exciton in QD 2. In
addition, the decay rate of the quantum coherence of the
three-QD system is half that of the two-QD system, and this
fact suggests a possibility of controlling the relaxation time
and the excitation transfer time via quantum coherence.

5. Three-QD system as a building block of a nanometric
photonic switch based on interdot excitation energy transfer

Applying the above considerations to a nanometric photonic
device, one may have a building block for a photonic switch as
illustrated in Fig. 4. It consists of three QDs (QD-I, QD-O, QD-
C), and each of the two neighbouring QD pairs has a resonant
energy level coupled by the optical near-field. The signal trans-
mission relies on the excitation energy transfer from QD-I to
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Fig. 4. Building block composed of three QDs for a photonic switch
showing (a) ON, (b) OFF states. As indicated by arrows, input population
in QD-Iis transferred to QD-O, whose signal is detected either by near-field
coupling to the detector or by far-field light.

QD-O via the optical near-field interaction. The control field
applied to QD-C governs the optical near-field interaction
between QD-I and QD-C, as well as QD-O and QD-C, and pro-
vides the switching mechanism. In the ON state of the switch
(Fig. 4a), the signal transmission to QD-C is blocked by the
state filling effect of (1,1,1) level in QD-C, and the input energy
from QD-I is directed to QD-O resulting in the output signal
that can be detected either by near-field coupling to the detec-
tor or by far-field light emitted with electron-hole recombina-
tion. By contrast, the input signal in the OFF state is collected
at QD-C as a result of the optical near-field and exciton—
phonon coupling, which leads to no output signal in QD-O.
The switching speed of the device is estimated as a few to a
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hundred picoseconds similar to the time scale obtained in
Fig. 3, although it depends on the material, size, and spacing
of the QDs.

6. Concluding remarks

Towards the realization of nanometric photonic devices, we
investigated the dynamics of a nanometric QD system under
the competition of the optical near-field and phonon interac-
tions, from the effective interaction picture to provide a
systematic and consistent method of analysing the optical
near-field interaction quantitatively. Using the example of a
three-QD system, we examined one-and two-exciton dynamics,
both of which show that excitation energy transfer from QD 1
to QD 3 occurs in a few tens of picoseconds. This time scale is
consistent with the experimental results obtained with CuCl
QDs. By utilizing the theoretical results obtained, a photonic
switch as a new scheme of nano-photonic device based on
interdot excitation energy transfer via optical near-fields has
been suggested. Owing to the page limit, a detail analysis on
the device will be published elsewhere (see, for example,
Sanguetal., 2003).
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Summary

On the basis of the procedure for controlling the spins of atoms
using circularly polarized evanescent light proposed by Hori
et al. [(1996) Abstracts of the 1st Asia-Pacific Workshop on
Near-field Optics] we discuss the influence of boundary condi-
tions on the probability of spontaneous emission and thus on
the spin polarization efficiency, which was not considered in
the Hori et al. study. Using the Carniglia—-Mandel mode expan-
sion of electromagnetic fields, we derive the spontaneous
emission and spin polarization probabilities of atoms near
a dielectric surface, and show the atom-surface distance
dependence and refractive index dependence. Numerical evalu-
ation for the 6P,,,—6S,,, transition of a Cs atom indicates an
increase in the efficiency of spin polarization by 30%.

1. Introduction

As a result of spatial localization and a unique dispersion
relation originating from interaction with matter, optical
near-fields produce intriguing phenomena that cannot be
obtained with propagating far-fields. Some of these phenomena
have been investigated extensively, both experimentally and
theoretically, and their applicability to nano-photonics and
atom-photonics has been discussed (Ohtsu et al., 2002). Spin
control of atoms, molecules, or quantum dots is another example
that has attracted considerable attention in the scientific com-
munity. In this context, a method for controlling the spin of an
atomic beam by using circularly polarized evanescent light
whose angular momentum is perpendicular to the propaga-
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tion direction has been proposed (Hori et al., 1996; Ohdaira
etal., 2001). The authors neglected the dielectric surface effect,
although it is well known that the spontaneous emission rate
of atoms near a surface is modified. In addition, the polariza-
tion of emitted photons becomes anisotropic, and their direc-
tional dependence is not negligible when the atoms are very
close to a surface. On the basis of their proposal, we examined
the dielectric surface effects on spin-control efficiency, with
the help of Carniglia-Mandel (CM) modes (Carniglia &
Mandel, 1971; Inoue & Hori, 2001), which form a complete,
orthonormal basis set for electromagnetic fields with an
infinite surface boundary. Section 2 briefly outlines the spin-
control method proposed by Hori et al. In Section 3, we derive
the spontaneous emission and spin polarization probabilities
of atoms near a dielectric planar surface, and discuss the
spin-control efficiency, using the example of caesium atoms.
Conclusions are drawn in Section 4, and the definitions and
useful formulae of the CM modes are presented in the Appendix.

2. Spin-control method by optical near-fields

Pollowing Hori et al. (1996), we outline a method that can be
used to align the spins of atoms injected close to a dielectric
surface. Suppose that the media below and above the plane
have refractive indexes n and 1, respectively. Two s-polarized
plane waves with amplitude E,, monochromatic frequency o,
and wave number k = n®w /¢ = nK are incident from the dielec-
tric side as Eoexelk(yslneﬂcose)—ltot and Eoeyetk(xsln%zcose)-l(ot' where e,
and e, are unit polarization vectors. If the incident angle 6
exceeds the critical angle 6,, two evanescent waves are gener-
ated above the surface. If the condition

nszin9=nKysin0+§+21n, (=0123..) (1
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Ex2 (J, M) =(3/2,3/2),(3/2,1/2)
Pip

&=1

forbidden: E2 - Eo +w

Ex (1/2,1/2)
Pin =
L=1)
o=FEi1-Eo
induced sponianeous
absorptign emisgion
E
S ° A 4

L=0) (172, 1/2) (1/2, -1/2) <— (1/2,-1/2) down spin: Weown Fig. 1. Schematic energy levels and transition

stop <+ (1/2,1/2) up spin: Wup

is satisfied, the combined waves are converted into a circularly
polarized evanescent wave as

E,=Ee, + iey)etxynsme-rmt—xz,jﬂsmle-l , )
E= 2ncos@ E,. 3)

ncos0 + iansmze -1
Then, the stimulated absorption probability of atoms moving
with velocity V along the line given by Eq. (1) can be written as
w,,; = | EPe VP £|T, |1y P2n5(e, + KVnsind — o), (4)

where Q, is the z component of the position of the centre of
mass of each atom whose resonance frequency, initial and
final states are denoted as @y, | i), and | f), respectively, and T, is

processes. Repeated pumping and relaxation processes
resultin the accumulation of the spin-up atoms.

the spherical harmonic tensor that increases the zcomponent
of the total angular momentum of each atom by one. Let the
initial state|i) be|S,,,) for an alkali atom; then the valence
electron is either in the spin-up state (J, M) = (1/2, 1/2) or the
spin-down state (J, M) = (1/2,—-1/2). The final state | f} can be
either | P,,,) or|P;;,). However, we can selectively eliminate
the | P;,) state by red detuning, and all the atoms in the spin-
down state (], M) = (1/2, —1/2) are excited to the | P,,) state
by stimulated absorption, whereas all the atoms in the spin-up
state (J, M) = (1/2, 1/2) remain in the same state. Because
atoms in the | P, ,) state relax to either the (J, M) = (1/2, 1/2)
or (J, M) = (1/2, -1/2) state by spontaneous emission, repeti-
tions of the pumping process lead to spin polarization of the
final atoms, as depicted in Fig. 1. When the emitted photons
are unpolarized, i.e. | e, |>= | ¢,|*= | ¢,|*, theratio of relaxation
probability w,, to wy,,, is given as

© 2003 The Royal Microscopical Society, Journal of Microscopy, 210, 301-306
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Wy laf 1 (5)
wdown |e:c|2 + Ieylz 2

where w,, means the relaxation probability from the | P,,)
state to the spin-up state, and w,,,, stands for the relaxation
probability from the | P,,,) state to the spin-down state. This
indicates that one can efficiently align the spins of atoms asthe
ratio R increases.

3. Spontaneous emission under planar boundary conditions

In order to examine the effects of a planar boundary on the
transition probabilities w,, and wy,,,, and their ratio R, dis-
cussed above, we use the CM modes (see Appendix), which
form a complete, orthonormal basis set for the quantization of
electromagnetic fields with an infinite planar boundary. Start-
ing with the following total Hamiltonian of the system,

% =%, + %, (6)
%0 = %elec + %md + E’T, (7)
% =-2p.A0, 1), (8)

m

the spontaneous emission rate per unit time is investigated.
Here 3, is the unperturbed part, and consists of three parts,
% ec» .0 and T, which describe a valence electron, the elec-
tromagnetic fields expressed as Eq. (A9) in terms of the CM
modes, and the translational motion of an atom, respectively.
The interaction of the valence electron with the electromag-
netic fields #’ is given by Eq. (8), where e, m, p and A(Q, t) rep-
resent the electric charge, mass, momentum of the electron,
and the vector potential at position Q of the centre of mass of
the atom at time t, respectively. The explicit form of the vector
potential is given as Eq. (A8) in the Appendix.

Using the time-dependent perturbation theory with respect
to %’ in Eq. (8), we can obtain the desired emission rate as

Wie = lim [ ¥O)F

e’w .
= -——ZRZ;}IS(O) - (’)ﬁa)e i(K*-K) 0|<B|£"'|a)|2|a0~)|2, (9)

where the final state | f) is assigned to state | B, 1,.) consisting
of atomic state B and one photon state with wave vector k and
polarization vector €, whereas | y(t)) is a time-evolved state
from the initial state |i) = | o, vac) constructed from atomic
state o and no photon state (vacuum), and the atomic reson-
ance frequency is denoted as @y ... Note that the explicit form of
&g (k. A, r) in Eq. (A4) is used as well as the conversion from
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Ble-p|o) to {B|e-r|a), and that the Doppler shift due to
atomic motion at velocity Vis neglected.

For further evaluation, the following four cases of w, in
Eq. (9) with respect to emitted photons are considered:

€ = s-polarization
€ = p-polarization
€ = s-polarization
€ = p-polarization

homogeneous (6 <6,) {
Emitted photon =
evanescent (6 > 0,) {

As illustrated in Fig. 2, homogeneous waves are described by
the R-mode, whereas evanescent waves are expressed in terms
of the L-mode. From this classification, we can obtain the
directional-dependent emission rate as

w,(K,5)=0, (10)
R 1 Y.
wy, (K, p)=ZF(k)sm o, (11)
w, (k. 5)=0, (12)
?cos?0sin’0 YN et
L (k, p) = F(k) n-cos 20,Vsin’e-1 3
wa(k p) = F( 'cos29+n2(n2sin29—l)e 13
R 1
Wdown(K' S) = ZF(k)' (14)
R 1 20/
W zouwn(K, p)=ZF(k)cos o, (15)
2 2cin2
W'I,‘aw"(k, 5)= F(k),::Tos—_:ele-ZQr’\lp nsin?6-1 , (16)
(n*sin’0 —1)cos?0 g e /@amte
L k, = F k\ e Q. 7Vn’sin 1,
Wik, £) = E( " c0s20 +n?(n*sin?6 — 1) (17)
(ec)® oo \/1.1 (1 1\
_ 2 (o 2molip2\ (212 922 _
FO= it <a2"Tu "b2> <2’ b2 1’2 z> e - ocg)
(18)

where 0’ represents the incident or transmitted angle on the
vacuum side, while <§ 14 —l|§ -1)and (a% "T“’" bl) denote
the Clebsh—Gordan coefficient and the reduced matrix ele-
ment, respectively. The notation for each expression on the left
hand side of Eqs (10-17) is summarized in Table 1. Cor-
responding to the probability ratio R defined in Eq. (5), we
integrate each directional-dependent emission rate in Eqs
(10-17) with respect to the emission direction and sum them
regarding the polarization as
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Fig. 2. Photon emission from an atom. The R-mode corresponds to homogeneous waves emitted by the atom, and the L-mode corresponds to evanescent
waves. Integration range of 8’ for the R-mode varies from O to /2 and 0 for the L-mode ranges from 6, to /2.
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Fig. 3. Transition probability ratio R(n, z) = W,/ Wy, as a function of (a) atom—surface distance and (b) refractive index. We assume n=1.5in (a), and z =

10nmin (b).

Table 1: Transition probabilities to the spin-up and spin-down states depending on the polarization for the R-mode and L-mode.

transition

[Py, M) — |51, M)

homogeneous! JRmode ! K
s-polarization p-polarization

evanescent ! JLmode ! K
s-polarization p-polarization

P13) = |S1.3)

(wayp) wﬁ,(K,s)
[Py.3) = [81,-3)
(wdown) wdRown(Ka 3)

wl (K, p)

wl ,.(K,p)

wﬁp(k) 3) wzlt,/p(k’ p)

wgown(k’ 5) wglown(k’p)
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w,, = JM[W,,“;,(K, s) +wi (K, p)]+ Jdﬂ’[w,’;p(k, s) +wh(k, )l
(19)

Waown = Jm[w§own(Kv S) + Wf;awn(K’ p)]

+ J AQWgoun(k, 5) + Wepun(k, p)]- (20)

Here the integration range of 8’ for the R-mode ranges from
0 to n/2, whereas 0 for the L-mode ranges from 0, to /2.
The ratio R(n, z) = w,,/w,,,, with the refractive index n and
the atom-surface distance z gives the final result, including the
surface boundary effects.

As an example, we consider the transition from the 6P,
level to the 6S,,, level of a Cs atom, which has a resonance
energy of = 1.38 eV. Figure 3(a) shows the atom—surface dis-
tance dependence of the ratio R(n, z) calculated from Eqs (19
and 20). When the refractive index nis takeh as 1.5, it follows
from the figure that the ratio is larger than the free space value
as the atoms come close to the surface, i.e. Cs atoms are more
efficiently converted to the spin-up state. In addition, the ratio
becomes 1/2 in Eq. (5) at the limit of an infinite atom—surface
distance. Figure 3(b) shows the refractive index dependence of
the ratio R(n, z) when the atom—surface distance z is taken as
10 nm. We find that R(n, z) has a maximum value atn ~ 1.35
and is enhanced by 30% compared with the value of 1/2 given
in Eq. (5). This implies that the surface effects increase the
spontaneous emission rate to the spin-up state. Although it is
not shown in the figure, this result remains valid if the atom—
surface distance is < 10 nm.

The results can be qualitatively understood as follows. The
relaxation rate to the spin-up or spin-down state is approxim-
ated by

Wy ~ AT DRI, Wi~ (S ITDPl P €. = (e, — i, )2
(21)

With the help of the Wigner—Eckart theorem, we obtain the
following relation

UIToliy= (S |T-[2. (22)
Thus, we can approximate the ratio R as

le:

R(n,z)~2|e P

(23)

The increase in the relaxation rate to the spin-up state comes
from the increase in | e,|, i.e. the z-component of the electro-
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magnetic field, which can be produced by the image dipole due
to the planar surface effect.

4. Conclusions

In terms of the CM mode expansion of electromagnetic fields,
we investigated the effects of a dielectric planar surface on the
spin-control method proposed by Hori et al. (1996). Using the
derived formulae, we showed the dependence of the relaxation
probability ratio R(n, z) = w,,/ W, on the atom—surface dis-
tance and the refractive index for the 6P,,,~6S;, levels of a Cs
atom numerically. The main result indicates that the ratio has a
maximum value atn~ 1.35, which isenhanced by 30% over the
free space value. This means that the surface effects increase
the spontaneous emission rate to the spin-up state. Therefore,
one can efficiently align the spins of atoms in repeated laser
cycles of state-selective excitation and spontaneous emission.

Inoue & Hori (2001) recently discussed the spontaneous
emission of atoms near a dielectric surface, using the CM
modes, and showed the quantum interference effects on the
angular dependence of the spontaneous emission with the
help of the detector modes. It will be interesting to include
these quantum effects in our studies in the near future.
Because the CM modes form a basis set of the quantization of
the electromagnetic fields, we can discuss the quantum prop-
erties of the evanescent field such as the possibility of the
squeezed state of the evanescent field.

It will also be interesting to find a normal mode for other
types of boundary, such as a fibre tip, and to discuss atom
manipulation using such a probe (Kobayashi et al., 2001), in
the same manner as the CM mode for a planar boundary.
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Appendix

Here we present some useful expressions related to the CM
mode of electromagnetic fields. In order to describe the
electromagnetic field with a planar interface, we use the
solutions €, and &; of the Helmholtz equation

2
Ve, pk A1)+ (r)co ———=¢, gk A, r)=0, where
, z>0,
n(r) = {n, o (A1)

where A stands for s- or p-polarization. In addition, the suffix R
indicates the R-mode, in which plane waves are incident from
the vacuum side, and L designates the L-mode, in which plane
waves are incident from the dielectric side (see Fig. A1). From
incident €', reflected €%, and transmitted €7 waves as solutions
of Eq. (A1), the CM mode functions are defined as

gk Ar)=elkAr)+efkAr)+elk A T), (A2)

(K, A r)=ek(K, A, r) + eR(K, A, 1) + €R(K, A, 7). (A3)
Because these mode functions form a complete orthonormal
set for transverse fields (Bialynicki-Birula & Brojan, 1972;

Carniglia & Mandel, 1971), we can expand an arbitrary elec-
tric field using the CM modes as follows:

vacusm vacuum
8R
z o z
n/2+iB o
€T &
®8Es
cvanescent wave ep
X K
L-mode R-mode

Fig. A1. CM triplet modes: the R-mode (left) and the L-mode (right). Only
the L-mode includes evanescent waves.

S I d"’k\/? (€, (k, A, r)ii(k, A)e™ + h.c.)
A k>0

+ L . &K JZE(SR(K, A r)¥(K, Ae ™ +hc.)t, (Ad)
3<! 0

where ii and v obey the following commutation relations:
[a(k, A), 2t (k’, A")] = (2r)*hd(k — k)3, » (A5)
[#(K, A), ¥ (K’, 1)) = (2®)*hS(K — K")3,5., (A6)
and the CM mode functions are described as
€xpy(k A7) = e(M)agg) (e, (A7)
with the polarization vector e(A) and Fresnel’s coefficient ag;(A).

Using the relation E = —0dA/dt for Eq. (A4), we can also express
the vector potential in terms of the CM mode as

A(r, )= _(2;)3 ; J &Ik f (eu(k A, (ke ~ he)

+J a*’K (eR(K A )oK, M)e ™ —hc.)t. (A8)
K3<0 €00

Owing to the relation V x E=—0B/dt, analogous formulas hold
for magnetic fields, with the annihilation operators il and ¥ in
common. Therefore, the Hamiltonian for the electromagnetic
field is described by the CM modes as:

%=%Jd3r{D-E+B~H}
_ 1 L v

+ L <otPKi’l(O\‘/“(K. MK, L)y (A9)

It follows that the CM modes form normal modes for the pla-
nar boundary condition and i, i and ¥, ¥' are the annihilation
and creation operators for L-mode and R-mode photons,
respectively.

© 2003 The Royal Microscopical Society, Journal of Microscopy, 210, 301-306
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We have demonstrated the operation of a nanophotonic switch that uses three CuCl quantum cubes
with a size ratio of 1:v2:2. The switching mechanism is based on resonant optical near-field energy
transfer between the resonant quantized excitonic energy levels of the quantum cubes. Using
near-field optical spectroscopy, we observed a switching rise time of less than 100 ps and a
repetition rate of 80 MHz. These results suggest the possibility of making a nanophotonic switching
device smaller than 20 nm with a figure of merit 10—100 times higher than that of a conventional
photonic switch. © 2003 American Institute of Physics. [DOI: 10.1063/1.1571977]

Optical fiber transmission systems require increased in-
tegration of photonic devices for higher data transmission
rates. It is estimated that the size of photonic matrix switch-
ing devices should be reduced to a subwavelength scale, as
in the near future it will be necessary to integrate more than
1000 1000 input and output channels on a substrate.! Since
conventional photonic devices, e.g., diode lasers and optical
waveguides, have to confine lightwaves within their cavities
and core layers, respectively, their minimum sizes are limited
by the diffraction of light.2 Therefore, they cannot meet the
size requirement, which is beyond this diffraction limit. It
can be readily understood that to support optical science and
technology in the 21st century, optical nanotechnology that
goes beyond the diffraction limit is required.

An optical near field is free from the diffraction of light
and enables the operation and integration of nanometric op-
tical devices. Namely, by using a localized optical near field
as the carrier, which is transmitted from one nanometric el-
ement to another, the above requirements can be met. Based
on this idea, we have proposed optical nanotechnology that
uses the optical near field, i.e., nanophotonics, to realize
nanometer-sized photonic devices and their integration.! The
primary advantage of nanophotonics is the capacity to
achieve functions that are based on local electromagnetic in-
teractions, while realizing nanometer-sized photonic devices.

Since a nanometric all-optical switch (i.e., a nanophoto-
nic switch) is a key device in such nanophotonic integrated
circuits (ICs), we have been researching operation using a
coupled quantum-dot (QD) system. In this letter, we report
the demonstration of repetitive operation of a nanophotonic
switch, using three CuCl QDs.> The optically forbidden en-
ergy transfer between neighboring CuCl QDs via optical
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near-field interaction, confirmed by the authors, is a key phe-
nomenon for this operation.

We used cubic CuCl QDs, i.e., quantum cubes (QCs), in
a NaCl matrix. It is well known that the translational motion
of the exciton center of mass in CuCl QCs is quantized due
to the small exciton Bohr radius.* When closely spaced QCs
with quantized energy levels resonate with each other, near-
field energy transfer occurs between them, even if the trans-
fer is optically forbidden.? Figures 1(a) and 1(b) explain the
*“off”” and “on” states of the proposed nanophotonic switch.
Three QCs, QC;,, QC,y, and QC,ypro1» are used as the in-
put, output, and control ports of the switch, respectively. As-
suming an effective size ratio of 1:v2:2, quantized energy
levels (1,1,1) in QC;,, (2,1,1) in QC,y, and (2,2,2) in
QCoontrol T€sonate with each other. Furthermore, energy levels
(1,1,1) in QCyy and (2,1,1) in QCypyop also resonate. In the
off operation [Fig. 1(a)], almost all of the exciton energy in
QC;, is transferred to the (1,1,1) level in the neighboring
QCoy: and finally, to the (1,1,1) level in QC,opyor- Thus, the
input energy escapes to QCqonyor, and consequently, no op-
tical output signals are generated from QC,,,. In the on state
[Fig. 1(b)], by contrast, the escape routes t0 QCgopuo are
blocked by the excitation of QCopy01, due to state filling in
QClonrol by applying the control signal; thus, the input en-
ergy is transferred to QC,,, and an optical output signal is
generated.

The coupling energy V(r) of the optical near-field inter-
action is given by the Yukawa function A exp(—ur)/r,
where r is the separation between the two QCs, A is the
coupling coefficient, and w is proportional to the effective
mass of an optical near-field photon. Assuming that the sepa-
ration r between the two QCs is 10 nm, the coupling energy,
V(r), is estimated to be on the order of 10™* eV, which
corresponds to a transfer time of 20 ps.! Since the near-field
interaction is a local interaction, as indicated by V(r), it is
applicable to the operation of a nanophotonic switch and
relevant devices in nanophotonic ICs.

We fabricated CuCl QCs embedded in a NaCl matrix

© 2003 American Institute of Physics



2958 Appl. Phys. Lett., Vol. 82, No. 18, 5 May 2003
@ o
(n,n,n) a ‘/Ea y

2a

p (2.2.2)
2210 ¢

(2,1,1)

Kawazoe et al.

QC
(b) Qcin out
(nyn,n) / a g \/Ea P
ol e [
- —— ’
(1,11 Outpu
2a Z
(22.2) //
221 17
2,1,1) i
(ALY Control
Qccontrol

FIG. 1. Schematic explanation of a nanophotonic switch. The closely located CuCl QCs (QC;,, QCqy, and QC,oue) With the effective side lengths of a
[=(L—ag)], V2a, and 2a, respectively, where L and aj are the side lengths of the QCs and the exciton Bohr radius, respectively. n, , n,, and n_ represent
quantum numbers of confined excitons. (a) and (b) show, respectively, the off and on states of the switch using three QCs.

using the Bridgman method.® By optimizing the successive
annealing condition, we realized an average QC size of 4.3
nm. The sample was cleaved just before it was used in the
near-field optical spectroscopy experiment in order to ensure
a clean surface.” The cleaved surface of the sample, which
was 100 um thick, was sufficiently flat for the experiment,
i.e., its roughness was less than 50 nm, at least within the
scanning area of a few um. A double-tapered UV fiber probe
was fabricated using chemical etching and coated with 150-
nm-thick Al film. An aperture less than 50 nm in diameter
was formed by the pounding method.’

To realize the switching operation, the fiber probe was
carefully scanned to search for a trio of QCs that satisfied an
effective size ratio of 1:v2:2 for the switching operation.
Since the homogeneous linewidth of a CuCl QC increases
with temperature,8 the allowance in the resonatable size ratio
is 10% at 15 K. The separation of the QCs must be less than
30 nm for the proposed switching operation, because the
energy transfer time increases with separation; however, it
must be shorter than the exciton lifetime. It is estimated that
at least one trio of QCs exists in a 2 umX?2 pum scan area
that satisfies these conditions. To demonstrate the switching
operation, we found a QC trio in the sample whose sizes, L,
were 3.5, 4.6, and 6.3 nm. Since their effective sizes L—ap
were 2.8, 3.9, and 5.6 nm (ap: exciton Bohr radius),4 the
size ratio was close to 1:¥2:2 and they could be used as
QC;,, QC,y» and QC,onior» Tespectively. In the experiment,
379.5 and 385 nm second-harmonic generation (SHG) Ti-
:sapphire lasers, which were tuned to the (1,1,1) exciton en-
ergy levels of QC;, and QC_qnro1» Tespectively, were used as
the input and the control light sources. The output signal was
collected by the fiber probe, and its intensity was measured
by a cooled microchannel plate after passing through three
interference filters of 1 nm bandwidth tuned to the (1,1,1)
exciton energy level in QC,,, at 383 nm.

Figures 2(a) and 2(b) show the spatial distribution of the
output signal intensity in the off state, i.e., with an input
signal only, and the on state, i.e., with input and control
signals, using near-field spectroscopy at 15 K. The insets in
Fig. 2 are schematic drawings of the existing QC trio used
for the switching, which was confirmed by the near-field
luminescence spectrum. Here, the separation of the QCs by

less than 20 nm (drawings in Fig. 2) was theoretically esti-
mated from time-resolved measurements, as explained in the
next paragraph. In the off state, no output signal was ob-
served, because the energy of the input signal was transferred
to QCqonwol @and swept out as luminescence at 385 nm. To
quench the output signal in the off state, which is generated
by exciton accumulation in QC,yyo1» the input signal density
in QC_onyor Was regulated to less than 0.1 excitons. In the on
state, we obtained a clear output signal in the broken circle.
The output signal was proportional to the intensity of the
control signal, where its density in QC.opyor Was 0.01-0.1
excitons. The internal quantum efficiency was close to 1.2
Next, the dynamic properties of the nanophotonic switch

(a) OFF State. 1.0
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FIG. 2. Spatial distribution of the output signal from the nanophotonic
switch measured by a near-field microscope, in the off (a) and on (b) states.
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FIG. 3. Time evolution of the control pulse signal (upper part) and the
output signal (lower part) from the nanophotonic switch at the broken circle
in Fig. 2(b). The duration and repetition rate of the control pulse were 10 ps
and 80 MHz, respectively.

were evaluated by using the time correlation single photon
counting method. As a pulse-control light source, the 385 nm
SHG of a mode-locked Ti—sapphire laser was used. The rep-
etition rate of the laser was 80 MHz. To avoid cross talk of
the input and control signals, which originates from spectral
broadening for the pulse duration, the pulse duration of the
mode-locked laser was set to be 10 ps. The time resolution of
the experiment was 15 ps. Figure 3 shows the time evolution
of the control pulse signal (upper part) applicable t0 QC ool
and the output signal (lower part) from QC,,. The output
signal rises synchronously within less than 100 ps, with the
control pulse, which agrees with the theoretically expected
result based on the Yukawa model.® As this signal rise time is
determined by the energy transfer time between the QCs, the
separation between the QCs can be estimated from the rise
time as being less than 20 nm;'° the rise time can be short-
ened to a few ps by decreasing the separation of the QCs.
Since the decay time of the output signal is limited by the
exciton lifetime, this nanophotonic switch is able to operate
at a few hundred MHz, and it is anticipated that the operation
frequency can be increased to several GHz by means of ex-
citon quenching using a plasmon coupling.!" The on—off ra-
tio was about 10, which is sufficient for use as an all-optical
switch, and can be increased by a saturable absorber and
electric field enhancement of the surface plasmon.'?

The advantages of this nanophotonic switch are its small
size and high-density integration capability based on the lo-
cality of the optical near field. The figure of merit (FOM) of
an optical switch should be more important than the switch-
ing speed. Here, we have defined the FOM as F
=C/(Vt,,Ps,), where C, V, t,,, and Py, are the on—off
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ratio, the volume of the switch, the switching time, and the
switching energy, respectively. The FOM of our demon-
strated switch is 10—100 times higher than that of a conven-
tional photonic switch, because its volume and switching en-
ergy are 107> times and 10~ times smaller, respectively. By
a conventional fabrication method, it is difficult to fabricate
the nanophotonic devices, such as the QD trio functioning as
the optical switch, because it is required that the designed
sized QDs are placed at designed positions, which are closely
spaced. Therefore, we are now researching materials, fabri-
cation methods, and systems, such as ZnO dots,"? near-field
optical chemical vapor deposition,' and a plasmon
waveguide,'® respectively, for the realization of actual nano-
photonic devices. Based on these results, we hope that this
nanophotonic switching system will have applications in
nanophotonic ICs and be a candidate for future data trans-
mission systems.

In conclusion, we have demonstrated the switching op-
eration of a nanophotonic switch using CuCl QCs embedded
in a NaCl matrix. The size of the switch was estimated to be
smaller than 20 nm. We experimentally showed that this op-
tical switch can operate at a few hundred MHz. The FOM as
an all-optical switch is 10-100 times higher than that of
conventional optical switches. The proposed nanophotonic
switch is expected to be a key device in future nanophotonic
ICs.
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Energy transfer and exciton population dynamics in a two-quantum dot system coupled with a
phonon heat-bath system are examined using the density matrix formalism. In such a system, optical
near-field interactions induce energy transfer between quantum dots, and exciton—phonon
interactions guarantee the unidirectional excitation energy transfer. Our theoretical investigation
shows that the population dynamics change drastically depending on the coupling strengths due to
optical near-field interactions and exciton—phonon heat-bath interactions. The temperature effect
promotes frequent energy back-transfer from the heat-bath to the quantum dot system. Applying our
theoretical formulation, we numerically calculate the time evolution of populations, and estimate
energy transfer time or state-filling time for a CuCl quantum dot system. The estimated time is
suitable for the elements in our proposed optical nano-switch and nano-photonic devices. © 2003
American Institute of Physics. [DOIL: 10.1063/1.1540739]

I. INTRODUCTION

In order to satisfy future demands for an increase in
communication capacity and information processing, photo-
nic devices must be ultrahighly integrated, and thus the size
of each functional block will be so small that it is far beyond
the diffraction limit of light. To this end, we have studied
how to fabricate, operate, and control such devices using a
novel technology, named nano-photonics,! which is defined
as a technology that utilizes local electromagnetic interac-
tions between a nanometric element and optical near fields.
We have proposed a photochemical vapor deposition method
using optical near fields to create nanometric structures with
arbitrary position and size,>”> and have successfully fabri-
cated Zn, Al, and ZnO nano-dots smaller than 50 nm.** Con-
trol of such nano-photonic devices requires coherent interac-
tions between the nanometric element and optical near fields.
So far, exciton populations in a single isolated quantum dot
have been coherently controlled using a far-field light
pulse.8~ Since our proposed nano-photonic devices are con-
structed from a collection of nanometric elements, spatially
localized optical near fields are indispensable for the selec-
tive control and manipulation of the electronic states of a
single nanometric object. In order to realize a nano-photonic
device constructed using these methods, it is essential to in-
vestigate the mechanism of signal or energy transfer among
nanometric objects via optical near fields, as well as to
clarify the principles of operation.

AAuthor to whom correspondence should be addressed; electronic mail:
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The excitation energy transfer between nanometric ob-
jects has been extensively studied in various disciplines.'0-1*
One of its basic underlying principles is the static dipole—
dipole interaction between two objects.'® In the nanometric
regime, this involves a characteristic phenomenon: dipole-
forbidden transition. The breakdown of the dipole selection
rule for a quantum dot chain in scanning near-field optical
microscopy has been shown in the framework of a semiclas-
sical nonlocal theory.!? Similarly, Mukai et al.'* reported an
optically forbidden energy transfer from an outer ring of
loosely packed bacteriochlorophyll molecules to an inner
ring of closely packed bacteriochlorophyll molecules in the
light-harvesting antenna complex of photosynthetic purple
bacteria. These observations imply that the local distribution
structure of the electric dipole moments in a sample can be
spatially resolved when the objects approach each other on a
nanometer scale. Such energy transfer can occur between
two quantum dots with dipole-forbidden energy levels, and
this has been demonstrated experimentally.'* In the nano-
photonic devices discussed below, energy transfer is driven
by optical near fields or photons dressed by the excitation of
a macroscopic material system, such as the substrate, matrix,
or an optical fiber probe.'s‘17 Therefore this originates from
a renormalized dipole—dipole interaction due to polariton
mediation, not a static dipole—dipole interaction.

We have proposed a nano-photonic switch as a basic
element of nano-photonic devices.!® Figure 1 illustrates a
switch that consists of three quantum dots (cubes) with dis-
crete exciton-energy levels that depend on dot size. The one-
side lengths of these cubes are chosen in the ratio 1:v2:2, so
that the adjacent dots have resonant energy levels. The prin-
ciple of operation of the switch is as follows: as shown in
Fig. 1(a), an exciton population is created at the (1,1,1)-level

© 2003 American Institute of Physics
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FIG. 1. A nano-photonic switch consisting of three quantum dots with dis-
crete energy levels showing the (a) OFF and (b) ON states.

in dot 1 as an initial condition. Then the population is trans-
ferred to dots 2 and 3 as a result of optical near-field cou-
pling. Owing to the fast relaxation between sublevels in each
dot via exciton-phonon coupling, the population is trans-
ferred to lower energy levels, and finally collected at the
lowest (1,1,1)-level in dot 3. This corresponds to the OFF-
state of the switch, and, consequently, we obtain no output
signals from the output port, i.e., the (1,1,1)-level in dot 2.
By contrast, in the ON-state of the switch [Fig. 1(b)], the
(1,1,1)-level in dot 3 is initially filled by the control field,
isolating dot 3 from the other two dots. The input population
only reaches the (1,1,1)-level in dot 2 and can be detected as
output signals, either by near-field coupling to the detector or
by far-field light emitted with electron—hole recombination.

From this explanation of the principle of operation, it
follows that the key parameters determining the response
time of the device are the coupling strength of two quantum
dots via optical near fields, and that of the exciton and pho-
non heat bath. The purpose of this article is to -analyze the
dynamical properties of exciton populations by numerically
clarifying the roles of the key parameters, based on our for-
mulation of a quantum dot system that interacts with optical
near fields and phonon fields. This allows us to discuss the
dynamical properties of the proposed switch as a typical ex-
ample of nano-photonic devices. We estimate the response
time for CuCl quantum cubes, which have been extensively
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examined in experimental and theoretical studies of quantum
dots.'2 For simplicity, we restrict ourselves to a two-
quantum dot system (dots 1 and 2), and describe dynamics
quantum mechanically using the density matrix formalism,
since the energy transfer between the two quantum dots is
followed by coherence of the resonant levels.

The article is organized as follows. Section II discusses
energy transfer in a two-resonant level system based on our
formulation of optical near-field interactions. As a competitor
of optical near-field coupling, phonon heat-bath coupling is
discussed in Sec. III. We show that the population dynamics
are sensitive to the ratio of optical near-field coupling to
exciton-phonon coupling and the temperature of the system.
Section IV gives numerical results for the dynamics of CuCl
quantum cubes. Finally, the concluding remarks are pre-
sented in Sec. V.

Il. ENERGY TRANSFER INDUCED BY OPTICAL
NEAR-FIELD INTERACTION

A typical optical near-field system consists of micro- and
macroscopic material systems. In such a system, incident
photons go through the macroscopic system and into the mi-
croscopic one, and any information that is determined by the
microscopic system is via the macroscopic system. Therefore
when we consider the population dynamics of a microscopic
quantum dot system, it must incorporate the contribution of
the macroscopic system. It is convenient to treat such a sys-
tem in two steps. The first step describes photons and the
macroscopic system in terms of the so-called polariton basis.
Then in the second step, the interaction between the micro-
scopic and macroscopic systems is expressed using the po-
lariton basis. We develop a systematic formulation for the
interaction, in which photons and macroscopic matter exci-
tation are described as an elementary excitation mode, like
exciton-polaritons, and then the effects of both photons and
the macroscopic material system are renormalized into an
effective two-body interaction between nanometric objects in
the microscopic system.!>~17 Here, we call the effective in-
teraction the optical near-field interaction. In the following
sections, we first describe how the optical near-field interac-
tion contributes to the dynamics of a two-quantum dot sys-
tem with resonant energy levels using the density matrix, and
then we derive an explicit form of the optical near-field in-
teraction. As an example, a typical time scale is given for the
energy transfer process in CuCl quantum cubes.

A. Interdot energy transfer via optical near fields
Let us consider a two-quantum dot system interacting
with optical near fields, such as the one illustrated in Fig. 2.
The model Hamiltonian of the system is written as
A=EA'A+E BB+, E(k)EEA+Y,
3

(M
14

B
— 2 B D(r,),
a=A

where (AT,A) and ( 37,3) represent the creation and annihi-
lation operators of an exciton in dots 1 and 2, respectively,
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FIG. 2. Two-level quantum dots coupled via optical near fields.

with excitation energy E,. The coupled modes of photons
and the macroscopic material system, ie., the
exciton-polaritons,? are expressed by the creation and anni-
hilation operators (£} ,&,) and the eigenenergy E(k). The
bare interaction V between the quantum dot system and the
exciton-polariton fields is given by the multipolar QED
Hamiltonian in the dipole approximation,® where /i,
=p(a+ ah (&=A,§) and f)( r,) represent the dipole op-
erator and electric displacement vector at position r,, re-
spectively. As mentioned above, D(r,) is expressed in terms
of the exciton-polariton operators as

A 1h o e st
B(r) =i\ 3 3, e (k) e e e ™),

hck \F E*(k)-EZ @

Fk) JE(k) N 2E*(k)—E,—h*c*k”
where f(k) is the coupling coefficient between photons and
the macroscopic material system, and E, represents the
eigenenergy of the macroscopic material system.'®!7 Vector
€, is the unit vector normal to the exciton-polariton wave
vector k, and £ and c are Planck’s constant divided by 2
and the velocity of light in vacuum, respectively.

The dynamics of the system are governed by the follow-
ing Liouville equation

ﬁtotal(t)= - %[ﬁ,ﬁtotal(t)]’ (3)

where pyi(t) represents the density operator of the total
system,>%° expressed as the direct product of the micro-
scopic system p(#) and the exciton-polaritons Py, (#). In or-
der to investigate the population dynamics in the micro-
scopic material system, we take a trace of the exciton-
polariton degrees of freedom on both sides of Eq. (3) and
obtain the equation of motion for the density operator p(#)

=Trpoll Aroa(?)] as
. i pen  AraAl
ﬁ(t)=_g[El(A?A+BTB)+Vdot’ﬁ(t)]’

. . )

Vdot= Trpol[ Vppol( t ) ] ’
where Trp[ -] means to take a trace regarding the exciton-
polariton degrees of freedom. We then prepare states |®,)
=|A*)|B) and |®,)=|A)|B*) for the excited states in dots
1 and 2, respectively, in order to express Eq. (4) in the matrix
form, where the weak excitation is assumed, i.e., only an
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exciton existing in the system. Note that the nonzero matrix
elements of interaction V4, are off-diagonal parts only; that
is,

AU=(D| Vol @2) =(P2| Vol P1)>

(@] Vol @1) = (P2| Vgl D2) = 0.

Under the initial condition (®,|5(0)|®,)= 1, the matrix el-
ements can be obtained exactly, and the population probabil-
ity of staying in the excited state for dot 1 or 2 is given by
the diagonal parts of the density matrix as

(@ )|p(0)| D) =sin*(Us), |
(®,]p(1)|@2)=cos*(Ut), (6)

As is well known, Eq. (6) shows that the temporal evolution
of the population goes and returns between the two quantum
dots, i.e., nutation occurs at Rabi frequency U.!? In this way,
the matter excitation energy can be transferred from one dot
to a neighboring dot due to the interaction V as a coupling
between the microscopic material system and the exciton-
polariton field.

&)

B. Optical near-field interaction between quantum
dots

From the preceding section, it follows that the optical
near-field interaction AU in Eq. (5) is a key parameter for
determining the energy transfer process. The strength of the
interaction has been derived systematically and consistently
in our previous studies.'*~!” Here, we outline the derivation
of the effective interaction, i.e., optical near-field interaction
between two quantum dots, and give numerical results for
the CuCl quantum cubes.

The exact eigenstates |'¥,) of the total Hamiltonian a
are divided into two groups: relevant states in P space
|wPy=P|¥,) and irrelevant states in Q space | ¥Q)
=Q|¥,). Here, P and Q represent projection operators with
the properties P+Q=1, P2=P(Q?=Q), and P'=P(Q'
=0).? In the case shown in Fig. 2, for example, P space is
constructed from the eigenstates of Hj, i.e., a combination
of the two energy levels for each quantum dot and the
exciton-polariton vacuum state. In Q space, which is comple-
mentary to P space, the exciton-polariton states are not va-
cant. According to this notation, the exact state can be for-
mally expressed by using the state in P space only as

|¥,)=JP(PItiP)"12|¥7),

) e @
J=[1=(Ex—Hp)" QV]™",

where E, represents the eigenenergy of the total Hamiltonian

H. Using Eq. (7), we can obtain the effective interaction Ver
as

(WYY )= (EfIVed W),

Vg=(PJ1IP)""X(PJtViP)(PI'TP)~'2 ®)

To further evaluate Eq. (8), we approximate operator J and
eigenvalue E, perturbatively with respect to V; that is, J
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=1+(E;—ED™"W+---. Since the lowest order is
(‘I’}D |PVP|¥F)=0, Eq. (8) is rewritten within the second
order as

(T wly= 2 (¥FIVIm2)(m2 V|¥])

1 1
X + s
Egi—Eg ng_Eg

)

where Ef;, ng, and E$ represent the eigenenergies of un-
perturbed Hamiltonian A, for the initial and final states in P
space, and the intermediate state in Q space, respectively.
Since we are primarily interested in the interdot interaction
of Eq. (9), we set the relevant initial and final states in P
space as [¥F)=|A*)|B)|0) and W)= |A)|B*)|O) and
then the intermediate states in Q space, |m%)=|A)|B)|k)
and |A*)|B*)|k), with a one exciton-polariton state |k) pro-
viding nonzero contributions. Using these states, we can
eliminate the exciton-polariton degrees of freedom, and ob-
tain the optical near-field interaction between quantum dots
as

RU(r)=(Vf| Vol ¥7)
- %L; f:d:‘kfz(k)

1 + 1 eik-r
E(k)+E,  E(k)+Eg

S —
HE®-E, TEW=E,|° |

where r=r,—rp is the relative vector between the center
positions of dots 1 and 2, and Macpy is the transition dipole
moment of dot 1(2). For the eigenenergy E(k) of exciton-
polaritons, the effective mass approximation
f2k?
E(k)= —+E
2m,

(10)

(11)

is used, where m,, and E,, denote the exciton-polariton mass
and excitation energy of the macroscopic system, respec-
tively. Substituting Eq. (11) into Eq. (10), one obtains the
optical near-field interaction potential as a sum of the
Yukawa functions:

#AMB

rU(r)= (

2 [Wor Y(Ager)+W,_Y(A,_r)],
(12)

where W,. denotes the weight coefficient of each Yukawa
function that is defined as

=Ay.r

Y(Aatr)= r 9

(13)

1
Aa:=a VZEp(EmtEa)9

with the exciton-polariton effective mass rewritten as E,

=mpc2, and the relative distance r=|r,—rg|. The factor
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FIG. 3. The optical near-field interaction potential for two CuCl quantum
cubes. The sizes of the quantum-cube pairs are set at a=5 and 7.1 nm (a
1:v2 ratio), respectively.

A,- becomes either real or imaginary depending on the
magnitudes of E,, and E ,, which means that this component
behaves as either a localized mode or a propagation mode.
To be precise, Eq. (12) includes two additional terms that are
independent of the parameters of the microscopic material
system, but these terms are neglected in Eq. (12) as a far-
field contribution.

We can now estimate the strength of the effective inter-
action between two CuCl quantum cubes induced by optical
near fields. When two-level exciton states are chosen as the
microscopic material states in P space, the excitation energy
of an exciton in a quantum cube is represented by

222

—zﬁ (n2+n%+n®)+E
g2\t hyTh, g

Ea=3y

(o m,=123,..), (14)
where M and E, denote the exciton mass and bulk exciton
energy, respectively. In Fig. 3, the interaction potential is
plotted as a function of the distance between the closest
edges of the quantum cubes. The sizes of the quantum cubes
are set ata=5 and 7.1 nm (a 1:v2 ratio) and M=2.3m, and
E,=3.2022eV. ' The transition dipole moments of the
quantum cubes are estimated from the experimental value of
the dot oscillator strength fop=35, 2 and theoretical
conversion,?! and u,=0.29 and pz=0.49 (eV nm3)?2 are
obtained for =5 and 7.1 nm, respectively. When we choose
the distance d=10 nm, we find that the interaction potential
is about 60 ueV from Fig. 3. Therefore a quarter of an os-
cillation period, /(4 U), is about 10 ps, which corresponds
to the time for the initial population to be transferred to its
neighbor. This is sufficiently high speed and is suitable for a
nano-photonic device from the viewpoint of size and speed.

lil. DYNAMICS OF A QUANTUM DOT-HEAT-BATH
COUPLING SYSTEM

In order to realize nano-photonic devices operated by the
optical near-field interaction discussed above, unidirectional
energy transfer must be guaranteed. One way is to utilize
intra-sublevel transitions due to coupling to a lattice vibra-
tion. Therefore we examine a two-dot system coupled to a
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FIG. 4. Two-quantum-dot system. Dots 1 and 2 are resonantly coupled due
to the optical near-field interaction, and the sublevels in dot 2 are coupled
with the (phonon) heat-bath system.

phonon-(heat-) bath system as depicted schematically in Fig.
4. The Hamiltonian of such a system is modeled as

ﬁ=ﬁ0+ﬂint+ﬁSR9

Ho=EATA+EBIB +EBIB,+43 0,616,

. nen aa 15
A, =hU(r)(ATB,+ABY}), (15)

A=t (g.biBB,+g*b,B1B)).

When we assume that initial and final states are constructed
only in terms of one-exciton states, the creation (annihila-
tion) operators of excitons can be written as follows; A’
=|A*)(A|(A=|A)A*)), B{=|BF)(B|(B,=|B)B{), and
Bi=|B¥)(B|(B,=|B)(B}|), where |A) and |A*) are the
ground and excited states in dot 1 and |B), |Bf), and |B5)
are the ground, and the lower and higher excited states in dot
2, similar to those in Fig. 2. We can readily understand the
following commutation relations; [B],B,1=6; j(|B})(B}|
—|B)(B|) and [B;,B;1=[B} ,B]1=0 (i,j=1,2). Therefore
the operators are neither bosonic nor fermionic. Bosonic op-
erators (5:’,,13,,) are for the heat-bath system with eigenen-
ergy fiw, . For simplicity, the rotating wave approximation is
used in the interaction Hamiltonian H;, as (A+A%")(B,
+B§)~AT§2 +A§;. The heat-bath system is assumed to be
a collection of multiple harmonic oscillators labeled by n.
Note that the exciton-polariton degrees of freedom have al-
ready been traced out, and thus the strength of the optical
near-field interaction #U(r) appears in Eq. (15). From Eq.
(3), the equation of motion for the total system can be writ-
ten as

X i . 1 ([,
()=~ 5 Ut A5O3 [

X[ Ao+ Hep(D),[ Hinct Hsp(t').p'(t)]), (16)
where the suffix / means the interaction picture, and the re-
lation Ifli’m( £)=H,,, is used.? In order to express the second-
order temporal correlation clearly, the formal solution of Eq.
(3) in the integral form is again substituted into the right-
hand side of Eq. (3). Since we are interested in the exciton
population in the two-dot system, we take a trace with re-
spect to the degrees of freedom of the heat-bath system as
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ﬁg(t)=TrR[ﬁ’(t)]. Here, the density operator is assumed
tobe a direct product of the quantum dot system part ps(¢)
and the reservoir (heat-bath) system part pg(?). If the reser-
voir system has a very large volume, deviation from the ini-
tial value can be neglected, and the density operator is ap-
proximated as

p'(£)=ps(1)pp(1)~Ps(1) pr(0), (17)

which corresponds to the Born approximation.” Taking a
trace on both sides of Eq. (16) about the reservoir operator,
we obtain

ps(t)=—iU(r)[A'B,+AB},py(1)]
— 2 n(w, DIGECT, 50} =21 BN )@ 7,(1)
—i[CCT,p5(N]® 7,(1]
=2 [1+n(0,, DIHCEC.p5(0} =255 CT)
8 y;(1) +i[CTC,p5(N]@7,(D], (18)

where the curly brackets {-} represent the anticommutation
relation, and the notation ® designates the convolution inte-
gral. In order to avoid verbose expressions, we make the
following replacement; C'=B}B, and C=B}B,. Since we
assume that the reservoir system is in equilibrium, the terms
including Trg[ 61 pg(0)] and Trg[5,pr(0)] disappear in Eq.
(18). The number of phonons in the equilibrium state is writ-
ten as n(w,,T)=Trg[6!5,pr(0)], and it follows Bose—
Einstein statistics as

n(w,,T)= g T g (19)

The real and imaginary parts of the function
V() =g, e/ C0m (20)

with A w=E,—E, are represented as y,(¢) and y4(¢), re-
spectively, and are related to the relaxation (real part) and
energy shift (imaginary part) of the energy level in dot 2 that
originates from coupling to the heat-bath system. The con-
volution integral in Eq. (18) expresses a memory effect due
to time delay in the heat-bath system. However, if the dy-
namics of the reservoir system are much faster than those of
the two-dot system, one can approximate the density opera-
tor of the two-dot system as pg(z—t")=pg(t) (a Markov
approximation). Using this approximation, and rewriting the
summation as ,=fjdwD(w), with D(w) being the den-
sity of states for each phonon, we can express the convolu-
tion integral analytically as
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FIG. 5. Three bases of the single-exciton state in a two-quantum-dot system.

2 n(@,, T)PY1)® ¥, (1)

n

(- ' . ’
=ﬁs(t)f dwn(w,T)D(w)|g(w)|2f dt' ei(bo—o)
0 0

%ﬁg(t)['n'n(Aw,T)D(Aw)lg(Aw)lz

- 2
_H,PJ'O dwn(w,T)D(w)lg(wN ] 1)

Av—w

Here, we extend the upper limit of the time integration to
infinity. The equation of motion for the dot system is finally
reduced to

ps(t)=—iU[A'B,+AB}, pk(1)]—ny({CCT,p4(1)}
=287p5(1)C)— (1 +n) y( C* €. p5(1)}
-2Cpi(1)Ch), (22)

where n=n(Aw,T) and y=mwD(Aw)|g(Aw)|?. The terms
indicating the energy shift are neglected in Eq. (22) because
the shift is usually small in the case of weak system—heat-
bath coupling.

Let us consider one-exciton dynamics in the system, us-
ing three bases, as illustrated in Fig. 5. The equations of
motion for the matrix elements are then read in the Schro-
dinger picture as

pu(®)=iU(r)[p1o(t) = p2(2)],
P12() = pa(2)=2iU(r)[p11 () — p2A(1)]
—(I+n)vp1()—pu(®)],
P t) == iU pralt) = pu()] 21+ ) yp(t) &
+2nypss(1),

p33(8)=2(1+n) ypy(t) —2nyps(t),

where p,,,(1)=(®,,|ps(t)|®,) is employed. When the tem-
perature, T, equals zero (n=0), Eq. (23) can be solved ana-
lytically. The diagonal parts representing the population
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FIG. 6. The state-filling time 75 plotted as a function of the ratio of the
exciton-phonon coupling strength /2 to the interdot optical near-field cou-
pling strength U.

probability for each energy level in dots 1 and 2, as well as
the off-diagonal parts representing quantum coherence, are
given as

1 2
put)= ?e'"” %sinh(Zt)+Z cosh(Zt)| ,

U2
pu(t)=Zze” " sinh*(Z1),

p33(8)=1=[py(2)+pxn(t)], @)

p12(t)=—p(t)n
u _., . Y.
=i 71€ ¥ sinh(Zt) 5smh(Zt)+Z cosh(Zt) |,

where Z=\[(9/2)?= U?, and initial conditions p11(0)=1
and p;5(0)=py(0)=pyp(0)=0 are used. We define the
state-filling time 75 as p33(75)=1—e~!, which corresponds
to the time for the excitation energy transfer from dot 1 to the
lower energy level in dot 2. From Eq. (24), it follows that the
temporal evolution of the population is quite different at U
> y/2 and U< y/2. Although Eq. (24) seems to be undefined
at U=1v/2 (Z=0), taking a limit value, there is a definite
solution regardless of whether Z— +0 or —O0 is taken. In
Fig. 6, the state-filling time 7 is plotted as a function of the
ratio of 9/2 to U. For U>y/2, population p,,(¢t) shows
damped oscillation with envelope function e~ ; thus, 7g is
determined by the relaxation constant v, i.e., 7¢~y~!. By
contrast, for U<+y/2, p,(t) decays monotonically. At first
glance, as 9/2 increases, we expect 7 to decrease monotoni-
cally because the population flows into the lower energy
level more quickly; nevertheless, 7g increases again, as
shown in Fig. 6. This occurs because the upper energy level
in dot 2 becomes effectively broad with increasing y, which
results in a decrease in the resonant energy transfer between
the quantum dots. When the ratio y/2U is sufficiently large,
Tg increases linearly, as seen in Fig. 6. Therefore the state-
filling time is not only determined by the optical near-field
interaction strength between two dots, but also by the
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strength of coupling to the heat-bath system. From Fig. 6, it
follows that the fastest energy transfer is obtained when
v2~U is satisfied.

The term 2ynp33(¢) on the right-hand side of the third
equation in Eq. (23) indicates that the finite temperature ef-
fect due to the finite number of phonons (n#0) induces
back transfer of the excitation energy from the heat-bath sys-
tem to the two-dot system. Within the Born approximation
adopted in Eq. (17), this term incoherently increases popula-
tion py5(¢). As population ps;(t) increases, the back transfer
becomes large, and gives residual populations p;;(¢) and
p2x(t) in the upper levels in both quantum dots.

IV. NUMERICAL RESULTS

In this section, we present numerical results for the
population dynamics using Egs. (23) and (24) for zero and
finite temperatures in order to verify the theoretical consid-
erations just presented, and to estimate the state-filling time
for some practical cases. Suppose that the system consists of
two CuCl quantum cubes embedded in a NaCl matrix. The
cube size is set as a:\2a (a=5 nm), so that the (1, 1, 1)-
level of dot 1 is resonant with the (2, 1, 1)-level of dot 2. The
variable parameters are the interaction strength U or the in-
tercube spacing, the relaxation constant y, and the tempera-
ture T of the heat-bath system.

In Figs. 7(a) and 7(b), the E,- and E-level populations
p22(t) and p33(2) in dot 2 are plotted for intercube spacings
d=5, 10, and 15 nm [U=1.51X10"", 0.90x10"!, and
0.60x10~! (ps)~'], and T=0K. The relaxation time y~ !
is assumed to be 1 ps based on another experimental study.??
The populations for all three cases in Fig. 7(a) show mono-
tonic decays because U< y/2 is satisfied. From Fig. 7(b), the
state-filling time 7g is estimated for intercube spacings d
=5, 10, and 15 nm as 22, 60, and 140 ps, respectively. This
indicates that an energy transfer time of less than 100 ps can
be realized when the two dots are located within 10 nm of
each other.

Figure 8 shows the result for y~ =10 ps, which corre-
sponds to weaker coupling between an exciton and the heat-

bath system. Damped oscillation due to nutation between

two resonant levels is clearly seen for d=5 nm in Fig. 8(a),
where U> y/2 is satisfied. Although U> /2 is also satisfied
for d=10 and 15 nm, we cannot observe the oscillation be-
cause of the small amplitudes. From Fig. 8(b), the state-
filling time 7 for the three cases is estimated as 12, 18, and
25 ps, respectively. Compared with Fig. 7(b), the state-filling
speed becomes faster in Fig. 8(b) in spite of the increase in
v~ ! because U is nearly equal to 9/2. Figures 7 and 8 indi-
cate that the interdot spacing should be adjusted so that the
optical near-field coupling is of the same order as the
exciton-phonon coupling in order to obtain the fastest energy
transfer in the system.

Figures 9(a) and 9(b) show the temperature dependence
of populations p,,(#) and p3;3(2), respectively. The tempera-
ture is set at either T=50 or 100 K. These results are ob-
tained using a Laplace transform, where singular points are
derived numerically for the given numerical parameters. As
mentioned in Sec. III, a finite temperature induces the inco-
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FIG. 7. Time-evolution of (a) E-level population p,;(¢) and (b) E,-level
population pa;(#), where the relaxation time ™! and temperature T are set
at 1 ps and 0 K, respectively. The solid, dashed, and dotted curves represent
the cases for intercube spacings d=5, 10, and 15 nm, respectively.

herent back transfer of energy, and this results in residual
populations at the upper energy levels in both quantum
cubes. Figure 9(a) shows that the E,-level population in dot
2 converges on a finite temperature-dependent value that can
be derived numerically and is denoted by the horizontal dot-
ted lines in Fig. 9(a). As shown in Fig. 9(b), however, the
time evolution of the E,-level population is almost indepen-
dent of the temperature, except for a decrease in the ampli-
tude because of the residual populations at upper energy lev-
els.

V. CONCLUSIONS

With the ultimate goal of achieving a nano-photonic
switch and a nano-photonic device, we have discussed exci-
tation energy transfer in a two-quantum dot system and its
dynamics using the density matrix formalism. Excitation en-
ergy can be transferred between two dots by an optical near-
field interaction, and nutation occurs if both dots have reso-
nant energy levels. The oscillation period depends on the
optical near-field interaction strength. We have shown that
the optical near-field interaction is expressed as a sum of
Yukawa functions, and estimated that the period for CuCl
quantum cubes is less than 100 ps at a 10-nm intercube dis-
tance.
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FIG. 8. Time-evolution of (a) E,-level population p,y(¢) and (b) E,-level
population ps(t), where the relaxation time y~' and temperature are set at
10 ps and 0 K, respectively. The solid, dashed, and dotted curves represent
the cases for intercube spacings d=35, 10, and 15 nm, respectively.

In order to guarantee irreversible energy transfer be-
tween two quantum dots, we have considered intra-sublevel
transition via the exciton-phonon coupling that occurs in a
two-quantum dot system with a size ratio of 1:v2, and ex-
amined the population dynamics of the system. The state-
filling time, defined as the time that it takes the population in
dot 1 to be transferred to the lower energy level in dot 2,
strongly depends on both the strength of optical near-field
interaction U and the relaxation constant <y due to the phonon
coupling. When U> y/2 is satisfied, nutation between reso-
nant energy levels appears as described by envelope function
e””; thus, the state-filling time is determined by the con-
stant vy for large U. By contrast, when U< y/2 is satisfied and
the population is transferred monotonically to the lower en-
ergy level, the state-filling time becomes long with increas-
ing y/2U. This is because the upper energy level is blurred.
Therefore the fastest state-filling time is obtained when U
~ /2 is satisfied. Using CuCl quantum cubes, the state-
filling time is numerically estimated as 22 and 12 ps when
y~!=1 and 10 ps, which is suitable for a switching device.

The temperature effect was also examined within the
Born—-Markov approximation. Our analysis shows that the
state-filling time is almost independent of the temperature.
However, the finite temperature results in a residual popula-
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FIG. 9. Temperature dependence of (a) E-level population p,,(r) and (b)
Ej-level population pyy(¢), when d=5nm and y~'=1 ps. The solid and
dashed curves represent the cases for temperature 7= 50 and 100 K, respec-
tively. The two dotted lines denote the limit values of E,-level population
for both temperatures at infinite time.

tion in the upper energy levels. This might degrade the ratio
of the ON/OFF signals in a nano-switch.

The above theoretical modeling of the population dy-
namics in a two-quantum dot system assumes an ideally per-
fect resonance condition, which may be too tight to fabricate
such a system with definite size ratios. In order to release the
resonance condition, we estimate allowable tolerance, or size
deviation of quantum dots from designed values. When the
deviation from the resonant energy AA() in dot 2 is intro-
duced, the factor on the right-hand side of the second equa-
tion in Eq. (24) is modified, and the ratio of that in off-
resonance to on-resonance is approximately given as
Y21(¥?+AQ?%) (y/25U). Therefore we can achieve effi-
ciency more than 50% even if the deviation AQ <y is intro-
duced. When the dot size and relaxation constant are set as
7.1 nm (=5v2 nm) and % y=3 meV, respectively, approxi-
mately 10% deviation of the dot size can be allowed. As the
size of quantum dots is larger, the tolerable deviation is more
relaxed. It is feasible to make such quantum dots by the
recent advancement of nano-fabrication techniques. In fact,
preliminary experimental results we obtained show the popu-
lation dynamics as discussed in the article.

Our results and discussion might be valid within the
Born—Markov approximation. Even if the Born approxima-
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tion is admitted because of the large volume of the heat-bath
system, the Markov approximation may not be guaranteed at
low temperature, as assumed in the transformation in Eq.
(21). Therefore we might need to deal with it more carefully,
since it has been pointed out that non-Markov behavior
manifests itself at low temperature.”® The effects of non-
Markov behavior on the dynamics are now under investiga-
tion.

We focused our attention on the energy transfer process
in the nanometer scale, but it is quite important to investigate
signal control, and to manipulate the electronic states of the
components in a nano-photonic device, where we must deal
with a two-exciton state, as shown in Fig. 1(b). Such analysis
will be discussed elsewhere.
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Summary

We demonstrated a novel optical switching operation using
three CuCl quantum cubes with a size ratioof 1: «/5 : 2. Their
quantized excitonic energy levels resonate with one another,
and the switching mechanism was based on the resonant
near-field energy transfer between the quantum cubes. Using
near-field pump-probe photoluminescence spectroscopy, we
succeeded in controlling the near-field energy transfer and
obtained a controlled (i.e. switched) signal in a differential
photoluminescence spectrum with and without a pump beam.
The internal quantum efficiency of the switching operation
was close to 1. These results suggest the possibility of making
ananophotonic switching device smaller than 30 nm.

Introduction

Optical fibre transmission systems require increased integra-
tion of photonic devices if data transmission rates are to reach
as high as 10 Tb s by 2015. To support this increase, it is
estimated that the size of photonic matrix switching devices
should be reduced to a subwavelength scale, to integrate more
than 1000 x 1000 input and output channels on a substrate.
Because conventional photonic devices, e.g. diode lasers and
optical waveguides, must confine the light wave within their
cavities and core layers, respectively, their minimum sizes are
limited by the diffraction of light. They cannot, therefore, meet
this requirement because the required size is beyond this
diffraction limit.

A nanometric all-optical switch (i.e. a nanophotonic switch)
forms the nucleus of a nanophotonic integrated circuit.
We used a coupled quantum-dot (QD) system to realize such
a switch. The coupled QD system exhibits unique properties
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such as the Kondo effect (Goldhaber-Gordon et al., 1998)
and Coulomb blockade (Waugh et al., 1995). It also reveals
a variety of interactions, such as carrier tunnelling, Coulomb
coupling and spin interaction. The optical near-field interac-
tion can govern the coupling strength among QDs. Recently,
we observed optically forbidden energy transfer between
neighbouring CuCl QDs via the optical near-field interaction
(Kawazoe et al., 2002). Because the near-field interaction is a
local interaction, it is applicable to nanophotonic switches.
This study describes the principle of the nanophotonic switch
and reports the experimental result of a switching operation
for the first time.

Principle of a nanophotonic switch

We used cubic CuCl QDs, i.e. quantum cubes (QCs), in a NaCl
matrix to demonstrate the principle of the nanophotonic
switch. It is well known that translational motion of the
exciton centre of mass in CuCl QCs is quantized because of the
small exciton Bohr radius (Ekimov etal., 1985; Sakakura &
Masumoto, 1997). The potential barrier of CuCl QCs in a NaCl
crystal can be regarded as infinitely high, and the energy
eigenvalues for the quantized Z; exciton energy level (n,, n,, n,)
in a CuCl QC with side length of L are given by

hr?
2M(L — ag)?

where Ej is the bulk energy of the Z, exciton, M is the trans-
lational mass of the exciton, ay is its Bohr radius, n,, n, and n,
are quantum numbers (n,, n,, ,=1,2,3,...),anda=L-ay
corresponds to an effective side length found after considering
the dead layer correction. The exciton energy levels with even
quantum numbers are dipole-forbidden states that are opti-
cally forbidden (Tang et al., 1993). However, we demonstrated
for the first time that the optical near-field interaction is
allowed for such energy levels (Kawazoe et al., 2002).

Enx.n,,.nx =Lp (n::: +n; +n§)' (1)
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Fig. 1. Schematic explanation of a nanophotonic switch. (a) Upper: schematic drawings of closely located CuCl QCs A and B with the effective side
lengths of a(= (L —ag)) and «/Za. respectively, where L and aj are the side lengths of QCs and the exciton Bohr radius, respectively. Lower: their
exciton energy levels. n,, n, and n, represent quantum numbers of an exciton. Eis the exciton energy level in abulk crystal. (b) OFF and (c) ON states of the

switch using three QCs, respectively.

Figure 1(a) explains the near-field energy transfer between
two CuCl QCs (A and B) and shows their confined-exciton Z,
energy levels. Assuming that the effective side lengths of
QC-A and QC-B are a and «/Ea, respectively, Eq. (1) shows that
the quantized (1,1,1) exciton energy level of QC-A resonates
with the (2,1,1) level of QC-B. Under this resonant condition,
the coupling energy of the optical near-field interaction is
given by the following Yukawa function (Ohtsu etal., 1998;
Kobayashi et al., 2001):

V(ir)=A exp(-pr) )
r
Here, r is the separation between two QCs, A is the coupling
coefficient, and . is the effective mass of the Yukawa function
given by

-\/ZEn,ny,n,(ENaCl + En,.nu.n,)

= y

hc

3)
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where Eyq is the exciton energy of the NaCl matrix. The value
of the coupling coefficient A depends on experimental con-
ditions. Assuming that the separation r between two QCs is
10 nm, the coupling energy, V(r), is estimated to be of the
order of 107* eV, which corresponds to a transition time of
20 ps, and is much shorter than the exciton lifetime of a few
nanoseconds. Furthermore, the inter sublevel transition time,
Tq from higher exciton energy levels to the lowest, is gen-
erally less than a few picoseconds and is much shorter than
the transition time (Suzuki et al., 1996). Therefore, most of the
exciton energy in CuCl QC-A will be transferred to the lowest
exciton energy level in neighbouring QC-B and recombine
radiatively in the lowest level in QC-B.

Figure 1(b) and (c) explains the OFF and ON states of a pro-
posed nanophotonic switch using three QCs. QC-A, -B and -C
are used as the input, output and control ports of the switch,
respectively. Assuming an effective sizeratioof 1: «/5 :2,quan-
tized energy levels (1,1,1)in QC-A, (2,1,1)in QC-Band (2,2,2)
in QC-C resonate with each other (Eq.1). Furthermore,

energy levels (1,1,1) in QC-B and (2,1,1) in QC-C also resonate.

As mentioned above, almost all of the exciton energy in
QC-A will be transferred to the (1,1,1) level in neighbouring
QC-B, and finally, to the (1,1,1) level in QC-C. Thus, the input
energy escapes to QC-C; therefore, no optical output signals are
generated from QC-B, which corresponds to the OFF state
(Fig. 1b). In the ON state (Fig. 1c), by contrast, the escape routes
to QC-C are blocked by the excitation of QC-C due to state
filling in QC-C by applying the control signal; thus, the input
energy is transferred to QC-B generating an optical output
signal.

Experiments and discussions

We fabricated CuCl QCs embedded in a NaCl matrix using the
Bridgman method and successive annealing, and found the
average size of the QCs to be 4.3 nm. The sample was cleaved
just before it was used in the near-field optical spectroscopy
experiment in order to keep its surface clean. The cleaved
surface of the sample, which was 100 pm thick, was sufficiently
flat for the experiment, i.e. its roughness was < 50 nm, at least
within the scanning area of a few micrometres. A double-
tapered UV fibre probe was fabricated by chemical etching and
coated with a 150 nm thick gold film. An aperture < 50 nm in
diameter was fabricated using the pounding method (Saiki
&Matsuda, 1999).

The curve in Fig. 2(a) is a far-field photoluminescence (PL)
spectrum of the sample that was recorded with a probe-sample
separation of 3 um in collection mode (Ohtsu et al., 1998) of
a cryogenic near-field optical spectrometer at 15K using a
325 nm He—Cd laser. It represents the collective PL intensity
from several CuCl QCs, and is inhomogeneously broadened
due to the size distribution of the QCs. The two curves in
Fig. 2(b) represent differential spectra taken at two positions
on a sample surface, and are the differences between the PL

© 2003 The Royal Microscopical Society, Journal of Microscopy, 209, 261-266
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intensities measured with probe-sample separations of 3 pm
and < 10 nm. These curves consist of many fine structures
attributed to the contribution of the QCs near the apex of the
probe because of the drastic increase in the measured PL
intensity produced by decreasing the probe-sample separa-
tion to < 10 nm. Because the density of the QCs is 10 cm™,
the average separation between QCs is < 30 nm. Therefore,
the spectral peaks in Fig. 2(b) originate from several QCs of
different sizes. Among these, peaks X, Y and Z correspond to
the confined Z;-exciton energy levels of quantum number
(1,1,1) for QCs with side lengths (L) of 3.5, 4.6 and 6.3 nm,
respectively. As their effective side lengths a are 2.8, 3.9 and
5.6 nm, the sizeratiois close to1: \/5 : 2, which means that their
quantized exciton levels resonate with one another. Therefore,
if they are close to one another, the nanophotonic switching
operation shown in Fig. 1 is expected.

To verify the switching operation, the fibre probe was care-
fully scanned to search for the trio of QCs that satisfied the
conditions for the switching operation. As the homogeneous
linewidth of a CuCl QC increases with temperature (Masumoto
et al., 1998), the allowance of a reasonable size ratio is 10% at
15 K. The separation among QCs must be < 50 nm for the
proposed switching operation because the energy transfer
time increases with separation (Eq. 2). However, it must be
shorter than the exciton lifetime. It is estimated that at least
one trio of QCs exists in a 2 pm X 2 m scan area that satisfies
these conditions.

Figure 3(a) shows the near-field PL intensity distribution
from 6.3-nm QCs at a wavelength of 385 nm under 325 nm
probe laser excitation. The inset shows a cross-sectional pro-
file along the broken line across the solid circle in Fig. 3(a). The
full-width at half maximum of the profile, which was limited
by the spatial resolution of the fibre probe, was 30 nm. In the
area enclosed by the solid circle, we found a trio of QCs suitable
for the switching operation. Figure 3(b) shows the near-field
PL spectrum at the centre of the area enclosed by the solid
circle. The single PL peak from a 6.3 nm QC appeared at the
wavelength of 385 nm. The other QCs of the QC trio in this
area, which are 3.5 and 4.6 nm, did not show PL, because
their energies are transferred to the 6.3 nm QC, as shown by
Fig. 1(b).

Near-field PL pump-probe spectroscopy was carried out by
fixing the fibre probe under the three excitation conditions:
(i) with a pump laser only, (ii) with a probe laser only, and
(iii) with pump and probe lasers. The second harmonic light
of a CW Ti: sapphire laser (385 nm) and a 325 nm He : Cd
laser were used as the light sources for the pump and probe,
respectively. To clarify the PL difference with and without
pumping, the differential PL intensity (PL,,) was defined as

PLd.lﬂ' = PLpump&probe - PLpnmp - PLprobe’ (4)
where PL,,,,, PL,g, and PL,,. e are the PL intensities
measured under conditions (i) (i) and (iii), respectively.
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Fig. 2. (a) Par-field PL spectrum of a sample recorded with probe—sample
separation of 3 um for the collection-mode operation at 15 K. (b) The
differential PL spectra, which is the intensity difference between PL
spectra measured with probe-sample separations of 3 pm and < 10 nm.
The peaks X, Y and Z indicated by arrows correspond to the wavelengths
of lowest exciton state in QCs with the side lengths L of 3.5, 4.6 and
6.3 nm, respectively.

Figure 4(a) shows the PL spectrum obtained at the centre of
the area enclosed by the solid circle in Fig. 3(a). For compari-
son, Fig. 4(b) shows the PL spectrum obtained at the centre
of the area enclosed by the broken circle in Fig. 3(a). The verti-
cal axes are normalized to the PL intensities from the 6.3 nm
QC(i.e. at 385 nm of Fig. 3b). The pump laser light was used as
the control light in Fig. 1(c) by tuning its wavelength to the
(1,1,1) exciton energy level of a 6.3 nm QC. In Fig. 4(a), two
satellite peaks appear at the positions of the (1,1,1) levels in
the 4.6 and 3.5 nm QCs. The appearance of the satellite peaks
means that the switching system proposed in Fig. 1 was
constructed in the area enclosed by the solid circle. In other
words, a trio of OCs with sizes of 3.5, 4.6 and 6.3 nm (i.e. their
size ratiowas 1: «/5 : 2) exists in this area, and pumping to the
6.3 nm QC blocks the energy transfer from the 3.5 and 4.6 nm
QCs to the 6.3 nm QC due to the state filling of the 6.3 nm QC.
Thus, the 3.5 and 4.6 nm QCs emit light that results in the
satellite peaks in Fig. 4(a). This process corresponds to the ON
state in Fig. 1(c). The satellite peaks never originate from
exciton excitation levels (2,1,1) and (2,2,2), because they are
optically forbidden, and satellite peaks from the other excitation

(a) 385 nm

a2
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Fig. 3. (a) Spatial distributions of the near-field PL intensity for a peak
of 6.3 nm QCs in Fig. 2(b). The inset shows a cross-sectional profile of
the near-field PL intensity along with a broken line across a solid circle.
(b) The near-field PL spectrum measured at the centre in the solid circle
in (a).

levels, such as (2,2,1) and (3,1,1) in the 6.3 nm QC, have not
been observed. The absence of satellite peaks from the 3.5 and
4.6 nm QCs in the PLy; spectra at other positions, as shown in
Fig. 4(b), supports our interpretation, which means that the
proposed switching system is absent from the area enclosed by
the broken circle in Fig. 3(a).

The PL peak from the 4.6 nm QC corresponds to the output
signal in Fig. 1(c), which is the first demonstration of our
proposed near-field optical switching operation. The PLyg
intensity from the 4.6 nm QC, was 0.05 £ 0.02 times the PL
intensity from the 6.3 nm QC in Fig. 3(b). This value is quite
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Fig. 4. Near-field differential PL spectra measured at the centre in the
solid (a) and the broken (b) circles in Fig. 3(a). Vertical axes were
normalized to the peak height of the curve in Fig. 3(b).

reasonable considering the pumping power density of 10+
3 Wcm™, because the probability density of excitons in a
6.3 nm QCis 0.1 £0.05 (Landolt-Bornstein, 1982), which is
close to the above-mentioned normalized output signal inten-
sity. This result indicates that the internal quantum efficiency
of the switching system is close to 1. We believe that this nano-
photonic switch is smaller than 30 nm, as estimated from the
full-width at half maximum shown in the inset of Fig. 3(a).
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Tofabricate the trio of QCsin a controlled manner, we developed
the process of near-field optical chemical vapour deposition.
Nanometric Zn patterns have been fabricated with high preci-
sion in their size and positions (Polonski et al., 1999; Yamamoto
et al., 2000; Kawazoe et al., 2001). Quantum size effects of the
fabricated nanometric ZnO have also been observed (Yatsui
etal., 2002). A real nanophotonic switching device will be
developed in the near future by using this fabrication process.

Conclusions

We proposed a nanophotonic switch using three different
sized QCs. We demonstrated the switching operation in CuCl
QCs embedded in a NaCl matrix using near-field pump—probe
photoluminescence spectroscopy in the UV region. The
optical switch was estimated to be smaller than 30 nm, and
the internal quantum efficiency was close to 1. The proposed
nanophotonic switch is expected to be a key device in future
nanophotonic integrated circuits.
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Fabrication of a Ferromagnetic-Coated Fiber Probe with

a Double-Layer Structure

Jungshik LIM'®), Tadashi KAWAZOE!, Takashi YATSUI!!, Nonmembers,

SUMMARY We fabricated the first Fe-coated fiber probe
for magneto-optical applications. In order to improve the optical
confinement capability, we used a double-layer structure, with a
thin coating of Au. The double-layer structure consisted of 50-
nm-thick Fe and 50-nm-thick Au. A probe-to-probe experiment
confirmed that the fabricated fiber probe had an effective optical
confinement capability for optical near-field measurement.

key words: optical near field, probe, fiber, ferromagnetic

1. Introduction

Many types of apparatus have been used to observe
nano structures, including scanning tunneling micro-
scopes (STM) [1], atomic force microscopes (AFM) [2],
near-field optical microscopes (NOM) [3], and so on.
Since the probe in such equipment detects the physi-
cal and chemical responses of nanometric matter, the
design of the probe should depend on what physical
or chemical properties are to be measured [4]-[6]. For
example, STM and AFM probes made of ferromag-
netic materials have been reported [7],[8], and have
unique functions, such as spin-polarized electron in-
jection [9] and magnetic-force sensing [8],[10]. Simi-
larly, fiber probes for NOM using ferromagnetic mate-
rial have unique functions, such as a magnetic-force mi-
croscope (MFM) probe with photo-excitation ability. It
is also expected to manifest the magneto-optical effects,
such as Faraday effect, magnetic Kerr effect, and so on.
Therefore, a ferromagnetic-coated fiber probe may act
as a magneto-optical polarization controller for an op-
tical near field. In a localized area, it is difficult to
determine a light polarization due to the uncertainly
relation between a wave number and a position, and
controlling the polarization of an optical near field is
challenging. However, localized matters, such as quan-
tum dots and atoms, have light polarization selectivity
in their electron transitions. We consider that the po-
larization control of an optical near field is possible,
and is useful for optical near-field study. This paper
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reports the fabrication of an Fe-coated fiber probe with
high optical confinement capability by introducing a
double-layer coating structure for the light polarization
control.

2. Fabrication of a Double-Layer Probe

To develop a fiber probe with magneto-optical prop-
erties, we selected Fe for the coating because of its
large magneto-optical effect [11]. For practical near-
field probe, optical properties are also important. Espe-
cially, optical confinement is one of the essential prop-
erties to realize an optical near field with high gener-
ation throughput and small spot size. We used finite
deferential time domain (FDTD) calculations to deter-
mine the optimum parameters for effective optical con-
finement. The simulation results indicated that optical
confinement is ineffective with an Fe film, because the
plasma oscillation frequency is much lower than the
optical frequency to be used. To overcome this diffi-
culty, we propose using an Fe-coated fiber probe with a
double-layer structure. We used a similar structure on
another type of fiber probe, and successfully obtained a
high-resolution image of Deoxyibo Nuclec Acid (DNA)
[12]. Additionally, it is expected that the double-layer
structure increases the magneto-optical effect [11].

Figures 1(a)—(c) show the process used to fabricate
a fiber probe with a double-layer structure. First, the
fiber was sharpened to realize a double taper, using
two buffered hydrogen fluoride solutions (BHF, and
BHFp) as etchants (Fig.1(a)) [3]. The two solutions
contained different ratios of NH4F solution (40 wt.%):
HF acid (50 wt.%): H20, which were 1.7:1:1 (BHF,)
and 10:1:1 (BHFg). After etching the fiber end with
BHF 4 for 60 min to obtain the first taper, it was etched
with BHFg for 120 min for the second. The typical cone
angle of the first taper was 80°.

In order to improve the adhesion of coating ma-
terials to a sharpened fiber during a vacuum evapora-
tion, a pre-coating is important. Usually, a thin layer
of Cr is deposited before the vacuum evaporation of a
metal film [13]. The magnetism of the coating on the
fiber probe should be preserved, because the magneto-
optical effect of the fiber probe originates from it. How-
ever, when evaporating Fe film, Cr forms an alloy with
Fe, which can cause the magnetism of the fiber probe
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Etching with two buffered hydrogen fluoride solutions (BHF 4
and BHFg) was used to sharpen the fiber end and the methanol
treatment improved the adhesion of the Fe coating. (b) Fe vac-
uum evaporation. (c) Au sputtering.
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Fig.2 EDX spectrum of the Fe-coated fiber. The Si and O
peaks come from the fiber core (SiO2). The Fe peaks are from
the Fe coating on the fiber.

to decrease or disappear [14]. In order to overcome this
difficulty, we adopted methanol treatment [15], instead
of a Cr film, to realize homogenous Fe coating. Before
the vacuum evaporation, the sharpened fiber was ex-
posed to methanol for 30 sec to radicalize the fiber sur-
face (Fig.1(a)). The adhesion of Fe coating improved
by the activation of the fiber surface.

Next, to coat the Fe film, we kept the Fe vacuum
evaporation rate at 0.02-0.03 nm/sec (Fig. 1(b)) based
on preliminary experimental results. Since Fe forms an
alloy with the W in the heater boat at the tempera-
ture above melting point of Fe, the temperature was
kept below this while sublimating the Fe. The typ-
ical evaporation time and resultant Fe thickness were
2000s and 50 nm, respectively. Energy dispersive X-ray
(EDX) was used to investigate the composition of the
evaporated Fe coating on the sharpened fiber. Figure 2
shows an EDX spectrum of the Fe-coated sharpened
fiber before Au sputtering. Signals from SiO2 and Fe
were observed, while no other significant signal was ob-
served in the spectrum. This confirmed successfully
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Fig.3 SEM images of a fabricated fiber probe. (a) The entire
probe. (b) A high-magnification SEM image of the fiber probe.
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Fig.4 Schematic drawing of the probe-to-probe experiment.
LD: Laser Diode. PZT: Piezoelectric transducer. P.M.: Photo-
multiplier.

coating with a high purity, uniform Fe film. Third, the
Fe-coated fiber was coated with an Au film using the
DC sputtering method (Fig.1(c)). The typical depo-
sition time and resultant Au thickness were 300s and
50 nm, respectively. Figure 3 shows SEM images of
the fabricated fiber probe with a double-layer structure
consisting of 50-nm-thick Fe and 50-nm-thick Au.

3. Evaluation of Optical Confinement

Figure 4 shows the instruments used to evaluate the
optical confinement capability of the fabricated fiber
probe, i.e., for measuring the spatial distribution of
the optical near-field intensity on the fabricated fiber
probe (Probe 1) by the probe-to-probe method [16].
The second probe (Probe 2) used for this evaluation
was a double-tapered fiber probe that was fabricated
by etching a fiber coated with a 1000-nm-thick layer of
Au. A 30-nm diameter aperture was formed by the fo-
cused ion beam (FIB) technique. In the measurement,
linearly polarized light from a laser diode (850 nm) was
coupled into the single-mode fiber. The optical near-
field intensity on Probe 1 was observed by scanning
with Probe 2 and detecting the scattered light with a
photo-multiplier, while the separation between the two
probes was maintained within several nanometers using
the shear-force technique [3].

Figure 5(a) shows the measured spatial distribu-
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Fig.5 Spatial distribution of the optical near-field intensity
on Probe 1 measured in a probe-to-probe experiment. (a) Two-
dimensional distribution and (b) cross-sectional profile of the dis-
tribution along the dotted line for the double-layer fiber probe
(Au and Fe). (c) Two-dimensional distribution and (d) cross-
sectional profile of the distribution along the dotted line for the
Fe-coated fiber probe fabricated for comparison.

tion of the optical near-field intensity at the apex of
the double-layer fiber probe (Probe 1). Figure 5(b)
shows the cross-sectional profile along the dotted line
in Fig.5(a). It has a single peak and its full width
at half maximum (FWHM) is 200 nm, which depends
on the aperture diameter of Probe 2. The 30-nm di-
ameter aperture of Probe 2 is much smaller than the
FWHM of 200nm. Therefore, the FWHM corresponds
to the spatial resolution of the Probe 1. The spatial
resolution of a probe corresponding to this value is less
than A/4 and is sufficient for spatially resolved near-
field measurements [3]. For comparison, a fiber probe
with a single-layer 250-nm Fe film and a 50-nm aper-
ture was fabricated and evaluated. The measured spa-
tial distribution of the optical near-field intensity was
doughnut-shaped, as shown in Fig.5(c). The FWHM
of its cross-sectional profile along the dotted line in
Fig.5(c) was 3.4um (Fig.5(d)). The doughnut-shape
originates form ineffective optical confinement of the
Fe layer, since the plasma frequency of Fe is much less
than the used laser frequency (850 nm).

The improved optical confinement capability that
is shown by Figs. 5(a) and (b) is attributed to the fact
that the Au layer works as a cladding for the core Fe
layer.

4. Conclusion

We fabricated a double-layer Fe-coated fiber probe for
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the first time. Methanol treatment was used to improve
the adhesion of the Fe coating. In order to realize a
sufficiently high optical confinement, an Au film was
coated as a cladding layer. Evaluation by the probe-to-
probe method confirmed that the confinement capabil-
ity of the fiber probe was sufficient for use as a NOM
probe.
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Lateral Integration of Zn and Al Dots with
Nanometer-Scale Precision by Near Field Optical
Chemical Vapor Deposition Using a Sharpened

Optical Fiber Probe

Yoh YAMAMOTO', Motonobu KOUROGI!t, Nonmembers,
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SUMMARY  In-situ position-controlled lateral deposition of
nanometer-size Zn and Al dots on a sapphire substrate was ac-
complished by dissociating diethylzinc and trimethylaluminum
using an optical near field on a sharpened optical fiber probe tip.
The minimum diameters of the Zn and Al dots deposited were 37
and 25nm, respectively, comparable with the apex diameter of
the fiber probe. By changing the reactant molecules during de-
position, nanometric Zn and Al dots were successively deposited
on the same sapphire substrate with high precision. The distance
between these dots was as short as 100 nm.

key words: near-field, optical CVD, nano structures, nano fab-
rication

1. Introduction

The integration of nano-scale photonic devices in fu-
ture optical technology is the focus of much atten-
tion [1]. Such integration requires advanced nano-
fabrication techniques to realize high spatial resolution,
precise control of size and position, and applicability
to various materials. Self-organized growth has been
widely investigated for such nano-fabrication [2]; how-
ever, its spatial precision is not sufficient. To improve
precision, an e-beam (3], STM [4], and surface modi-
fication (5] have been used for site-control of the sub-
strate. In-situ patterning of nano-scale structures has
also been investigated using a scanning probe micro-
scope, such as an STM [6]; however, this technique has
the fatal disadvantage that it cannot deal with insula-
tors, limiting its application.

In order to solve this problem, we recently demon-
strated near-field optical chemical vapor deposition
(NFO-CVD), which makes it possible to fabricate nano-
scale structures while precisely controlling their size
and position [7],(8]. The outstanding advantage of
NFO-CVD is that the optical near-field effect enables
deposition even using non-resonant photons [9]). Due to
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the photochemical reaction between the reactant mole-
cules and the optical near field generated at the optical
fiber probe, NFO-CVD is applicable to various mate-
rials, including metals, semiconductors, and insulators.
By changing the reactant molecules during deposition,
nano-scale structures made of different materials can be
created on the same substrate. Furthermore, selective
deposition is also possible by varying the photon energy,
making NFO-CVD a powerful tool for the fabrication
and integration of nano-scale photonic devices.

2. Experimental

In our previous work, we demonstrated the deposition
of Zn dots 60nm in diameter using an optical fiber
probe with an aperture diameter of 60nm [8]. Such
apertured probes have been widely used for spatially
resolved optical near-field imaging and spectroscopy.
However, precise control of position while fabricating
nano-scale structures is not straightforward because of
the probe’s flat tip. In order to improve precision, we
used a sharpened UV optical fiber probe with an apex
diameter of less than 50nm. After forming a tapered
probe by pulling and etching a pure silica core, the
probe was coated with 20-nm-thick Al film [10]. Fig-
ure 1 shows an SEM image of the apex of the fiber
probe. An optical near field generated in the region
corresponding to the apex diameter of the tip disso-

Fig.1 A SEM image of a sharpened UV optical fiber probe.
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ciates reactant molecules around the tip. Since the
tip used for optical near-field generation is highly sen-
sitive to the shear force with the substrate, the fiber
probe facilitates precise position control during depo-
sition. Moreover, the sharp tip enables reliable in-situ
shear-force topographic imaging of the deposited nano-
scale structures, immediately after deposition.

In the following section, we demonstrate the de-
position of nano-scale dots of Zn and Al while control-
ling their size and position using the fiber probe de-
scribed above. Furthermore, we integrated nanometric
Zn and Al dots on the same substrate by changing the
reactant molecules during deposition. The metals were
deposited using the photodissociative reactions of di-
ethylzinc (DEZ) and trimethylaluminum (TMA) with
the second harmonic (SH) light (wavelength: 244 nm)
of an argon ion laser [11]. In order to optimize the
experimental parameters of the NFO-CVD, we carried
out preliminary CVD experiments in which DEZ and
TMA were dissociated using conventional propagating
light. By referring to the EDS spectra of the deposited
films, we determined the experimental parameters that
resulted in deposited films of high quality Zn and Al
These parameters were used as the optimized parame-
ters for NFO-CVD, as described below.

The SH light was coupled with the fiber probe used
to generate an optical near field. The probe was in-
stalled in the deposition chamber and controlled using
a scanning near-field optical microscope system. The
vacuum chamber was evacuated to below 1.3 x 1073 Pa
and then filled with reactant gases. An atomic smooth
sapphire [12] was used as the substrate, and kept at
room temperature. During deposition, the substrate-
probe distance was maintained within several nanome-
ters using the shear-force feedback technique. The to-
pographic profiles of the deposited patterns were mea-
sured by vacuum shear-force microscopy (VSFM) [13]
with the same fiber probe.
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3. Result and Discussion

Figure 2(a) shows the shear-force image of two nano-
metric Zn dots deposited on the sapphire substrate us-
ing the fiber probe in Fig.1. The partial pressures
of DEZ and the carrier gas (Ar) were 1.3 and 36 Pa,
respectively. The deposition time, using SH light at
1 mW power, was 60s. Figure 2(b) shows the cross sec-
tional profile along the dashed line shown in Fig. 2(a).
The full widths at half maximum (FWHM) of the two
dots are 52 and 37 nm, which are comparable with the
apex diameter of the fiber probe used. The distance
between the two dots is 45 nm, which is as short as the
FWHM of the dots. These results demonstrate the high
precision of the nanometric deposition capability of this
technique and its ability to control size and position.

Figure 3(a) shows shear-force images of five Al dots
on a sapphire. These dots were deposited by dissociat-
ing TMA using SH light at 1 mW power. The deposi-
tion time was 60s. The partial pressures of TMA and
the carrier gas (Ar) were 1.3 and 64 Pa, respectively.
The FWHM of one dot in Fig.3(b) is 27 nm, which is
comparable with the apex diameter of the probe used.
This is the first report of the deposition of nanometric
Al dots using this technique.

As the experimental results described above show,
various materials can be deposited selectively by chang-
ing the reactant gases. Furthermore, the technique is
not limited by the species of substrate or the mate-
rial deposited. In addition to these advantages, the
unique and most attractive advantage is the possibility
of in-situ lateral integration of nano-scale structures
of different materials with ease. Figure 4 proves this
possibility, by showing shear-force images of Zn and
Al dots deposited in close proximity with each other
on a sapphire substrate: First, Zn dots were deposited
under a DEZ partial pressure of 1.3Pa, as shown in
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Fig.2 Closely spaced two nanometric Zn dots deposited on a sapphire substrate (a)
Shear-force images. (b) Cross-sectional profile along the white dashed line in (a).
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Fig.3 Five Al dots deposited on a sapphire substrate. (a) Shear-force images. White
arrows indicate the Al dots. (b) Cross-sectional profile along the white dashed line in (a).
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Fig.4 Zn and Al dots deposited closely on a sapphire sub-
strate. (a) Shear-force images of Zn dots deposited by the first
step of the process. (b) Shear-force images of Zn and Al dots.

Fig.4(a). Next, Al dots were deposited under a TMA
partial pressure of 1.3 Pa after the deposition chamber
was evaporated to a pressure of 6.7 x 10~4 Pa. The final
result is shown in Fig. 4(b). Here, the distance between
Zn and Al dots is as short as 100 nm.

This technique enables the fabrication of nano-
scale electro-luminescence (EL) devices on a p-type
semiconductor substrate by assembling metallic Al
wires and n-type ZnO nano-scale dots. We have al-
ready demonstrated the deposition of n-type ZnO dots
by NFO-CVD and evaluated their UV light-emitting
characteristics [14],[15]. Moreover, this technique is
not limited to Zn, Al, and ZnO, but is applicable to
various metals, semiconductors, and insulators.

4. Conclusion

In summary, we carried out the deposition of nano-scale
Zn and Al dots on a sapphire substrate, while precisely
controlling their size and position. Furthermore, we
deposited Zn and Al dots in close proximity on the same
substrate by changing the reactant gas. These results
demonstrate that this technique enables the integration
of nano-scale dots of different materials. Analysis of

the nano-scale dots deposited is an important problem;
however, we expect that it can be solved using in-situ
near field Raman spectroscopy [16].
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This paper describes a novel model for the dynamics of the dipole coherence in two-level
quantum dots (QDs) interacting with localized photons. The model is based on the fact that
the coupling on a nanometer scale between QDs via optical near fields represented by
localized photons is much stronger than that via propagating far fields. The model predicts
that an intriguing phenomenon such as a collective dipole oscillation occurs if the initial
quantum states are locally manipulated. The origin of this kind of collective behaviour is
discussed in view of Dicke’s su iance.

Keywords: Dipole coherence; Localized photon; Exciton; Optical near fields; Collective dipole
oscillation; Dicke’s superradiance

1 INTRODUCTION

Recent progress in nanotechnology has enabled us to explore the excitonic
processes and control quantum states in an isolated semiconductor quantum
dot (QD) or several coupled quantum dots that are also isolated from one
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another [1]. It seems that in the near future, the excition dynamics will be
experimentally investigated with the help of the near-field optical techni-
ques [2] by the local excitation of arbitrarily selected QDs. Optical near
fields, free from the diffraction limit, are localized around the matter,
e.g., around a near-field probe tip or a QD system, and thus they can be
reasonably treated either as a short-range effective interaction of QDs or
as localized photonic degrees of freedom. Moreover, the near-field
coupling strength between QDs is much stronger than the far-field one in
the nanometer regime. One then expects essentially different dynamics
from what has been obtained with optical far fields that cannot, due to
the diffraction limit, selectively excite QDs arranged at a nanometer
scale. In this paper, we report intriguing phenomena that appear in such
an initially locally coupled QD system via localized photons, on. the
basis of a novel model that takes both localized photonic and excitonic
degrees of freedom into account explicitly.

2 THEORY OF COHERENT OSCILLATION

We consider a model system consisting of N two-level QDs closely config-
ured in a ring (Fig. 1(a)) and localized photons on each QD. An exciton in a
QD can interact only with localized photons in the same QD while the loca-
lized photons can hop between the nearest neighbour sites. This model
is based on the unique property of localization or non-propagation of the
optical near fields [3] mentioned above, and is preferable for an intuitive
understanding of coherent excitation transfer between the QDs and its
manipulation by the localized photons. The model Hamiltonian H can be
written in the following form:

H = H, + Hy + Hy,, (1)
N N
H, = sZa:a,. + VZ(aI_,_,a,. +alan1), (1b)
n=l" n=1
Hy=E) blb,, (1c)
n=1
N
Hu=UY) (alby +a,b}), (1d)
n=1
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FIGURE 1 (a) Schematic diagram of a model system: N two-level QDs labelled by the site
number are closely configured in a ring and interacting with localized photons. (b)~(d) Time
evolution of the dipole coherence for the system size N = 8. The vertical and horizontal axes
represent the dipole coherence and the QD site, respectively. From (b) to (d), a collective
oscillation is growing, which originated from a local manipulation of the initial non-radiative
state (a).
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where H, and H, describe localized photons and excitons in QDs, respec-
tively, and the intradot interaction between the localized photons and the
excitons is denoted as Hiy.. Creation and annihilation operators for a loca-
lized photon and an exciton in each QD labelled by n are expressed as
(af,a,) and (b}, b,), respectively. The localized photon operators satisfy
the bosonic commutation relation while the exciton operators obey the
fermionic commutation relation in a single site and the bosonic one
between different sites. The constant energies of the localized photons
and excitons are assumed to be ¢ and E, respectively. The hopping energy
of the localized photons is represented as ¥, and U is for the conventional
dipolar coupling between the localized photons and excitons in the rotating
wave approximation.

In order to investigate the coherent excitation dynamics of the system,
we examine the time evolution of the expectation value of the dipole coher-
ence at an arbitrary QD n, (Pu(f)) = (ba(t) + b}(¢)), under a variety of
initial conditions. Since the Heisenberg equations of motion for b,(¢) and
ax(?) are nonlinearly coupled, it would be rational to solve them considering
Hin as a perturbation Hiy,. Defining the Liouville operators as

Lo=gzlH,ol, Lis =3l o], Le=ilfosl @

we have formal solutions of b,(¢) and b](¢) as follows:
ba(t) = G()ba(0),  ba(2) = G(£)bn(0). 3)

Here the operator G(¢) is defined as G(¢f) = exp(iL¢), which satisfies the
following equation:

% = iLG(t) = i(Lo + Lin)) G(6). @)

Then the perturbative solution of G(¢) in the second order is obtained as

GOt =Go(t) + 'Jo Go(t — $)LimGo(s) ds
(5)

- J4 ds JS duGo(t - S)LimGo(S - u)LintGO(u)
0 0
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with Go(#) = exp(iLof), and the expectation value of the exciton operator
b,(?) can be written as

(Ba(8)) = (ba(0)) exp(—iQxt)
N N
+ gZ Z 1-.j(t) (Z Panmj(l - 5mn)(Wn(0)) (bm(o» - P,i(b,,(O)))
j=1 m=1
©

Here E=1Q, U =g, and

t 'S
Ii(f) =™ L e"’(Q"If)dsJo "4 du, )

In addition, we employ the eigenvalue 4; and the matrix elements of the
diagonalizing operator P, noticing that the Hamiltonian H, in Eg. (1b)
can be diagonalized in terms of the mixed photon operator
Vi = 22;1 P"ja” as

H,o=Y miply, [yv1=6. (8)
J

The population difference at a time ¢, W,(t) = bj(£)ba(t) — ba(8)B1(2), is
also incorporated in Eq. (6), as another state parameter to be manipulated
locally. The expressions given by Eq. (6) and its Hermitian conjugate
provide a final result as

(Pa(®)) = (Pa(0)) (COSQt - gZ ch(t)Przxj)
J

+2 YD G(OPwP i (Pn(0)) (Ha(0)),
J m#n

)

where the real part of I';(r) in Eq. (7) is denoted by ¢;(#). It is noteworthy
that the sign of the dipole coherence of nth QD (P,(t)), depends on the
product of the initial dipole coherence and population difference from
the second line of Eq. (9), which indicates a possibility of the local mani-
pulation leading to a collective behaviour of the system.
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3 RESULTS AND DISCUSSION

On the basis of Eq. (9), we numerically investigate the dynamics of dipole
coherence depending on initial conditions. Suppose the dipole coherence is
initially set only at QD 1 as (P,(0)) = J,) and all the population differences
(W,(0)) as —1 with the material parameters ¢, ¥, and Q given. Then the
dipoles of QDs 4, 5, and 6 oscillate with an opposite sign to those of
other QDs. If the population differences in QDs 4, 5, and 6 are set opposite
to those of other QDs at ¢ = 0, we find a collective oscillation of all QDs
dipoles. This indicates that an appropriate local manipulation of the quan-
tum states in the QDs at ¢ = 0 can induce a collective oscillation of all the
dipoles of the system.

Figures 1(b)—~(d) illustrate the more intriguing non-radiative case, where
the alternating dipole coherences are initially set by an optical near-field
probe, ie, the total dipole of the system is vanishing as
(Pa(0)) = (=1)""! for n=1,2,...,N = even. It follows from Figs 1(b)
to 1(d) that a collective oscillation of the dipoles is growing. The point
of the matter is a local manipulation by which the sign of the population
difference in each QD is set opposite to that of the corresponding dipole
coherence as (W,(0)) = —(P,(0)). Note that this kind of collective
phenomenon never manifests itself if all the QDs are excited by optical
far fields as (W,(0)) = —1 or 1 for all n. Therefore this kind of collective
behaviour is inherent in the optical near fields.

The dipole-ordered state discussed above is close to Dicke’s superradiant
state whose maximum intensity of radiation is given by (N/2){1 + (N/2)}.
Our analysis for the total QD number of N = 8 shows a maximum value of
about 15 corresponding to 20 as the Dicke value. This reduction of the
maximum value from 20 to 15 is consistent with the result obtained with
the XY model [4]. The mechanism of this ordering is explained using
the following effective Hamiltonian

Her =) KQbIba+ Y Y Junblbm, (10)

n ms#n
which is derived from Egs. (1a)~(1d) with the help of the unitary transfor-

mation [5] and elimination of the localized photonic degrees of freedom.
The hopping energy J,» of excitons is explicitly expressed as

v £
J,,m = ;ﬂpnjpmj —Jmm (11)
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which is not constant as in the XY model. Using Eq. (10), we can write the
dipole coherence in QD 7 at time ¢ as

(Pa()) = (Pa(0)) cOSU(Q + Jun)t] + Y _ Jumt{(0)) (Pm(0)) sin(Qe), (12)
m#n

which shows that the sign of (P,()) is governed by the sign of J,, as well
as the product of (W,(0)) and (P»(0)). When (#,(0)) is —1 for all n and
only the dipole coherence of QD 1 (P(0)) is initially generated, with the
same material parameters discussed above, it follows from our analysis
that the signs of Jj, for n =4, 5, and 6 are opposite to those of others.
Therefore if the population difference of QDs 4, 5, and 6 can be initially
inverted to have the value 1, the directions of all the dipoles of the system
are aligned at time ¢, and this results in the dipole-ordered state. In addition,
one can control the sign of the hopping energy J,m by choosing the material
parameters, and can have, e.g., a “ferromagnetic” state with all parallel
dipoles, or an “anti-ferromagnetic” state with alternating anti-parallel
dipoles.

In summary we have presented a novel model of an N two-level-QD
system interacting with localized photons, on the basis of the unique
non-propagation property of optical near fields. The dynamics of the dipole
coherence have been examined, and a collective oscillation has been
predicted after a local manipulation of the initial quantum states of QDs.
We have discussed the mechanism of this collective phenomenon, using
an equivalent effective Hamiltonian.

References

[1] Stievater, T. H., Xiaoqin Li, Steel, D. G., Gammon, D., Katzer, D. S, Park, D.,
Piermarocchi, C. and Sham, L. J. (2001). Phys. Rev Lett., 87, 133603; Kamada, H.,
Gotoh, H., Temmyo, J., Takagahara, T. and Ando, H. (2001); ibid., 87, 246401; Kawazoe,
T.,, Kobayashi, K., Lim, J., Narita, Y. and Ohtsu, M. ibid., 88, 067404; Htoon, H.,
Takagahara, T., Kulik, D., Baklenov, O., Holmes, A. L. Jr. and Shih, C. K. (2002). ibid.,
88, 087401.

[2] Ohtsu, M., Kobayashi, K., Kawazoe, T., Sangu, S. and Yatsui, T. (2002). /EEE Journal of
Selected Topics Quantum Electronics, 8, 839.

[3] Kobayashi, K., Sangu, S., Ito, H. and Ohtsu, M. (2001). Phys. Rev. 4, 63, 013806; Inoue, T.
and Hori, H. (2001). ibid., 63, 063805.

[4] Tokihiro, T., Manabe, Y. and Hanamura, E. (1993). Phys. Rev. B, 47, 2019.

[5] Kittel, C. (1987). Quantum Theory of Solids, 2nd revised printing. John Wiley & Sons, New
York, p. 148.

69



APPLIED PHYSICS LETTERS

VOLUME 81, NUMBER 19

4 NOVEMBER 2002

Fabrication of nanometric single zinc and zinc oxide dots by the selective
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optical near field
T. Yatsui®) and T. Kawazoe

Exploratory Research for Advanced Technology, Japan Science and Technology Corporation, 687-1

Tsuruma, Machida, Tokyo 194-0004, Japan

M. Ueda, Y. Yamamoto, M. Kourogi,” and M. Ohtsu®
Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, 4259
Nagatsuta, Midori-ku, Yokohama, Kanagawa 226-8502, Japan

(Received 20 May 2002; accepted 17 September 2002)

We demonstrated a deposition of nanometer-scale Zn dots using the selective photodissociation of
adsorption-phase diethylzinc with a nonresonant optical near field, where the photon energy is lower
than that of the absorption edge of gas-phase diethylzinc. We achieved nanometric prenucleation by
dissociating diethylzinc molecules adsorbed on a substrate. Subsequent deposition was performed
by dissociating the adsorbed molecules on the prenucleated Zn. The topographic image of the
deposited Zn dot had a full width at half maximum (FWHM) of 25 nm. Furthermore, the
photoluminescence intensity distribution from a single ZnO dot fabricated using laser annealing had
a FWHM of 85 nm. © 2002 American Institute of Physics. [DOI: 10.1063/1.1520337]

Ultrahigh integration of photonic switching arrays is
necessary to increase data transmission rates and the capacity
of future optical transmission systems. To accomplish this,
the size of all switching devices must be reduced beyond the
diffraction limit of light. We have already proposed a nano-
photonic integrated circuit (IC) that is composed of
nanometer-scale dots and wires. In this circuit, the optical
near field acts as a carrier to transfer signals.' We previously
reported near-field nonlinear absorption spectroscopy of
InGaAs single quantum dots? and near-field optical energy
transfer among resonant energy states of CuCl quantum
dots.> These are used in the operation of nanometer-scale
photonic switches.

To fabricate nanophotonic IC, nanometer-scale dots must
be deposited on a substrate with nanometer-scale controlla-
bility in size and position. This is necessary so that the opti-
cal near-field energy can be transferred from one dot to an-
other. To achieve this level of controllability, we
demonstrated the feasibility of nanometer-scale chemical va-
por deposition (CVD) using optical near-field techniques,*
and have demonstrated the deposition of 60 nm Zn dots with
high controllability.> Since high-quality ZnO nanocrystallites
can be obtained by oxidizing Zn nuclei,®’ this technique
could be used to produce high quality ZnO nanocrystallites:
a promising material for use in nanometer-scale light-
emitters and switching devices in nanophotonic IC.

However, conventional optical CVD method uses a light
source that resonates the absorption band of metalorganic
(MO) vapor and has a photon energy that exceeds the disso-
ciation energy.>® Thus, it utilizes a two-step process: gas-
phase photodissociation and subsequent adsorption. In this
process, resonant photons excite molecules from the ground

dElectronic mail: yatsui @ohtsu jst.go.jp
MAlso with Japan Science and Technology Corporation, 687-1 Tsuruma,
Machida, Tokyo 194-0004, Japan.
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state to the excited electronic state and the excited molecules
relax to the dissociation channel, and then the dissociated Zn
atoms adsorb to the substrate.” However, we found that the
dissociated MO molecules migrate on the substrate before
adsorption, which limits the minimum lateral size of depos-
ited dots [Fig. 1(a)].

A promising method for avoiding this migration is dis-
sociation and deposition in the adsorption phase [Fig. 1(b)].
Here, we propose and demonstrate a three-step deposition
technique for nanometer-scale Zn dots [Fig. 1(c)]: (1) ad-
sorbing MO molecular layers of diethylzinc (DEZn) on a
substrate, (2) nanometer-scale prenucleation of Zn, and (3)
subsequent selective deposition on the prenucleated Zn with
the photodissociation of adsorption-phase DEZn, using an

( (e =)
@ o moleecies (szep (1) Step (2)

(@

(b)

hv Adsorbed

. &moleculesq

SEIONRS,
- J

FIG. 1. Schematic diagrams of the photodissociation of the (a) gas-phase
and (b) adsorption-phase MO molecules. (c) Schematic diagram of photo-
dissociation using an optical near field. Step (1): adsorbing the DEZn mol-
ecules on the substrate. Step (2): dissociation by the optical near field and
prenucleation. Step (3): deposition by an optical near field in an atmosphere
of DEZn gas under nonresonant (proposed, case I) and resonant (conven-
tional, case II) conditions for gas-phase DEZn.

© 2002 American Institute of Physics
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FIG. 2. The experimental setup for near-field optical deposition. (a) Excimer
laser annealing. (b) Spatially resolved near-field spectroscopy.

rbe

optical near field whose photon energy is lower than that of
the absorption edge of gas-phase DEZn and higher than that
of the absorption edge of adsorption-phase DEZn [i.e., the
conditions are nonresonant for gas-phase DEZn and resonant
for adsorption-phase DEZn (case I)].

Figure 2 shows the experimental setup for near-field op-
tical deposition.> DEZn was used as a reactive molecular gas
source. Since the absorption band edge wavelength () of the
gas-phase DEZn was 270 nm,® we used He—Cd laser light
(A=325 nm) (case I) as the light source; it is nonresonant to
gas-phase DEZn. Note that the photon energy remained
higher than the dissociation energy of DEZn (2.26 eV). For
comparison, the second harmonic of an Ar* laser was used
as the light source; it resonates the gas-phase DEZn because
it has a wavelength (A=244 nm) shorter than that of the
absorption band edge X [case II in step (3) in Fig. 1(c)]®

To efficiently generate the optical near field, we used a
sharpened UV fiber probe with a pure silica core and
fluorine-doped cladding. This probe was fabricated using a
pulling/etching technique. A scanning electronic microscopic
image of a fiber probe with an apex diameter of 30 nm is
shown in the inset of Fig. 2.'% Since propagating nonresonant
light that leaks from the probe does not dissociate the gas-
phase DEZn, we used a fiber probe without the metal coating
to generate a nonresonant optical near field at the apex for
selective dissociation and deposition. Since the deposition
time was sufficiently short, the deposition of Zn on the fiber
probe was negligible. The separation between the fiber probe
and the (0001) sapphire substrate was kept within several
nanometers by shear-force feedback control. Immediately af-
ter the Zn dots were deposited, their sizes and shapes were
measured by in situ vacuum shear-force microscopy,'’ using
the same probe used for deposition. Furthermore, to confirm
that the deposited dots were Zn, we fabricated a UV-emitting
ZnO dot by oxidizing the Zn dot immediately after deposi-
tion. Laser annealing was employed for this oxidization,’
that is, the deposited Zn dot was irradiated with a pulse of an
ArF excimer laser (A=193 nm, pulse width-30 ns, fluence-
120 mJ/cm?) in a high-pressure oxygen environment (5 Torr)
[Fig. 2(a)]. To evaluate the optical properties of the oxidized
dot, the photoluminescence (PL) intensity distribution was
measured using an illumination and collection mode (IC-
mode) near-field optical microscope. For this measurement, a
He-Cd laser (A =325 nm) was used as the light source, the
signal collected through a fiber probe, and a long wave (A

Yatsui et al.

FIG. 3. Bird’s-eye views of a shear-force topographical image of Zn depos-
ited using (a) A =325 nm without gas-phase DEZn, (b) A=325nm in an
atmosphere of DEZn gas, and (c) A=244 nm in an atmosphere of DEZn
gas.

>360 nm) pass filter was focused on a photomultiplier tube
to count photons [Fig. 2(b)].

Figure 3(a) shows a topographical image of a prenucle-
ated Zn dot, when a He—Cd laser (A =325 nm) was used as
a nonresonant light source. The laser output power was 100
W and the irradiation time was 120 s. Before irradiating the
optical near field, 10 mTorr DEZn gas was introduced into
the vacuum chamber (the total pressure including Ar buffer
gas ranged from 200 to 300 mTorr). Next, the chamber was
evacuated to a pressure below 1X 10~¢ Torr. Prenucleation
of the Zn dot was carried out after evacuation [step (2) in
Fig. 1(c)]. Figure 3(b) shows a topographical image of a Zn
dot deposited by dissociating the adsorbed DEZn layers on a
prenucleated Zn dot using A =325 nm in an atmosphere of
DEZn gas [case 1, step (3) in Fig. 1(c)] with a partial pressure
of 10 mTorr. The laser output power was 100 uW and the
irradiation time was 120 s. For comparison, Fig. 3(c) shows
a topographical image of Zn deposited using a resonant op-
tical near field (A =244 nm) in an atmosphere of DEZn gas
[case II, step (3) in Fig. 1(c)] with a partial pressure of 10
mTorr. The laser output power was 15 mW and the irradia-
tion time was 60 s.

" In Fig. 4, curves A, B, and C show cross-sectional pro-
files through the Zn dots in Figs. 3(a), 3(b), and 3(c), respec-
tively. Curve A indicates that nanometer-scale nucleation 1
nm high resulted from dissociating adsorbed DEZn on the
sapphire substrate using a nonresonant optical near field.
Curve B shows a sharp profile with a full width at half maxi-
mum (FWHM) of 25 nm and a height of 16 nm. It is clear
that the nonresonant propagating light (A=325nm) that
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FIG. 4. Cross-sectional profiles through deposited Zn dots. Curves A
(dashed-and-dotted line), B (solid line), and C (dashed line) show A\
=325 nm without gas-phase DEZn, A =325 nm in an atmosphere of DEZn
gas, and A=244 nm in an atmosphere of DEZn gas.

leaked from the probe did not dissociate the gas-phase DEZn
and, as a result, deposition occurred only on the prenucleated
Zn dot. In contrast to curves A and B, curve C has tails on
both sides of the peak. These tails correspond to the Zn de-
posited due to the photodissociation of the gas-phase DEZn
by the resonant optical near field and the simultaneous
propagating light.

The absorption edge of adsorption-phase DEZn was not
determined. However, we attribute the selective photodisso-
ciation of the adsorption-phase DEZn observed when using a
nonresonant optical near field (A=325nm; lower energy
than the absorption edge of the gas-phase DEZn molecules)
to the redshift in the absorption spectrum in DEZn with re-
spect to that in the gas-phase; that is, it resonates the
adsorption-phase DEZn. The redshift may be attributed to
perturbations of the free-molecule potential surface in the
adsorbed phase.®!? Since the resonant optical near field (A
=244 nm; higher energy than the absorption edge of the
gas-phase DEZn molecules) dissociates both the adsorption-
phase and gas-phase DEZn, it results in a deposited-dot pro-
file with side tails (curve C in Fig. 4). Furthermore, the very
sharp profile and high aspect ratio of the Zn dots without
tails (curve B in Fig. 4) demonstrates that the gas-phase
DEZn was selectively adsorbed on the prenucleated Zn, and
that the deposition was a result of the selective photodisso-
ciation of adsorption-phase DEZn on the prenucleated Zn
when using the nonresonant optical near field in an atmo-
sphere of DEZn gas.

Figure 5(a) shows the PL intensity distribution of an oxi-
dized dot [Fig. 3(a)] integrated for the wavelength region
longer than 360 nm using a long wave pass filter [Fig. 2(b)].
The low collection efficiency due to the IC-mode configura-
tion did not establish the spectrum. To overcome this diffi-
culty, a Zn thin film was deposited using the same CVD
process, except the optical near field was replaced by far-
field propagating light. After it was annealed with an excimer
laser, we found that the PL intensity of the spontaneous
emission from the free exciton was ten times greater than
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FIG. 5. Spatial distribution of the optical near-field PL intensity (\.
>360 nm) of an oxidized Zn dot. (a) The image is of a 750X 750 nm? area.
(b) Cross-sectional profile along the dashed white line in (a).

that of the deep-level green emission. Thus, we concluded
that the PL in Fig. 5(a) originated from spontaneous emission
from the free exciton. Figure 5(b) is the cross-sectional pro-
file along the dashed white line in Fig. 5(a). Note that the
FWHM in Fig. 5(b) is smaller than the dot size, which was
estimated using a shear-force microscope [Fig. 3(a)]. This
originates from the high spatial resolution capability of the
IC-mode near-field microscope. The next stage of this study
will be a more detailed evaluation of the optical properties of
single ZnO nanocrystallites.

In summary, we investigated the mechanics of near-
field optical deposition. By selectively photodissociating
adsorption-phase DEZn using an optical near field under
nonresonant conditions in gas-phase DEZn, we deposited a
Zn dot with a FWHM as low as 25 nm. Furthermore, using
IC-mode near-field spectroscopy, we obtained spatially re-
solved PL spectra from a single ZnO dot. Since our disposi-
tion method is based on a photodissociation reaction, it could
be widely used to fabricate size- and position-controlled
nanometer-scale structures in other metals, semiconductors,
and insulators.

The authors would like to thank Prof. A. Yamada of
Tokyo Institute of Technology for useful discussions.
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Abstract—This paper reviews progress in nanophotonics, a
novel optical nanotechnology, utilizing local electromagnetic
interactions between a few nanometric elements and an optical
near field. A prototype of a nanophotonic integrated circuit (IC)
is presented, in which the optical near field is used as a carrier to
transmit a signal from one nanometric dot to another. Each section
of this paper reviews theoretical and experimental studies carried
out to assess the possibility of designing, fabricating, and operating
each nanophotonic IC device. A key device, the nanophotonic
switch, is proposed based on optical near-field energy transfer
between quantum dots (QDs). The optical near-field interaction is
expressed as the sum of the Yukawa function, and the oscillation
period of the nutation of cubic CuCl QDs is estimated to be
less than 100 ps. To guarantee one-directional (i.e., irreversible)
energy transfer between two resonant levels of QDs, intrasublevel
transitions due to phonon coupling are examined by considering
a simple two-QD plus phonon heat bath system. As a result, the
state-filling time is estimated as 22 ps for CuCl QDs. This time
is almost independent of the temperature in the Born-Markov
approximation. Using cubic CuCl QDs in a NaCl matrix as a test
sample, the optical near-field energy transfer was experimentally
verified by near-field optical spectroscopy with a spatial resolution
smaller than 50 nm in the near-UV region at 15 K. This transfer
occurs from the lowest state of excitons in 4.6-nm QDs to the first
dipole-forbidden excited state of excitons in 6.3-nm QDs. To fab-
ricate nanophotonic devices and ICs, chemical vapor deposition
using an optical near field is proposed; this is sufficiently precise
in controlling the size and position of the deposited material. A
novel deposition scheme under nonresonant conditions is also
demonstrated and its origin is discussed. In order to confirm the
possibility of using a nanometric ZnO dot as a light emitter in a
nanophotonic IC, spatially and spectrally resolved photolumines-
cence imaging of individual ZnO nanocrystallites was carried out
with a spatial resolution as high as 55 nm, using a UV fiber probe,
and the spectral shift due to the quantum size effect was found.
To connect the nanophotonic IC to external photonic devices, a
nanometer-scale waveguide was developed using a metal-coated
silicon wedge structure. lllumination (wavelength: 830 nm) of the
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metal-coated silicon wedge (width: 150 nm) excites a TM plasmon
mode with a beam width of 150 nm and propagation length of
2.5 pm. A key device for nanophotonics, an optical near-field
probe with an extremely high throughput, was developed by
introducing a pyramidal silicon structure with localized surface
plasmon resonance at the metallized probe tip. A throughput as
high as 2.3% was achieved. Finally, as an application of nanopho-
tonics to a high-density, high-speed optical memory system, a
novel contact slider with a pyramidal silicon probe array was
developed. This slider was used for phase-change recording and
reading, and a mark length as short as 110 nm was demonstrated.

Index Terms—Nanofabrication, nanophotonic switch, optical
memory, optical near fields, plasmon waveguide, quantum dots,
silicon probe.

I. INTRODUCTION

E FIRST present three possible technical problems that

are faced by the future optical industry in order to ex-
plain the motivation behind the work reviewed here [1]. 1) Op-
tical fiber transmission systems require increased integration of
photonic devices if data transmission rates are to reach as high
as 10 Tb/s by the year 2015. To support this increase, it is esti-
mated that the size of photonic matrix switching devices should
be reduced to a subwavelength scale, to integrate more than
1000 x 1000 input and output channels on a substrate. Since
conventional photonic devices, e.g., diode lasers and optical
waveguides, have to confine the lightwave within their cavi-
ties and core layers, respectively, their minimum sizes are lim-
ited by the diffraction of light. Therefore, they cannot meet this
requirement, because the required size is beyond this diffrac-
tion limit. 2) Progress in DRAM technology requires improved
photolithography. It is anticipated that it should be possible to
fabricate patterns narrower than 50 nm by the year 2010. Al-
though several methods using special light sources, e.g., an ex-
treme ultraviolet (UV) light source and a synchrotron radiation
light source, have been developed, they require linewidth that
far exceeds the diffraction limit of visible light. 3) It has been
estimated that optical memory systems will require a recording
density as high as 1 Tb/in? by the year 2010, which is more than
100 times higher than that of a DVD. Since the mark length for
1 Tb/in? is as short as 25 nm, recording such small marks far
exceeds the diffraction limit of light.

1077-260X/02$17.00 © 2002 IEEE
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Fig. 1. Basic structure of a nanophotonic integrated circuit.

From these three points, it can be readily understood that
a novel optical nanotechnology that goes beyond the diffrac-
tion limit is required in order to support the optical science
and technology of the 21st century. To meet this requirement,
M. Ohtsu has proposed a novel technology, called nanopho-
tonics [2]. 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 local-
ization and resonance features, nanophotonics enables the fab-
rication, operation, and integration of nanometric devices. The
primary advantage of nanophotonics is its capacity to realize
novel functions based on local electromagnetic interactions. It
should be noted that some of the conventional concepts of wave
optics, such as interference, are no longer essential in nanopho-
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tonics. Instead, concepts of surface elementary excitation and
nanofabrication technology are essential.

To solve the first technical problem requires an advanced
photonic integrated circuit (IC). The degree of integration must
greatly exceed that of a conventional diffraction-limited photonic
IC. Quantum dot lasers and photonic crystals, composed of many
nanometric elements, cannot meet this requirement because they
use conventional lightwaves as a carrier for signal transmission.
Instead, it is indispensable to use a localized optical near field
as the carrier, and transmit it from one nanometric element to
another. Fig. 1 schematically explains the basic structure of such
anIC, called ananophotonic IC, proposed by the authors [3]. The
light emitters, optical switches, input/output (I/O) terminals, and.
photodetectors in this IC all consist of nanometric dots and wires.
The optical near field generated at one quantum dot s transferred
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to an adjacent dot in order to transmit the signal. A switching
device is used to modulate the optical near-field energy. To
connect this IC with external conventional photonic devices,
narrow waveguides are used as I/O terminals. Here, it should be
noted that the nanometric size of each device and the high degree
of integration are no more than a secondary advantage of this IC.
The primary advantage is that novel functions and operations
are realized based on the local electromagnetic interactions in a
nanometric system buried in a macroscopic heat bath, as will be
demonstrated in the following sections.

Section II outlines the theory of the nanophotonic switch,
which is a key device in the nanophotonic IC. Its function is
based on a unique optical near-field energy transfer, which
is allowed between nanometric elements by the exchange of
near-field photons. Experimental verification of this transfer
is described in Section ITI. To fabricate nanophotonic devices
and ICs requires a high degree of control and reproducibility
of the size and position of the fabricated nanostructures, which
should be as high as several nanometers. Section IV-A reviews
the chemical vapor deposition process developed to meet this
requirement, using an optical near field. An advantage of this
method is that it allows the selective growth of various materials,
i.e., metals, insulators, and semiconductors, by the choice of light
source. It should be noted that this deposition method also solves
Problem 2 above. Further, as described in Section IV-A, an
essential feature is that it allows nonresonant dissociation, which
is an intrinsic phenomenon induced by an optical near field.
Section IV-B reviews the quantum size effect of nanometric ZnO
to demonstrate the capability of using it as a light emitter in a
nanophotonic IC. Section V reviews a novel plasmon waveguide
to be used as an I/O terminal of the nanophotonic IC. For work
in nanophotonics, a key device is a probe to generate/detect
optical near fields with high efficiency and high resolution. Sec-
tion VI reviews the progress in the development of this device.
Finally, to solve Problem 3, Section VII reviews a high-density,
high-speed optical memory system that uses an optical near field.
Section VIII summarizes the main points discussed in this paper.

II. THEORETICAL STUDY OF A NANOPHOTONIC SWITCH
A. Principle of a Nanophotonic Switch

Optical near-field energy transfer between semiconductor
quantum dots (QDs) can be used to design a nanophotonic
switch, which is the most essential device in the nanophotonic
IC of Fig. 1. As an example, we employ cubic CuCl QDs in
a NaCl matrix to describe the principle of this switch. It has
been well known that translational motion of the exciton center
of mass is quantized due to the small exciton Bohr radius
for CuCl QDs [4]-[6]. The potential barrier of CuCl QDs in
an NaCl crystal can be regarded as infinitely high, and the
energy eigenvalues for the quantized Z3 exciton energy level
(nz,ny,n) in a cubic CuCl QD with the side length of L is
given by

h2n?
2M(L - a3)2

where Ej is the bulk Z3 exciton energy, M is the translational
mass of exciton, ap is its Bohr radius, n;,n,, and n, are

En,,ny,n, =FEp+ ¢))

('n,i + ni + nz)

quantum numbers (nz,ny,n, = 1,2,3,...),anda = L — ap
corresponds to an effective side length found through consid-
eration of the dead layer correction [4]. The exciton energy
levels with even quantum numbers are dipole-forbidden states,
that is optically forbidden [7]. However, the optical near-field
interaction is allowed for such energy levels [8].

Fig. 2(a) illustrates the different-sized cubic CuCl QDs (I and
0O) and confined-exciton Z3 energy levels. According to (1),
there exists a resonance between the quantized exciton energy
level of quantum number (1, 1, 1) for the QD-I with effective
side length a and that of quantum number (2, 1, 1) for the QD-O
with effective side length v/2a. Under this type of resonant con-
dition, the coupling energy of the optical near-field interaction
is given by the following Yukawa function [8], [9] (refer to Sec-
tion II-B2):

V(r) = Aﬂtﬂl. )
Here, r is the separation between two QDs, A is the coupling
coefficient, and y is the effective mass of the Yukawa function
given by

\/2Enc My,Nz (ENaCl + En,,n,, ,n,)
e €)

where Enac is the exciton energy of an NaCl matrix. Since
the value of the coupling coefficient A depends on experimental
conditions, we estimate it from the result of the previous work
on the interaction between a Rb atom and the optical near-field
probe-tip [8]. As a result, the value of A for a 5-nm cubic CuCl
QD is found to be more than ten times larger than that for the
Rb-atom case, since the coupling coefficient A is proportional to
the oscillator strength and square of the photon energy [8], [10].
Assuming that the separation  between two QDs is 10 nm, the
coupling energy V(r) is in the order of 10~* eV, which corre-
sponds to a transition time of 20 ps, and is much shorter than the
exciton lifetime of a few nanoseconds. Further, an intersublevel
transition time 7syub, from higher exciton energy levels to the
lowest one, is generally less than a few picoseconds and is much
shorter than the transition time due to optical near-field coupling
[11]). Therefore, most of the energy of the exciton in a CuCl
QD-I transfer to the lowest exciton energy level in the neigh-
boring QD-O and recombine radiatively in the lowest level.
Fig. 2(b) and (c) illustrates the OFF and ON states of the pro-
posed nanophotonic switch using three QDs, including two QDs
of Fig. 2(a). The QD-], O, and C are used as the input, output,
and control ports of the switch, respectively. The quantized en-
ergy sublevels (1, 1, 1) in QD-L, (2, 1, 1) in QD-O, and (2, 2, 2)
in QD-C resonate with each other. Additionally, the energy sub-
levels (1, 1, 1) in QD-O and (2, 1, 1) in QD-C also resonate.
As was described above, almost all the energy of the excita-
tion in the QD-I transfer to the energy sublevels (1, 1, 1) in the
neighboring QD-O and, finally, it transfers to the energy sub-
levels (1, 1, 1) in the QD-C. In the OFF state [Fig. 2(b)], the
input energy escapes to the QD-C, and then the output signal
is obstructed. In the ON state [Fig. 2(c)], 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 switching operation is studied theoretically in Section II-B.

”:
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Fig. 2. Schematic explanation of a nanophotonic switch. (a) Upper: Schematic drawings of closely located cubic CuCl QDs I and O with the effective side
lengths of a(=(L — ap)) and v/2a, respectively, where L and a5 are the side lengths of QDs and the exciton Bohr radius, respectively. Lower: Their exciton
energy levels. nz, ny, and n, represent quantum numbers of an exciton. Ep is the exciton energy level in a bulk crystal. (b) OFF state. (c) ON state.

B. Energy Transfer Induced by Optical Near-Field Interaction

We will discuss the physical principles and phenomena be-
hind the nanophotonic switch of Fig. 2, i.e., energy transfer phe-
nomena induced by optical near field between two resonant en-
ergy levels in a QD and its adjacent QD [12]. Optical near-field
interaction (coupling) between QDs as an origin of the energy
transfer will be derived microscopically within the quantum the-
oretical framework. As an example, a typical coupling strength
and time scale of the process will be given for cubic CuCl QDs.
We will also formulate a QD-heat bath system interacting with
optical near field to clarify critical parameters for the proposed
device, and examine the dynamics of the system numerically in
order to simulate the switching behavior of the device.

A typical optical near-field system is a microscopic system
(consisting of QDs and optical near field), which is coupled by
a macroscopic matter systems (consisting of a substrate, inci-
dent photons, and so on). It is convenient to treat this system
in two steps. 1) Photons and the macroscopic matter system are
described in terms of a so-called polariton basis where photons
are dressed by macroscopic matter excitations, not free photons.
2) The interaction between the microscopic and macroscopic
systems is expressed by using the polariton basis.

We have developed a systematic formulation by using the
projection operator method, in which photons and macroscopic
matter excitations are described on an equal footing in terms
of an elementary excitation mode like exciton—polaritons, and
then the effects of both macroscopic matter system and photons
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are renormalized into an effective two-body interaction between
nanometric objects in the microscopic system [8], [13]-[16].
Here, we call this effective interaction as optical near-field in-
teraction. On the basis of the formulation, we first illustrate in-
terdot energy transfer phenomena, with QDs as nanometric ob-
jects, and then derive an explicit form of the optical near-field
interaction. As an example, we give a typical time scale for the -
energy transfer process in cubic CuCl QDs.

1) Interdot Energy Transfer via Optical Near Field: Let us
first consider a two-QD system interacting with optical near
field, as schematically depicted in Fig. 3, in order to illustrate
how excitation energy is transferred between the QDs. The QD1
and QD2 correspond to the QD-I and QD-O in Fig. 2, respec-
tively. The model Hamiltonian of the system is written as

H= ro +V
Hy=EA'A+EB'B+ Y E(k)ELE
7

V=- @
where (A', A) and (B%, B) represent the excitation creation
and annihilation operators in QD1 and QD2, respectively, and
with E; being the excitation energy. The optical near field is
modeled as exciton—polariton field, and the creation and an-
nihilation operators and the eigenenergy for exciton—polariton
[17]1-[21] are denoted as (61,5,;) and E(k), respectively. The
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Fig. 3. Two-level QD system coupled by the optical near field.

interaction V between the QD system and the optical near field
expressed by exciton—polariton is given by the multipolar QED
Hamiltonian in the dipole approximation [22], [23], with iy,
and D(7,) representing the dipole operator and the electric dis-
placement vector at position 7. As mentioned above, D(,) is
expressed in terms of the exciton—polariton operators as

fp = a(A+ AY)
iig = ip(B + BY)
% 2 -
Bl =iy 5 Zemf(k)(s,;e* e~ glemF )
_ heck E2(k) — E2,
fk) = VRE(E) \/ 2E2(k) — E2, — h2c?k? ©)

where f(k) is the coupling coefficient between photons and the
macroscopic matter system, and E,,, designates the excitation
energy of the macroscopic matter system [8], [14], [16]. The
vector €}, is the unit vector normal to the exciton—polariton
wave vector K, and A and c are the Planck constant divided by
2w and the velocity of light in a vacuum, respectively.

Dynamics of the system, including energy transfer, is now
governed by the following Liouville equation:

—%{ﬁ,ﬁtotal(t)] )

with the density operator piotai(t) [24]-[27]. Tracing out the
exciton—polariton degrees of freedom from both sides of (6),
we obtain an equation of motion for the density operator () in
mean-field approximation [27] as

At) = —%[Vdot,ﬁ(t)]

ﬁ total (t) =

{j(t) = rﬁpo][étot&l(t)]
Vaot = TrpalV]- )

Here, the notation Tr,,) means to take a trace of the subsequent
operator regarding the exciton—polariton degrees of freedom.
Note that we have obtained (7) in the interaction representation.
We then prepare two states |¢1) = | A*)| B) for the excited state
in QD1 and |®2) = |A)|B*) for the excited state in QD2, in
order to construct the matrix elements of j(¢) and to express (7)
in the matrix form. It should be noted that the nonzero matrix
elements of the interaction operator Vo, are the off-diagonal
parts only as

U = (®|Vaot|®1) = (21| Vot | @) ®)
and thus

(®1|Viaor|®1) = (@2Vaot|®2) = 0. ©)

Under the initial condition of (®;|3(0)|®1) = 1, the matrix el-
ements of the density operator can be exactly solved, and popu-
lation probability of staying in the excited state for QD1 or QD2
is given by the diagonal part of the density matrix as

(®115(t)|@1) = cos®(Ut)
(®2]p(t)|®2) = sin?(Ut). (10)

Equation (10) shows, as is well known, that the time evolution of
the population goes and returns between both QDs, i.e., nutation
occurs with the Rabi flopping frequency U [25], [27]. In this
way, the matter excitation energy is transferred from one QD to
another neighboring QD due to the interaction V' as a coupling
between the QDs and the exciton—polariton field (optical near
field).

2) Optical Near-Field Interaction Between Quantum
Dots: From the preceding section, it follows that AU in (8)
is a key parameter of the interdot emergy transfer process.
Accordingﬁto our previous studies [8], [13]-[16], we show how
to obtain Vj.¢ in a systematic and consistent way, depending
on the choice of |®;) and |®,). In other words, we outline a
derivation of the optical near-field interaction between QDs.

First, exact eigenstates |¥) of the total Hamiltonian H
are divided into two groups. One contains relevant states
in P-space |¥¥) = P|¥,) and the other contains irrel-
evant states in Q-space |¥Y) = Q|V,), where P and
@ represent the projection operators with the properties
P+Q =1,P? = P(Q* = Q),and Pt = P(Q" = Q)
(8], [13], [14], [28]-[32]. Referring to Fig. 3, for example,
P-space can be constructed from the eigenstates of Hp, i.e.,
a combination of two energy levels for each QD and the
exciton—polariton vacuum state. Q)-space is complementary to
P-space and the exciton—polariton states are not vacant. Then
the exact states |¥,) can be formally expressed by using the
states only in P-space as [8], [13], [14], [28]

|¥,) = JP(PJtIP)~1/2 |\1:§’>
=[1-(Bx - H)™'QV]™! an
where E, denotes the eigenenergy for H|U)) = Ex|T)).

Using (11), we can thus obtam the effective interaction Veg
that corresponds to AU or Vaot in (8) as

(Us|V W) = <‘I’f | Verr |07 >
Veg = (PJ1JP)Y2PJV JP(PJ1IP)~1/2,

(12)
For further evaluation of (12), we need to know the explicit form
of the operator J as well as the eigenvalue E. If we expand the
operator J in the order of V', and approximate the eigenvalue E)
as an unperturbed value, then we have the perturbative solution
of JasJ =1+ (EP - EQ) 1y 4 ... Since it is easy to show

(\IIP|PVP|\IlP) = 0, (12) can be rewritten within the second
order as

(UF| Ve |F) = Y (2F| Vim®)(m

1
X +
(Eg; - ES EF,

AV |er)

1
13
)
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where E5, B, and EQ stand for the eigenenergies of unper-
turbed Hamiltonian A, o for the initial and final states in P-space,
and the intermediate state |m®) in Q-space, respectively.

Since we are primarily interested in the interdot interaction
part of (13), we set the relevant initial and final states in
P-space as [UF) = |A%)|B)|0) and [¥F) = |A)[B*)[0).
Then it is easily shown that only _two states in Q-space,
Im®) = |A)|B)|k) and |A*)|B*)|k) with one exciton-po-
lariton state |k), can provide nonzero contributions. Through
the above procedure, we can eliminate the explicit exciton—po-
lariton (optical near field) degrees of freedom, and have an
effective two-body interaction, i.e., optical near-field interac-
tion between QDs as

U@ = 7 (V5| Ve |27 )

_ _bapB [T 5
= -2 [ ks

X {[E(k)1+ T, EB] o

* [E(k)l— - EB] e_m}

where 7' = 74 — g is the relative distance vector, and 4 (p) is
the transition dipole moment of QD1(2). Approximating the en-
ergy dispersion E(k) of exciton—polaritons with effective mass
myp as

h2k2

E(k) = P En (15)

and substituting (15) into (14), one can finally obtain the optical
near-field interaction potential as a sum of the Yukawa functions

B
U(r) = % Z%[WMY(AW)+Wa_Y(Aa_r)]- (16)

Here W+ designates the weight factor of each Yukawa func-
tion that is defined as

e_Aa:l:"‘

Y(Agar) =

T
Mgy = %, 2B (Em + B

with the exciton—polariton effective mass rewritten as E, =
mypc?, and the relative distance r = |74 — 7g|. The factor A,
becomes either real or pure imaginary depending on the magni-
tude of E,, and E,, which means that this component behaves
as either a localized or a propagation mode. To be precise, (16)
includes additional two terms that are independent of the param-
eters of the microscopic system, i.e., the QDs, but those terms
are neglected in (16) as a far-field contribution.

We can now, as an example, estimate the strength of the effec-
tive interaction between two cubic CuCl QDs induced by optical
near field, i.e., the optical near-field interaction. We choose two-
level exciton states as the microscopic matter states in P-space.

an
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Fig. 4. Optical near-field interaction potential for two cubic CuCl QDs. The
solid and dashed curves represent the results for the cubic QD pairs with the
same sizes a, and with the size ratio a : v/2a (¢ = 5 nm), respectively.

The excitation energy of an exciton in a cubic QD is repre-
sented by (1) of Section II-A. In Fig. 4, the interaction poten-
tial is plotted as a function of the distance d between the closest
edges of the cubic QDs. The effective side length a (=L — ap)
of the cubic QDs are set as a = 5 and 7.1 nm whose ratio is
1:v2,and M = 2.3m, and Ep = 3.20 eV are used [4]. We
estimated the transition dipole moments of the QDs from the ex-
perimental value of the QD oscillator strength fgot = 5 [10] and
the theoretical conversion formula [33], which are s = up =
0.29 (eV-nm®)*/2 and p4 = 0.29, up = 0.49 (€V-nm3)/2 for
a = 5 and 7.1 nm, respectively. When we choose the distance
d = 10 nm, we find from Fig. 4 that the interaction potential
is about 60 peV. Thus, it follows from (10) that half of an os-
cillation period, /U, is about 30 ps, which corresponds to the
time for the initial population of a QD to be transferred to its
neighbor. This is a very high speed and suitable for a nanopho-
tonic device.

C. Dynamics of a Quantum Dot-Heat Bath Coupling System

From the discussion of the previous section, the population
between two resonant levels of QDs undergoes nutation induced
by the optical near-field interaction and, thus, we have to in-
clude some mechanisms to guarantee the one-directional or irre-
versible energy transfer on which a nanophotonic device relies.
One way is to allow intrasublevel transitions due to a phonon
coupling. We, therefore, examine a two-QD system coupled to
a phonon (heat) bath system illustrated in Fig. 5. The Hamil-
tonian of such a system is modeled as

H=Hy+ A + Hsr
ffo = ElAfA + EQBTB + (E1 — Ez)éfé' + Zeni)f,ﬁn
n

Hi = WU(r)(A'BC + ABTCH)

Asp =1 (9.bC + g3b.C1) (18)

where (AT, A) and (BT, B ) are fermionic operators for the cre-
ation and annihilation of an exciton in QD1 and in the lower
energy level of QD2, respectively. Fermionic operators (Ct, C')
and bosonic operators (b},, b, ) are for the E, — E, levels of QD2
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Fig. 5. Two-QD system. Dot 1 and 2 are resonantly coupled due to the optical
near-field interaction, and the sublevels in Dot 2 are coupled with the lattice
vibration.

and for the heat bath system, respectively. The heat bath system
is assumed to be a collection of many harmonic oscillators la-
beled n. From (6), the equation of motion for the total system
can be written as

50 = — 3 [ B+ Bn(0),5(0)]

hl2/ dt’ [ﬁlm" +HSR(t) [ mt'l’HSR(tl AI(tl):”
19

where the suffix I means the interaction picture, and the re-
lation AL (t) = Hin is used [26). In order to express the
second-order temporal correlation clearly, the formal solution
p(t) of (6) in the integral form is substituted again into the
right-hand side (rhs) of (6). Since we are mainly interested in
exciton dynamics in the two-QD system, we take a trace with
respect to the degrees of freedom of the heat-bath system as
pL(t) = Trr[p’(t)]. Here, the density operator is assumed to
be a direct product of the QD system part p%(t) and the reser-
voir (heat-bath) system part 4% (t). If the reservoir system has
a large volume or many degrees of freedom, the deviation from
the initial value can be neglected, and the density operator can
be approximated as (Born approximation)

p1(8) = p5(t)DR(t) ~ A5 ()AR(0)-

Taking a trace of both sides of (19) about the reservoir operator,
we obtain

(20)

ps(t) = —iU(r) [ATBG+Achf 75|
—zn(wn,T) [({oof,ps(t)} 201 s(t)C’)

® 7(t) - i [6C, 58] @ ()]
- 2[1 +n(wa, 7)) [({€1€. 050 }

- 2ops(t)of) @i(t) +1 616, 85(1)] @71
@

where the { -} stands for the anticommutator, and ® desig-
nates the convolution integral. Since we assume the reservoir
system to be in an equilibrium state, the terms including
Trg[b}55(0)] and Trr[b,p%(0)] do not appear in (21). The
number of phonons in the equilibrium state is written as

n(wn,T) = Trg[bl b, pr(0)] to follow the Bose—Einstein
statistics as [25]-[27]

1
n(me) = ehwn/ksT _ 1" (22)
The real and imaginary parts of the function
Yn(t) = |ga POt (23)

with AiAw = E; — E; are represented as v/, (t) and v} (t), which
are related to a relaxation (real part) and energy shift (imaginary
part) from the energy level in QD2 because of coupling to the
heat bath system. The convolution in (21) expresses the effect
of time delay for the transition between sublevels because of the
coupling to the phonon (heat) bath system. However, if the dy-
namics of the reservoir (heat bath) system are much faster than
that of the two-QD system, one can approx1mate the density op-
erator of the two-QD system as g% (t —¢t') = p%(t) (Markov ap-
proximation). Using this approximation, and rewriting the sum-
mationas 3, = [;° dw D(w), with D(w) being the density of
states for each phonon, we can express the convolution analyti-
cally as

Y mwn, T)BE(E) ® Tn(2)

n

=050 [ duntw, )
t
x D@)lglw)? [ dv eHew=e”
0

5L [m(Aw,T)D(Ang(Aw)P

o [, nw,T)D(w)|g(w)[?
+zP/0 dw Aw—w ]

24

Here, we extend the upper limit of the time integration to in-
finity. The density operator is finally reduced to

pe(t) = —iU [ATBé + ABtét, “S(t)]
-m({cc’f, S(t)} 20t S(t)C’)
(1 +n)y ({616, 05} - 20550)CT) @5

where n = n(Aw, T) and v = 7|g(Aw)|2D(Aw). The terms
indicating the energy shift are neglected in (25) because it is
small in the weaker system-bath coupling Hgg.

Let us now discuss one-exciton dynamics or energy transfer
in the system based on (25), using the three bases illustrated in
Fig. 6. The equations of motion for the matrix elements are read
in the Schrédinger picture as

p11(t) = U (r)[p12(t) — p21 ()]
P12(t) — p21(t) = 2U(r)[p11(t) — p2a(t)]
= (1 +n)v[p12(t) — p21(¥)]
p22(t) = —iU(r)[p12(t) — p21(t)]
= 2(1 + n)yp22(t) + 2nvp3s(t)
P33(t) = 2(1 + n)yp22(t) — 2npsa(t).  (26)

When the temperature T is equal to zero (n = 0), (26) can be
analytically solved. The diagonal parts representing the popula-
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193)

Fig. 6. Three bases of single-exciton states in a two-QD system.

tion probability for each energy level in QD1 and QD2 as well
as the off-diagonal parts representing quantum coherence are
given as

p1a(t) = ze™" [2 sinh(Zt) + Z cosh(2t)]
p2a(t) = —(Zf;ie"'t sinh?(Zt)

p33(t) = 1 — [p11(t) + p2a(t)]

p12(t) = —pa1(t)

-ZUge"" sinh(Zt)

X [% sinh(Zt) + Z cosh(Zt)]

=1

27

where Z = 1/(7/2)? — U? and p;;(0) = 1 are used. We de-
fine the state-filling time 7, as p33(7,) = 1 — e~1, which corre-
sponds to the time for excitation energy transfer from QD1 to the
lower energy level in QD2. From (27), it follows that time evo-
lution of the population drastically changes when the condition
for the coupling strength is varied from U < v/2to U > v/2.
Although (27) seems to be undefined at U = v/2 (Z = 0),
we have a definite solution regardless of whether Z — +0 or
—0 are taken. In Fig. 7, the state-filling time 7, is plotted as a
function of the ratio of 7/2 to U. For U > «/2, the popula-
tion po2(t) shows damped oscillation with an envelope function
e~ and, thus, 7, is determined by the relaxation constant -,
ie., 7s ~ 771. On the other hand, for U < 7/2, p2s(t) decays
monotonically. At first glance, as «y/2 increases, we expect 7, to
become shorter, i.e., the population seems to flow into the lower
level more quickly, but on the contrary, the time 7, becomes long
as shown in Fig. 7. The reason is that the upper energy level be-
comes effectively broad and results in a decrease of the reso-
nant energy transfer between the QDs. When the ratio /2U is
large enough, 7, increases linearly from Fig. 7. Therefore, the
state-filling time is determined not only by the optical near-field
interaction strength between two QDs, but also by the coupling
strength to the heat bath (phonon bath) system. It follows from
Fig. 7 that the fastest energy transfer time 7 is obtained when
the condition y/2 ~ U is satisfied, and that 7, is proportional
to v/2U?2 as v/(2U) becomes large.
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Fig. 7. State-filling time 7, against the ratio of exciton-phonon (heat) bath
coupling strength /2 to intradot optical near-field coupling strength U

The last term 2ynpa3(t) on the rhs of the third equation
in (26) indicates that the temperature effect due to the finite
number of phonons (n # 0) induces back transfer of the
excitation energy from the heat bath to the two-QD system.
Within the Born approximation adopted in (20), this term
incoherently increases the population pa3(t). As the population
p33(t) increases, the back transfer becomes large, and gives
nonnegligible contributions to the upper-level populations
p11(t) and paa(t). ‘

D. Numerical Results

We present numerical calculation results for the population
dynamics, using (26) and (27) for finite and zero temperature in
order to verify the above theoretical considerations and to esti-
mate the state-filling time for some practical cases. Here, we as-
sume that the system consists of two cubic CuCl QDs embedded
in NaCl matrix [12]. The effective side length of the cubes is set
asa : v/2a (a = 5 nm) so that the (1, 1, 1) level of QD1 is reso-
nant with the (2, 1, 1) level of QD2. The variable parameters are
the interaction strength U or the intercube spacing, the relax-
ation constant -y, and the temperature of the heat bath system.

In Fig. 8, the E; - and E-level populations po(t) and p33(t)
in QD2 are plotted in the cases of the intercube spacing d =
5,10, and 15 nm [U = 1.5 x 1071,0.90 x 10~!, and 0.60 x
10! (ps)~'], and T = 0 K. The relaxation time y~! is set as
1 ps based on another experiment [34]. The populations for all
three cases in Fig. 8(a) show monotonic decays as we expected
because the condition U < -y/2 is satisfied. From Fig. 8(b), the
state-filling time 7, is estimated for the distance d = 5, 10, and
15 nm as 22, 60, and 140 ps, respectively. This indicates that
energy transfer time of less than 100 ps can be realized when
the two QDs are located within a distance of 10 nm.

Fig. 9 gives the result for y~! = 10 ps, corresponding to a
weaker coupling between an exciton and the heat bath system.
Damped oscillations due to nutation between two resonant
levels are clearly seen for d = 5 nm in Fig. 9(a), where the
condition U > /2 is satisfied. Although in the cases of
d = 10 and 15 nm, the condition U > «/2 also satisfied, we
cannot observe the oscillation because of the small amplitude.
From Fig. 9(b), the state-filling times 7, for the three cases are
estimated as 12, 18, and 25 ps. Compared with Fig. 8(b), the
state-filling speed becomes faster in Fig. 9(b) in spite of the
increase in 4! because U is nearly equal to v/2. These two
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Fig. 8. Time-evolution of (a) E,-level population p22(t) and (b) Ez-level
population p33(t), where the relaxation time 4~ is set as 1 ps, and the
temperature is set as 0 K. The solid, dashed, and dotted curves represent the
cases of interdot spacing d = 5, 10, and 15 nm, respectively.
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Fig. 9. Time-evolution of (a) E,-level population p22(t) and (b) E--level

population p33(t), where the relaxation time Y~ is set as 10 ps, and the
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graphs indicate that the interdot spacing should be adjusted so
that the optical near-field coupling is of the same order as the
exciton—phonon coupling in order to obtain the fastest energy
transfer in the system.
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Fig. 10. Temperature dependence of (a) E;-level population p22(t) and
(b) E;-level population p33(t) when d = 5 nm and v~ = 1 ps are fixed.
The solid and dashed curves represent the cases of the temperature T = 50
and 100 K, respectively.

Fig. 10 shows the temperature dependence of the population
p22(t) and p33(t). The temperature is set as either ' = 50 or
100 K. These results are obtained by using a Laplace transform,
where the singular points are derived numerically for the given
numerical parameters. As mentioned in the previous section,
the finite temperature induces incoherent back transfer of en-
ergy, and this results in residual populations in the upper energy
levels in both QDs. Fig. 10(a) shows that there are finite-con-
vergent values depending on the temperature. However, we find
from Fig. 10(b) that the state-filling time does not change so
drastically.

The results and discussions described above might be valid
within the Born-Markov approximation. Even if the Born ap-
proximation is allowed because of the large volume of the heat
bath system, the Markov approximation may not be guaranteed
at low temperatures, as assumed in the transformation in (24).
Therefore, we might deal with it more carefully, since it is said
that non-Markov behavior manifests itself at low temperatures
[26], [35]. The effects of non-Markov behavior on the dynamics
are now under investigation. We have focused our attention on
the energy transfer process in the nanometric regime, or signal
transfer in a nanophotonic switch, but it is quite important to in-
vestigate the control of signals in such a system.

III. OBSERVATION OF A DIPOLE FORBIDDEN ENERGY
TRANSFER FOR A NANOPHOTONIC SWITCH

This section reviews our experimental studies on optical
near-field interaction between QDs described in Section II
[12]. Recently, Mukai et al. reported ultrafast “optically for-
bidden” energy transfer from an outer ring of loosely packed
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bacteriochlorophyll molecules, called B800, to an inner ring of
closely packed bacteriochlorophyll molecules, called B850, in
the light-harvesting antenna complex of photosynthetic purple
bacteria [36]. They theoretically showed that this transfer is
possible when the point transition dipole approximation is
violated due to the size effect of B800 and B850. From our
viewpoint, this energy transfer is due to the optical near-field
interaction between B800 and B850. Similarly, the energy
can be transferred from one QD to another by the optical
near-field interaction in the QD’s system, even though it is a
dipole-forbidden transfer.

Cubic CuCl QDs embedded in NaCl is a promising candidate
for an optical near-field coupling system that exhibits this opti-
cally forbidden energy transfer. This is because, for this system,
other possibilities of energy transfer, such as carrier tunneling,
Coulomb coupling, and so on, can be neglected. This is also be-
cause carrier wave function is localized in QDs due to a deep
potential depth of more than 4 eV and the Coulomb interaction
is weak due to small exciton Bohr radius of 0.68 nm. Conven-
tional optical energy transfer is also negligible, since the en-
ergy levels of nearly perfect cubic CuCl QDs are optically for-
bidden, and are confined to the energy levels of exciton with an
even principal quantum number [7]. However, Sakakura et al.
observed the optically forbidden transition in a hole-burning ex-
periment using CuCl QDs [4]. Although they attributed the tran-
sition to an imperfect cubic shape, the experimental and simu-
lation results did not show such imperfection. We believe that
the transition was due to the energy transfer between the CuCl
QDs, via the optical near-field interaction similar to the opti-
cally forbidden energy transfer between B800 and B850 in the
above-mentioned photosynthetic system. However, this type of
energy transfer has not yet been directly observed. This section
describes the direct observation of energy transfer from the ex-
citon state in a CuCl QD to the optically forbidden exciton state
in another CuCl QD by near-field optical spectroscopy.

We fabricated cubic CuCl QDs embedded in a NaCl matrix
by the Bridgman method and successive annealing, and found
the average size of the QDs to be 4.3 nm. The sample was
cleaved just before the near-field optical spectroscopy experi-
ment in order to keep the clean sample surface. The cleaved
surface of the 100-pm-thick sample was sufficiently flat for
the experiment, i.e., its roughness was less than 50 nm at least
within a few micrometer squares. A 325-nm He-Cd laser was
used as a light source. A double-tapered UV fiber probe was
fabricated by chemical etching and a 150-nm-thick gold film
was coated. A 50-nm-diameter aperture was fabricated by the
pounding method [37].

The curve in Fig. 11(a) shows a far-field photoluminescence
(PL) spectrum of the sample that was recorded with a probe-
sample separation of 3 um in the collection-mode operation [9]
of the cryogenic near-field optical spectrometer at 15 K. It rep-
resents the collective PL intensity from several CuCl QDs, and
is inhomogeneously broadened owing to the size distribution of
the QDs. The curve in Fig. 11(b) represents the differential spec-
trum, which is the difference between the PL intensities mea-
sured with probe-sample separations of 3 um and of less than
10 nm. This curve consists of many fine structures, which are at-
tributed to the contribution of the QDs near the apex of the probe
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Fig. 11. (a) Far-field PL spectrum of a sample recorded with probe-sample
separation of 3 pm for the collection-mode operation at 15 K. (b) The
differential PL spectrum, which is the intensity difference between PL
measured with the probe-sample separations of 3 um and of less than 10 nm.
The spectral peaks X,Y’, and Z correspond to the wavelengths of lowest
exciton state in cubic QDs with the side lengths of 4.6, 6.3, and 5.3 nm,
respectively.

because of the drastic increase in the measured PL intensity for
a probe-sample separation less than 10 nm. Since the average
density of the QDs is 10!7 cm™3, average separation between
the QDs is less than 30 nm. Therefore, the spectral peaks in
Fig. 11(b) originate from several QDs of different sizes. Among
these, the peaks X and Y correspond to the confined Z3-exciton
energy levels of quantum number (1, 1, 1) for the QDs with side
lengths (L) of 4.6 and 6.3 nm, respectively. Their effective side
lengths a are 3.9 and 5.6 nm, whose size ratio is close to 1 : /2
and, thus, the (1, 1, 1) and (2, 1, 1) quantized exciton levels of
these QDs are resonant with each other to be responsible for op-
tical near-field energy transfer. It means that these QDs can be
used as the input and output ports of the nanophotonic switch of
Fig. 2.

Fig. 12(a) and (b) shows the spatial distributions of the PL
intensity, i.e., near-field optical microscope images, for peaks
X and Y of Fig. 11(b), respectively. The spatial resolution,
which depends on the aperture diameter of the fiber probe, was
smaller than 50 nm. These images clearly establish anticorre-
lation features in their intensity distributions, as manifested by
the dark and bright regions surrounded by white broken curves.
Fig. 12(c) shows the spatial distribution of the PL intensity of
peak Z in Fig. 11(b), which corresponds to the QDs with side
length of 5.3 nm. Their sizes do not satisfy the resonant condi-
tion given by (1) and, thus, this figure does not show any an-
ticorrelation features. In Fig. 12(d), the anticorrelation features
of the PL intensity of X and Y are demonstrated by cross-sec-
tional profiles taken along the dotted lines in Fig. 12(a) and (b),
respectively. This figure also shows the cross-sectional profile
of Z [Fig. 12(c)], which does not shows anticorrelation features
with X and Y.

In order to confirm the anticorrelation feature more quantita-
tively, Fig. 13 shows the values of the cross-correlation coeffi-
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Fig. 12. (a)—(c) Spatial distributions of the near-field PL intensity for peaks
X,Y, and Z in Fig. 11(b), respectively. (d) Cross-sectional profiles along the
dotted lines in (a)—(c).
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Fig. 13. Values of the cross-correlation coefficient C' between the spatial
distributions of the PL intensity emitted from the (n., ny, n.) level of exciton
in a cubic QD with 6.3-nm side length and that from the (1, 1, 1) level in a
cubic QD with the different side length L. They have been normalized to that
of the autocorrelation coefficient of the PL intensity from the (1, 1, 1) level
in a 6.3-nm QD, which is identified by an arrow (1). The other four arrows
(2)(5) represent the cross-correlation coefficient C' between higher levels in
a 6.3-nm QD and other sized QDs. They are between: (2) the (2, 1, 1) level in
a 6.3-nm QD and the (1, 1, 1) level in a 4.6-nm QD, (3) the (2,2, 1) levelin a
6.3-nm QD and the (1, 1, 1) level in a 3.9-nm QD, (4) the (3, 1, 1) level in a
6.3-nm QD and the (1, 1, 1) level in a 3.6-nm QD, and (5) the (2, 2, 2) level
in a 6.3-nm QD and the (1, 1, 1) level in a 3.5-nm QD. For reference, a white
arrow represents the value of C between the (2, 1, 1) level in a 6.3-nm QD and
the nonresonant (1, 1, 1) level in a 5.3-nm QD.

cient C between the spatial distribution of the intensity of the
PL emitted from the (nz,ny,n,) level of exciton in a QD with
6.3-nm side length and that from the (1, 1, 1) level ina QD with a
different side length L. They have been normalized to that of the
autocorrelation coefficient of the PL intensity from the (1, 1, 1)
level in a 6.3-nm QD, which is identified by an arrow (1) in
Fig. 13. To calculate the values of C, spatial Fourier transform
was performed on the series of PL intensity values in the chain of
pixels inside the region surrounded by the broken white curves
in Fig. 12. The large negative value of C identified by an arrow
(2) clearly shows the anticorrelation feature between Fig. 12(2)
and (b), i.e., between the (2, 1, 1) level in a 6.3-nm QD and the
(1,1, 1) level in a 4.6-nm QD. This anticorrelation feature can be

understood by noting that these spatial distributions in PL inten-
sity represent not only the spatial distributions of the QDs, but
also some kind of resonant interaction between the QDs. This
interaction induces energy transfer from 4.6-nm QDs to 6.3-nm
QDs. Interpreting this, most of 4.6-nm QDs “accidentally” lo-
cated close to 6.3-nm QDs cannot emit light, but instead transfer
the energy to the 6.3-nm QDs. As a result, in the region con-
taining embedded 6.3-nm QDs, the PL intensity in Fig. 12(a)
from 4.6-nm QDs is low, while the corresponding position in
Fig. 12(b) is high. As we mentioned above, it is reasonable to
attribute the origin of the interaction to the optical near-field
energy transfer. For reference, we note the dark area outside the
broken curves in Fig. 12(b). This occurs because there are very
few 6.3-nm QDs. From the absorption spectra of the sample,
it is estimated that the population of 6.3-nm QDs is one-tenth
the population of 4.6-nm QDs. As a result, the corresponding
area in Fig. 12(a) is bright due to absence of the energy transfer.
On the other hand, the spatial distributions of the PL intensities
from other QDs do not show any anticorrelation features. This
is confirmed by comparing Fig. 12(a)—(c). The white arrow in
Fig. 13 indicates the relationship between Fig. 12(b) and (c).
The negligibly small value of C identified by this arrow proves
the absence of the anticorrelation feature between the exciton
energy levels in a 6.3-nm QD and the (1, 1, 1) level in a 5.3-nm
QD due to their nonresonant condition.

Further, arrows (3)—(5) also represent large negative values
of C, which means the existence of the anticorrelation feature
between higher levels in 6.3-nm QD and other sized QDs due
to the resonant optical near-field energy transfer. They are: (3)
the (2, 2, 1) level in a 6.3-nm QD and the (1, 1, 1) level in
a 3.9-nm QD, (4) the (3, 1, 1) level in a 6.3-nm QD and the
(1, 1, 1) level in a 3.6-nm QD, and (5) the (2, 2, 2) level in a
6.3-nm QD and the (1, 1, 1) level in a 3.5-nm QD. The large
anticorrelation coefficients C, identified by arrows (4) and (§) in
Fig. 13, can be attributed also to multiple energy transfer: Since
the (1, 1, 1) levels in 3.6-nm and 3.5-nm QDs resonate or nearly
resonate to the (2, 1, 1) level in a 4.6-nm QD, there is another
route of energy transfer in addition to direct transfer from the
3.5-nm and 3.6-nm QDs to 6.3-nm QDs, i.e., the transfer via
the 4.6-nm QDs.

The anticorrelation features appear for every pair of QDs
if the resonant conditions of the confinement exciton energy
levels are satisfied. Fig. 14 shows two-dimensional (2-D) plots
of cross correlation coefficient C between two QDs. White
solid lines indicate the QDs pairs with resonant energy levels
of 2,1, 1)-(1, 1, 1), (2,2, D1, 1, 1), 3, 1, 1)(1, 1, 1),
and (2, 2, 2)—(1, 1, 1), respectively. Large negative C appears
along the solid lines due to optical near-field energy transfer
between QDs.

IV. FABRICATION AND CHARACTERIZATION OF NANOPATTERNS
BY OPTICAL NEAR FIELD

A. Nonresonant Near-Field Optical Chemical Vapor
Deposition of Zn

To realize the proposed nanophotonic switch and nanopho-
tonic.t IC in Fig. 1, an advanced nanofabrication technique is
required that realizes high spatial resolution, high precision in
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Fig. 14. 2-D plots of cross correlation coefficient C between two cubic
QDs. White solid lines show the QDs pairs with resonant energy levels of (2,
1, 1)-(1,1,1),22 1)(1,1,1), 3,1, 1), 1, 1), and (2, 2, 2)(1, 1, 1),
respectively.

Fig. 15. Principle of the NFO-CVD. Vapors of the organometallic molecules
are dissociated by the photochemical reaction with the optical near-field on the
probe tip.

controlling size and position, and is applicable to various mate-
rials. Self-organized growth has been employed for nanofabri-
cation [38]; however, its spatial precision is not sufficiently high
to meet this requirement. To improve the precision, an e-beam
[39], scanning tunneling microscope (STM) [40], and surface
modification [41] are used for site-control of the substrate. In
situ patterning of nanoscale structures using a scanning probe
microscope, such as STM [42], has also been investigated; how-
ever, it has a fatal 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 organometallic molecules are dissociated by the photochem-
ical reaction with the far-field light; however, it is difficult to de-
posit subwavelength-sized materials due to the diffraction limit
of light.

Fig. 15 shows the principle of near-field optical CVD
(NFO-CVD), which has been proposed by the authors in order
to solve these problems by utilizing high spatial resolution
capability of the optical near field. Nanometric Zn, Al, and
ZnO dots and loops have been successfully deposited by this
method [37], [43]-[45]. As an example, Fig. 16 shows the
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Fig. 16. Upper: Shear-force topographic images of Zn dots and Al dots
deposited by NFO- CVD. Lower: Cross-sectional profiles of the deposited Zn
and Al patterns along the broken lines in the upper figures, respectively.
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Fig. 17. Potential curves of an electron in DEZn molecular orbitals. Solid
and broken curves correspond to singlet and triplet states of DEZn molecule,
respectively. The relevant energy levels of the molecular vibration modes are
also represented by horizontal lines.

shear-force topographic images of the deposited Zn and Al
dots, whose sizes are less than 50 nm. It has been confirmed
from these results that the precision of the deposited position
was as high as about 1 nm [44]. As an outstanding advantage,
we recently found that the photodissociation can take place
even in nonresonant conditions, which is due to the inherent
properties of the optical near field [46].

This section discusses nonresonant NFO-CVD of nanometric
Zn dots, i.e., the possible mechanisms of diethylzinc (DEZn)
dissociation by the nonresonant optical near field. Fig. 17 shows
potential curves of an electron in the DEZn molecular orbitals
drawn as a function of the inter-nuclear distance of a C—Zn
bond, which are involved in photodissociation [47]. The rele-
vant energy levels of the molecular vibration modes are also
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Fig. 18. Experimental setup for NFO-CVD under nonresonant condition. An
atomic smooth sapphire was used as a substrate for deposition.

represented by horizontal lines on each potential curve. When a
conventional far-field light is used, photoabsorption dissociates
DEZn, as is indicated by a white arrow in this figure [48]. In con-
trast, there are four possible mechanisms of photodissociation
when a nonresonant optical near field is used. They are the fol-
lowing. 1) Two-photon absorption process, as indicated by the
two arrows (D). Itis possible due to the high energy density of the
optical near field at the apex of the high throughput fiber probe.
2) The transition, shown by arrow (2), to the intermediate energy
level (a broken line on the dotted curve) induced by the fiber
probe and successive relaxation to the dissociative triplet state.
This induced intermediate level is created by several reasons,
such as the energy shift of the excitation level in the molecule
due to the interaction between molecules and the fiber probe, ac-
tivation of the optically forbidden energy levels to the allowed
levels for the optical near field, and so on. Similar activation
of the optically forbidden energy levels has been observed in
dye molecules and coupled QDs [12], [36]. 3) The transition to
an excited state of a molecular vibration mode whose energy is
higher than the dissociation energy (2.26 €V), as indicated by
the dotted line and arrow (3. Although this transition is pro-
hibited by the wavenumber conservation law for conventional
far-field light, it is allowed in the present case because of the
large uncertainty in the wavenumber of the subwavelength-sized
optical near field. 4) Direct transition from the singlet ground
state to the dissociative triplet state is represented by arrow @.
A spatially homogeneous far-field light cannot interact with the
polarization of a DEZn molecule, as is easily understood by re-
ferring to the Frank—Condon principle. Thus, the far-field light
interacts only with electrons. However, since the optical near
field has a very large spatial gradient with a nanometric decay
length, it can interact with the polarization of the molecule. As
a result of this interaction, atoms in the molecule can be trans-
lated directly, as indicated by arrow @.

Fig. 18 shows the experimental setup used to confirm the
NFO-CVD under nonresonant condition. An atomic smooth
sapphire (0001) was used as a substrate for deposition [49].
Ultrahigh purity argon (Ar) was used as a buffer gas and DEZn
as a reacting molecular gas source. The second harmonic
(A = 244 nm) of an ArT laser was used as a light source that
resonates the absorption band of DEZn [47]. The fundamental
frequencies of Art (A = 488 nm) and He-Ne (\ = 633 nm)

before

Fig. 19. Shear-force topographic images before and after NFO-CVD at
wavelengths of (a) A = 244, (b) 488, and (c) 633 nm. The image sizes are
300 x 300 nm. The observed laser output power and the irradiation time for
deposition were (a) 1.6 4W and 60 s, (b) 150 W and 75 s, and (c) 240 W
and 300 s.

lasers were used as nonresonant light sources. In order to in-
vestigate simultaneously the deposition effect of far-field light,
a bare fiber probe, i.e., a fiber probe without the metal coating,
was used for CVD. This fiber probe was fabricated by pulling
and etching a pure silica core fiber. Therefore, the far-field light
leaked through the circumference of the fiber probe, while the
optical near field was generated at the apex. The laser output
power from the fiber probe was measured with a photodiode
placed behind the sapphire substrate. Topographic profiles
of the deposited Zn dots were measured using a shear-force
microscope. During deposition, the partial pressure of DEZn
was 100 mtorr and the total pressure in the chamber was 3 torr.
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 were negligible because the deposition time was
sufficiently short, as has been confirmed by the previous works
[44], [50].

Fig. 19 shows the shear-force topographic images before and
after NFO-CVD on the sapphire substrate with atomic-level
steps for (a) A = 244, (b) 488, and (c) 633 nm. For Fig. 19(a)
(A = 244 nm), the laser power was 1.6 uW and the irradiation
time was 60 s. A white circle at the center of the right figure
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Fig.20. Cross-sectional profiles of the deposited Zn patterns. Broken and solid
curves represent cross-sectional profiles along the broken lines on the right-hand
side of Fig. 19(a) and (b), respectively.

represents a Zn dot deposited by an optical near field. Howeyver,
since the bare fiber probe also leaked strong far-field light,
a Zn film was deposited around the dot, which covered the
atomic-step structures on a substrate. For Fig. 19(b), the laser
power was 150 uW and the irradiation time was 75 s. The
photon energy at this wavelength (A = 488 nm) is higher
than the dissociation energy of DEZn, but it is still lower than
the absorption edge of DEZn [47]. Under this condition, it is
amazing to find a Zn dot less than 50 nm in diameter at the
center of the broken circle on the right figure. For Fig. 19(c)
(A = 633 nm), the laser power was 240 uW and the irradiation
time was 300 s. Despite the higher power and longer irradiation
time, there was no Zn deposition, which means that the thermal
effect of laser irradiation is negligible for Zn deposition.

In Fig. 20, the broken curve represents the cross-sectional
profile of the Zn pattern deposited at A = 244 nm, taken along
the broken line in Fig. 19(a). The solid curve is a cross-sectional
profile of the Zn pattern deposited at 488 nm along the broken
line in Fig. 19(b). These curves confirm that Zn dots with a full-
width at half-maximum (FWHM) of 30 nm were deposited in
the region where the optical near field is dominant. The broken
curve has tails of 4-nm height on both sides of the peak, which
correspond to the film deposited by the leaked far-field light.
In contrast to this, the solid curve has no tails. Thus, it is clear
that the leaked 488-nm far-field light did not deposit a Zn film.
This result agrees with previous work using conventional optical
CVD for Zn deposition with a far-field light with A = 300 nm
[51]. Therefore, it is confirmed that a Zn dot of Fig. 19(b) was
deposited under a nonresonant condition, despite the presence
of leaked far-field light.

Although more studies are required to identify the mecha-
nism of this nonresonant deposition among the four possible
candidates given above, the experimental results and the sug-
gested mechanisms described here show numerous potential ad-
vantages. As an example, this technique makes it possible to
use various light sources and gas sources, which have never
been used in conventional far-field optical CVD. Thus, it can be
claimed that the nonresonant NFO-CVD is a powerful nanofab-
rication technique.
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Fig. 21. Shear-force topographic image of polycrystalline ZnO.

B. Observation of Size-Dependent Features in the
Photoluminescence of ZnO Nanocrystallites

As an application of NFO-CVD, nanometric ZnO has been
produced by oxidizing the deposited Zn [45]. Since free-exci-
tons in ZnO can emit a UV light, it is possible to use a nano-
metric ZnO dot as a light emitter in the nanophotonic IC of
Fig. 1. In order to confirm this possibility, this section evalu-
ates its PL characteristics of ZnO nanocrystallites, especially its
size-dependent features by using an optical near-field technique
[52], [53]. ZnO has a wide bandgap of 3.37 eV and a larger ex-
citon binding energy (60 meV) than those of GaN (28 meV) or
ZnSe (19 meV). Recently, several groups have reported room-
temperature UV lasing [54], [55].

For quantitative evaluation of the size-dependent features,
ZnO nanocrystallites were prepared by conventional op-
tical CVD, not by NFO-CVD. This method is composed of
two steps.

Step 1) 200-nm-thick Zn nanocrystallites were grown on
a sapphire (0001) substrate at room temperature by
optical CVD. DEZn was used as a gas source. The
partial pressures of DEZn and the Ar buffer gas were
10 and 200 mtorr, respectively. The second harmonic
(SH) light of an Ar* laser (A = 244 nm) was used as
the light source for the photodissociation of DEZn
[56], whose power and.spot size were 10 mW and
600 pm, respectively.

The deposited Zn nuclei were thermally oxidized in
ambient oxygen at 1 atm and 750 °C for 30 min
[55]. This method is applicable to NFO-CVD [57]
in order to deposit nanometric ZnO dots with high
precision in the size and position because depositing
Zn at room temperature in Step 1) avoids thermal
drift of the substrate and the probe.

Step 2)

Fig. 21 shows a shear-force topographic image of oxidized
Zn, obtained using a sharpened fiber probe with an apex di-
ameter of 100 nm. Hexagonal (A;-A;3) and square (B;—B3)
nanocrystallites can be seen, which proves that oxidized Zn is



OHTSU et al.: NANOPHOTONICS: DESIGN, FABRICATION, AND OPERATION OF NANOMETRIC DEVICES 853

1.0

£

=

= = _

g

€ 118 meV

|

O of. ] 1 ]

3.1 3.2 3.3 34

Energy (eV)

Fig.22. Far-field PL spectrum of polycrystalline ZnO at room temperature.

-
(=]
T

PL intensity (a.u.)

0 1 1 1 Il
-150 -100 -50 0 50 100 150

1.25um

PL intensity (a.u.)

1.25um

Probe position (nm)

Fig. 23. Monochromatic PL images of polycrystalline ZnO obtained at
wavelengths of (a) 370 and (b) 380 nm. (c) Closed and open circles represent
cross-sectional profiles along the broken lines through spots sia and siv,
respectively. (d) Closed and open circles represent cross-sectional profiles
along the broken lines through spots sz, and s, respectively.

composed of many nanocrystallites with various orientations.
The grain sizes were in the range of 30-160 nm.

Fig. 22 shows a far-field PL spectrum at room temperature,
measured by using an He—Cd laser (A = 325 nm) as a light
source. The emission peak energy was close to the reported
value of 3.26 eV (A = 380 nm), which corresponds to spon-
taneous emission from the free exciton in high-quality ZnO
nanocrystallites [54]. The FWHM of the PL spectrum was about
118 meV, which is comparable with the 117 meV of molecular
beam epitaxy grown ZnO nanocrystallites at room temperature
[58]. These results imply that the oxidized Zn is composed of
high-quality ZnO nanocrystallites. Furthermore, since ZnO has
a wurtzite structure, the hexagonal and square nanocrystallites
shown in Fig. 21 represent nanocrystallites oriented along the
¢ axis [54] and in other directions, respectively. These results
imply that fabricated ZnO nanocrystallites are polycrystalline.

Using a collection-mode near-field optical spectrometer, we
measured spatially and spectrally resolved PL spectra, for which
a UV fiber probe with an 80-nm aperture diameter was used.
Fig. 23(a) and (b) shows monochromatic PL images, in which
the detection wavelengths were 370 & 2.5 and 380 £ 2.5 nm,
respectively. The closed and open circles in Fig. 23(c) represent
cross-sectional profiles along the broken lines through spots S1a
and sp, in Fig. 23(a) and (b), respectively. Those in Fig. 23(d)
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Fig. 24. Monochromatic PL images of polycrystalline ZnO obtained at
wavelengths of (a) Relative PL intensity RIpi[=(PL intensity at370 +
2.5 nm)/(PL intensity at 380 + 2.5 nm)] of ZnO nanocrystallites as a function
of spot size.

are for spots sg, and sgp, in Fig. 23(a) and (b). Note that the
FWHM of spots s1, and sz, was 155 and 55 nm, respectively,
which is comparable to the grain sizes of ZnO nanocrystallites.
This indicates that each emission spot originated from an indi-
vidual ZnO nanocrystallite.

One technical problem was that the sensitivity of near-field
optical spectrometer was not sufficiently high in order to
evaluate precisely the spectral profile of individual ZnO
nanocrystallites. To solve this problem, we defined the relative
PL intensity RIpr, by (PL intensity at a detection wavelength
of 370 + 2.5 nm)/(PL intensity at a detection wavelength
of 380 & 2.5 nm). This parameter RIpy, can be used to evaluate
the magnitude of the blue-shift of the PL spectral peak because
it increases with decreasing the spectral peak wavelength.
Fig. 24 shows the measured relation between the value of
RIpy, and the PL spot size of ZnO nanocrystallites, where
the spot sizes were estimated from the FWHM of Fig. 23. An
outstanding feature of this figure is that the RIpy, is larger for
a smaller spot size. It means that the smaller ZnO nanocrystal-
lites have shorter wavelength at its PL spectral peak, which is
attributed to the quantum size effect in ZnO nanocrystallites.
Although this size-dependent feature of the PL intensity has
ever been evaluated for an ensemble of nanocrystallites using
a conventional diffraction-limited optical method [55], the
present results are the first to evaluate individual nanocrystal-
lites using a spatially resolved optical near-field method.

Since Zn dots with the size less than 50 nm have been fab-
ricated by the NFO-CVD [57], fabrication and integration of
nanophotonic devices are expected by assembling high-quality
ZnO nanocrystallites by optical near-field method.

V. PLASMON WAVEGUIDE FOR OPTICAL
FAR/NEAR-FIELD CONVERSION

A. Principle of a Plasmon Waveguide

A nanometric optical waveguide is required for far/near field
conversion in order to connect the nanophotonic IC with ex-
ternal conventional diffraction-limited photonic devices, as is
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Fig. 25. Monochromatic PL images of polycrystalline ZnO obtained at
wavelengths of (a) Optical far/near field conversion device. (a) Schematic
explanation of operation. (b) Bird’s-eye view of a plasmon waveguide. The
z and y axes are perpendicular and parallel to the plateau axis, respectively.
(c) Cross section along the plane B (yz plane) in (b). (d) Cross section along
the plane A (zz plane) in (b).

schematically explained by Fig. 25(a). Performances required
for this waveguide include: 1) high conversion efficiency; 2) a
sub-100-nm width of a guided beam for efficient coupling of
the converted optical near field to nanometric dots; and 3) a
super-wavelength propagation length to avoid direct coupling
of the propagating far-field light to the nanometric dots.

A cylindrical metal core waveguide is a promising candidate
to realize a sub-100-nm beam width, through which the TM
plasmon mode propagates [59]. However, the TM plasmon
mode is not easily excited by far-field light due to mode
mismatching. To overcome this difficulty, we employed a
metal-coated silicon wedge structure [Fig. 25(b)] [60]. The
main part consists of a silicon wedge, which is coated with a
thin metal film. An incoming far-field light, which is polarized
parallel to the y axis, is first transformed into the 2-D surface
plasmon mode on the surface F1 [Fig. 25(c)]. Next, the 2-D
surface plasmon mode is converted into the one-dimensional
(1-D) T™ plasmon mode at the edge between F1 and the
plateau. This conversion occurs because of the scattering
coupling at the edge [61]. Finally, the TM plasmon mode
propagates along the plateau in a manner similar to an edge
mode in a tetrahedral tip [62]. Since the metal film deposited
on the plateau is sufficiently thicker than on the other surfaces
(F1-F3) due to the normal evaporation process, the plateau
acts as a metal core waveguide [Fig. 25(d)]. Finally, the TM
plasmon mode at the outlet of the waveguide is converted to
the optical near field.

Advantages of this plasmon waveguide are as follows. a) High
conversion efficiency from the 2-D surface plasmon mode to the
1-D TM plasmon mode due to the scattering coupling, which
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Fig. 26. Fabrication processes for a plasmon waveguide. (a) Anodic bonding.
(b) Mask alignment. (c) Anisotropic etching for fabrication of the silicon wedge.
W: plateau width. (d) Metal coating. () and (f) SEM images of the metal-coated
silicon wedge, W = 150 nm.

meets the requirement 1) [61], [63]. b) The beam width de-
creases to as narrow as 1 nm with decreasing the core diameter,
since this waveguide does not have a cutoff [59]. It meets the
requirement 2). c) The propagation length of the TM-plasmon
mode is sufficiently long. As an example, the propagation length
is 2.5 pm (at A = 830 nm) for the TM plasmon with a gold
core (diameter D = 40 nm) insulated by air [59]. It meets the
requirement 3).

The plasmon waveguide was fabricated in four steps. i) A
(100)-oriented silicon wafer was bonded to the glass substrate
by anodic bonding [Fig. 26(a)] [64]. ii) In order to avoid any de-
formation of the convex corners [65], the patterned rectangular
mask was tilted 30° with respect to the (110) crystal orienta-
tion of silicon [Fig. 26(b)]. iii) The silicon wedge was fabri-
cated by anisotropic etching (40 g KOH + 60 g H,O + 40 g
isopropyl alcohol, 80 °C). By maintaining the silicon wedge
height lower than 10 pm, its propagation loss can be kept suf-
ficiently low [Fig. 26(c)]. iv) After removing the SiO, layer,
the silicon wedge was coated with a 50-nm-thick gold layer
[Fig. 26(d)]. SEM images of the fabricated waveguide are shown
by Fig. 26(e) and (f).

B. Excitation and Observation of 1-D Plasmon Mode

The spatial distribution of the electric-field energy on the
plateau of metallized silicon wedge was measured by scanning
afiber probe with an aperture diameter D, of 60 nm. In order to
excite the plasmon mode, linearly polarized light (A = 830 nm)
was focused onto the surface F1. Fig. 27(a) and (b) shows the
bird’s-eye views of the observed electric-field energy distribu-
tions on the wedges with plateau width W = 1 pm and 150 nm
for TM polarization (the incident light polarization is parallel to
the y axis), respectively. Fig. 27(c) and (d) are for TE polariza-
tion (parallel to the z axis). Comparing Fig. 27(a) and (c) [or
Fig. 27(b) and (d)], it is confirmed that the propagating mode
was excited efficiently only by TM polarized incident light.
Closed and open circles in Fig. 28(a) and (b) show the cross-sec-
tional profiles along the lines in Fig. 27(a) (A-A’ and a-a’) and
(b) (B-B’ and b-b’), respectively. In these figures, transmis-
sion was defined as the ratio of the light power detected by the
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Fig. 27. Bird’s eye views of the electric-field energy distribution (A = 830 nm) on the silicon wedge plateau. (a) TM polarization: W =1pm (b) TM
polarization: W = 150 nm. (c) TE polarization: W = 1 pm. (d) TE polarization: W = 150 nm. :

fiber probe to the input light power. From the dotted exponen-
tial curve in Fig. 28(a) fitted to the open circles, the propagation
length is estimated as 2.5 pm for the 150-nm wedge. This value
is comparable to the theoretical value for TM plasmon mode ina
cylindrical metal core waveguide with D = 40 nm, which con-
sists of a gold core and air cladding (A = 830 nm) [59]. From the
solid exponential curve in Fig. 28(a) fitted to the closed circles,
the propagation length for W = 1.0 um is estimated as 4.0 pm,
which is longer than that for W = 150 nm. This is because,
as W increases, the effective refractive index approaches that
of surface plasmon at the planar boundary between gold and air
[59]. These experimental results confirm that the observed ex-
citation along the plateau was the TM plasmon mode.

Fig. 28(b) shows that FWHM of the cross-sectional profiles
was 150 nm for W = 150 nm, which can be decreased by
minor improvements of the waveguide design in order to meet
the requirement 2). Further, note that the transmission was 5.0 X
10~3 for W = 150 nm, which is ten times higher than that of a
fiber probe with D, = 150 nm [66]. This efficient excitation of
the TM plasmon mode is attributed to the scattering coupling at
the edge between F1 and the plateau in Fig. 25(b) [61], [63] and,
thus, it meets the requirement 1). Finally, the propagation length
estimated above is longer than the incident light wavelength,
which meets the requirement 3).

In the case when this waveguide is used in the UV region in
order to excite nanometric ZnO, CuCl, and so on, higher cou-
pling efficiency could be expected by introducing a grating cou-
pler in order to convert the propagating far-field light to the 2-D
plasmon mode.

V1. A KEY DEVICE FOR GENERATION/DETECTION OF OPTICAL
NEAR FIELD WITH HIGH THROUGHPUT AND RESOLUTION

A. Metallized Pyramidal Silicon Probe

A key device for nanophotonics is the one generating or
detecting optical near field. Such a device, i.e., a fiber probe
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Fig. 28. (a) Cross-sectional profiles along A-A’ (closed circles) and B-B’
(open circles) in Fig. 27(a) and (b), respectively. Solid and dotted exponential
curves were fitted to the experimental values of closed and open circles,
respectively. (b) Cross-sectional profiles along a-a’ (closed circles) and b-b’
(open circles) in Fig. 27(a) and (b), respectively.

Fig. 29. Structure of a metallized pyramidal silicon probe.
has been fabricated by selective chemical etching, which

was developed by the authors [67]. Recently, several groups
have reported cantilevered probes based on micromachining
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Fig. 30. (a) FDTD geometry of the probe-to-probe method. (b) Cross section along the zz plane in (a). d = aluminum thickness. (c) Thickness dependence of
the calculated distributions. (d) Thickness dependence of peak intensity and FWHM of the profiles in (c).

[68]1-[71]. High throughput and small spot size are expected
due to high refractive indices of their cores; however, they
have not yet been realized for applications to nanophotonics.
This section reviews the successful fabrication of a probe with
extremely high throughput, introducing a pyramidal silicon
structure and localized surface plasmon resonance at the
metallized probe tip.

In order to realize a nanometric spot size at the probe tip,
a metallic probe is a promising candidate, through which the
surface plasmon mode propagates. Since a metallic core wave-
guide does not have a cutoff, the spot size of the propagating
mode decreases with decreasing the core diameter [59]. How-
ever, the plasmon mode is not easily excited by the propagating
mode inside the dielectric core due to mode mismatching. In
order to overcome this difficulty, we employed a pyramidal sil-
icon probe that is entirely coated with a thin metal film, as is
schematically explained by Fig. 29. Due to the high refractive
indices of the core and the thin metal film, light propagates in-
side the silicon core and is converted into the surface plasmon
mode at the metallic tip.

To find the optimum tip parameters, numerical calculations
were carried out for the geometry shown in Fig. 30(a) and
(b) by using the finite-difference time-domain (FDTD) method
[72]. Fig. 30(a) is for the probe-to-probe method used to mea-
sure the spatial distribution of the otical near-field enerev
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180 x 180 x 150 cells with the cell size of 10 x 10 x 10 nm.
As shown in Fig. 30(b), the pyramidal silicon probe (refrac-
tive index n = 3.67 at A = 830 nm) was coated with Al film
(n = 2.74 — 18.3) [73], and the four sidewalls resulted from
(111) silicon crystal planes. A scanning probe with a glass
core (n = 1.53) was used to detect the optical near-field en-
ergy on the probe tip. The scanning probe with a cone angle
of 30° was coated with a 1-pm-thick Au (n = 0.19 — 35.4)
layer, and had an aperture with a diameter D, of 50 nm. Sepa-
ration between the probes was fixed to 10 nm. The pyramidal
silicon probe was illuminated with a linearly polarized light
(A = 830 nm). ,

Fig. 30(c) shows the thickness dependence of the calculated
cross-sectional profiles of the detected optical near-field energy,
which represents that the peak energy for the metallized silicon
probe (metal thickness d = 20 nm) is as high as that of the bare
silicon tip (d = 0 nm) and the FWHM is 75 nm. The thick-
ness dependence of the peak energy and FWHM is illustrated in
Fig. 30(d), which indicates that the metallized silicon structure
produced a spot size as small as 50 nm (<) /10). Since efficient
excitation of the surface plasmon is obtained with a 15-nm-thick
aluminum coating (=d/ \/5) on silicon in the Kretschmann con-
figuration [74], these size-dependent features are attributed to
localized surface plasmon resonance [75]. As a result of these
numerical calculations, the optimum Al thickness was fonnd ta
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(@

Fig. 31. Fabrication processes for a pyramidal silicon probe. (a) Anodic
bonding. (b) Anisotropic etching for fabrication of the silicon wedge. L. : mesa
Iength. (c) SEM image of the fabricated pyramidal silicon probe. (d) Magnified
image of (c).

B. Fabrication of a Metallized Pyramidal Silicon Probe and
Observation of Localized Plasmon Resonance

Based on the optimization in Section VI-A, a pyramidal sil-
icon probe was fabricated in three steps: A

Step 1) A (100)-oriented silicon wafer was bonded to a glass
substrate by anodic bonding [Fig. 31(a)] [64].

The probe was fabricated by anisotropic etching
[Fig. 31(b)]. By maintaining the silicon probe
height at less than 10 m, the propagation loss is kept
sufficiently low.

After removing the SiO, layer, the probe was coated
with an Al layer (d = 20 nm). Fig. 31(c) and (d)
shows scanning electron microscope (SEM) images
of our sharpened (mesa length L., < 10 nm) pyra-
midal silicon probe with an Al layer.

Spatial distribution of the optical near-field energy on the
pyramidal silicon probe was measured using the probe-to-probe
method, i.e., it was scanned with an apertured probe with D, =
50 nm with a cone angle of 30°. The separation between the
probes was kept within 10 nm using the shear-force feedback
technique. For comparison, we also measured the optical near-
field energy of a triple-tapered fiber probe with D, = 60 nm.
The throughput of this triple-tapered fiber probe has been cali-
brated to be 1.5x 103 [66], which is the highest among existing
fiber probes due to the interference characteristics of the guided
modes [66].

Fig. 32 (a)~(c) shows the observed spatial distributions of the
optical near-field energy for the metallized pyramidal silicon
probe (d = 20 nm), the bare pyramidal silicon probe (d =
0 nm), and the triple-tapered fiber probe with D, = 60 nm,
respectively. Curves A-C in Fig. 32(d) are cross-sectional pro-
files along the dashed white lines in Fig. 32(a)—(c), respectively.
Note that the FWHM of the metallized pyramidal silicon probe
is 85 nm (~\/10) (curve A), which is in good agreement with
the value in Fig. 30(c). Further, the peak energy of the metal-
lized pyramidal silicon probe is five and 15 times larger than
those of the bare pyramidal silicon and the triple-tapered probes,

Step 2)

Step 3)
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Fig. 32. Observed spatial distributions of the optical near-field energy of the
(a) metallized pyramidal silicon probe (d = 20 nm), (b) bare pyramidal silicon
probe (¢ = 0 nm), and (c) triple-tapered probe with D, = 60 nm. (d) Curves
A, B, and C are the cross-sectional profiles along the dashed white lines in
(a)—(c), respectively.

respectively. Such effective excitation of the optical near field
by the metallized silicon probe is attributed to localized surface
plasmon resonance. These results indicate that the metallized
pyramidal silicon structure resulted in high throughput (2.3%)
and small spot size (85 nm) simultaneously.

Considering the aperture diameter (D, = 50 nm) of the fiber
probe used for detection, the spot size of the metallized pyra-
midal silicon probe (d = 20 nm) should have the capability
of higher resolution, e.g., 50 nm or higher should be possible.
Higher throughput is expected by combining the pyramidal sil-
icon probe tip and the microfabricated solid immersion lens
[76]. Further, by using the transparent material with high refrac-
tive index in the UV region, such as SigNy4, GaP, GaN, and so
on, the plasmon resonance effect described here can be appli-
cable also to the blue-violet region.

VII. APPLICATION TO HIGH-DENSITY AND HIGH-SPEED
OPTICAL MEMORY

A. Optical Near-Field Slider

Nanophotonics can be applied to next-generation optical
storage system with 1 Tb/in? recording density and 1-Gb/s
data transmission rate. A super-resolution near-field structure
[77] and a planar probe mounted on an optical slider [78] were
proposed recently for this application. Though these methods
do not require shear-force feedback, the optical near-field
energies on the subwavelength apertures are too low because
the incident light is focused by a conventional lens. We review
here an advanced system using a contact slider as a more
promising candidate to realize high recording density on a
phase-change recording medium and fast data transmission
rate. Our metallized pyramidal silicon probe technology of
Section VI is applied to this system.

Structures of the system and the slider are illustrated in Fig. 33
[79]. A metallized pyramidal silicon probe array is arranged on
a surface of the slider. The probes in the array are designed by
utilizing the results of Section VI. Advantages of such a slider
are as follows. 1) the probe array with sub-10-um heights has
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Fig. 33. (a) Contact slider with a pyramidal silicon probe array. (b) Pyramidal
silicon probe, L., : mesa length. (c) Data storage system with the slider.

high durability because it is bonded to a thick glass substrate.
2) Since the height of the probe tips and the pads are determined
by the uniformity of the thickness of silicon wafer, ultrahigh
homogeneity in the heights of the probes and pads can be ob-
tained. 3) Use of a probe array with many probe tips increases
the total data transmission rate by parallel readout [80]—[82].
For this readout, the incident light is spatially modulated by an
electrooptics method, and the scattered light from each probe is
detected as a time-sequential signal.

B. Fabrication of Optical Near-Field Slider and
Recording-Readout Experiments

Since the key issue in realizing a pyramidal silicon probe
array is high homogeneity in the heights of the probes, the probe
array is fabricated from a (100)-oriented silicon-on-insulator
(SOI) wafer in four steps.

Step 1) A 10-um SOI wafer is bonded to the glass substrate
by anodic bonding [Fig. 34(a)] [64].

After removal of the silicon substrate from the SOI
wafer by wet etching, the probe array, the bank, and
the pads are fabricated by anisotropic etching (40g
KOH + 60 g H,0 + 40 g isopropyl alcohol, 80 °C)
[Fig. 34(b)]. Note that the height homogeneity is
maintained by the remaining the SiO, layer [see
Fig. 34(c)].

The slider is quarried with a dicing saw.

After removal of the SiO layer, the slider is coated
with 30-nm-thick aluminum.

Step 2)

Step 3)
Step 4)
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Fig. 34. Fabrication processes of a contact slider with a pyramidal silicon
probe array. (a) Anodic bonding. (b) Anisotropic etching for fabrication the
probe array, the bank, and the pads. (c) SEM image as the result of Step 1).
(d) Optical image as the result of Step 4). (¢) Magnified SEM image of the
fabricated pyramidal silicon probe array.

Fig. 34(d) and (e) shows an optical image of the contact slider
and a SEM image of the pyramidal silicon probe array fabricated
on the slider, respectively. The height dispersions of the probes
and pads are decreased to less than 10 nm due to the uniformity
of thickness of the SOI wafer. The slider is designed by use of
the design criteria [83] for a contact-type hard-disk head so that
its jumping height over the phase-change recording medium is
maintained to be less than 10 nm. Furthermore, since the phase-
change recording medium is fragile, we designed the bank so
that the contact stress becomes 100 times lower than the yield
stress of the magnetic disk at a constant linear velocity (vcr,) of
0.3 m/s, corresponding to a data transmission rate of 10 Mb/s
for a data density of 1 Tb/in?. To increase the data transmission
rate 100 times, i.e., to realize a 1-Gb/s data transmission rate for
recording density of 1 Tb/in?, we fabricated 100 probe elements
on the inner part of the bank for parallel readout.

In recording and readout experiments (see Fig. 35), an as-de-
posited AgInSbTe film was used as a phase-change recording
medium. We compared the signal transmitted through phase-
changed marks recorded with a single element of the probe array
and that with a focused propagating light (\ = 830 nm). The
slider was in contact with a phase-change recording medium
coated with a thin lubricant film. The frequency of the rectan-
gularly modulated signal with 50% duty was changed from 0.16
to 2.0 MHz at vor, = 0.43 m/s. The recording optical powers
for a pyramidal silicon probe with a mesa length L., of 150 nm
(see the SEM image in Fig. 35) and a focused propagating light
with an object lens (N.A., 0.4) were 200 and 15 mW, respec-
tively. Readout was carried out at vcr, = 0.43 m/s. The reading
optical powers for the pyramidal silicon probe and the focused
propagating light were 20 and 3.6 mW, respectively. The reso-
lution bandwidth was 30 kHz.

Measured dependences of the carrier-to-noise ratio (CNR)
on the mark length are shown in Fig. 36. Compared with
the closed circles, open circles indicate that shorter crys-
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Fig. 35. Experimental setup for phase-change recording-reading by the
contact slider. Inset: SEM image of the pyramidal silicon probe tip used for
optical near-field recording-reading.
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Fig. 36. Dependence of the CNR on mark length. Open circles: by an optical
pear field with the pyramidal silicon probe. Closed circles: by a propagating
light focused with an object lens.

talline phase-changed marks beyond the diffraction limit
were recorded and read out by an optical near field on the
pyramidal silicon probe. The shortest mark length was 110 nm
at vor = 0.43 m/s, corresponding to a data transmission rate of
2.0 Mb/s. This is the first phase-change recording-readout with
a contact slider. The constant CNR of the pyramidal silicon
probe shown by the open circles in this figure is due to the
small spot size of the optical near field for recording-readout
and the narrow recorded mark width, which are as small as
L., of the pyramidal silicon probe. These results indicate that
further increases in CNR and decreases in mark length are
possible by means of tracking during readout.

The data transmission rate of 2.0 Mb/s can be increased to
200 Mb/s by parallel readout with all elements of the probe
array. Further, it is expected that the recording density can be
increased to as high as 1 Tb/in? by further improvements in the
plasmon resonance effect at the pyramidal silicon probe tip.

VIIIL SUMvtARY

This paper reviewed nanophotonics, a novel optical nanotech-
nology utilizing local electromagnetic interactions between a
small number of nanometric elements and an optical near field.
Its potential for high integration beyond the diffraction limit

of light can solve the technical problems of the future optical
industry. A prototype nanophotonic integrated circuit was pre-
sented. All the devices in this circuit involve nanometric dots
and wires, and an optical near field is used as a carrier to transmit
the signal. As a key device, we proposed a nanophotonic switch
based on optical near-field energy transfer between QDs.

Using a density matrix formulation, we theoretically showed
that the optical near-field interaction is expressed as the sum
of the Yukawa function, and estimated that the oscillation
period of the nutation for cubic CuCl QDs is less than 100
ps at a 10-nm inter-QD distance, which is sufficiently short
for the switching operation. In order to guarantee one-direc-
tional (i.e., irreversible) energy transfer between two resonant
levels of QDs, we examined intrasublevel transitions due to
phonon coupling by considering a simple two-QD plus phonon
heat-bath system, and formulated the population dynamics of
the system. As a result, we found that the state-filling time
strongly depended on both the strength of the optical near-field
interaction and the relaxation rate due to phonon coupling.
To numerically evaluate CuCl QDs, the state-filling time was
estimated as 22 ps, which is sufficiently short for the switching
operation. Our analysis also showed that the state-filling
time was almost independent of the temperature within the
Born-Markov approximation. However, the finite temperature
results in a residual population in the upper energy levels,
which might degrade the aspect ratio of the ON-OFF signals of
the switch. The optical near-field energy transfer to be used
for the nanophotonic switch was experimentally studied using
cubic CuCl QDs in a NaCl matrix as a test sample. Using
near-field optical spectroscopy with a spatial resolution smaller
than 50 nm in the near-UV region at 15 K, we observed the
optical near-field energy transfer occurring from the lowest
state of excitons in 4.6-nm QDs to the first dipole-forbidden
excited state of excitons in 6.3-nm QDs.

To fabricate nanophotonic devices and ICs, we developed a
new technique of chemical vapor deposition that uses an op-
tical near field. Reviewing the experimental results of depositing
nanometric Zn and Al patterns, we confirmed that this tech-
nique was sufficiently precise in controlling the size and posi-
tion of the deposited material. Furthermore, we demonstrated a
novel deposition scheme under nonresonant conditions and dis-
cussed its origin. In order to confirm the possibility of using a
nanometric ZnO dot as a light emitter in a nanophotonic IC, we
performed spatially and spectrally resolved PL imaging of indi-
vidual ZnO nanocrystallites with a spatial resolution as high as
55 nm using a UV fiber probe. We observed the quantum size
effect in ZnO nanocrystallites, i.e., the intensities of higher en-
ergy components of the PL spectrum increased as the spot size
decreased.

To connect the 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
beam width of 150 nm and propagation length of 2.5 pum.

To improve the performance of a key device for nanopho-
tonics, we realized an optical near-field probe with an extremely

93



860 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 8, NO. 4, JULY/AUGUST 2002

high throughput by introducing a pyramidal silicon structure
and localized surface plasmon resonance at the metallized probe
tip. Throughput as high as 2.5% was achieved for a spot size of
85 nm.

To apply nanophotonics to a high-density, high-speed
optical memory system, we proposed and fabricated a novel
contact slider with a pyramidal silicon probe array, with high
homogeneity in the heights of the probes. We carried out
phase-change recording/reading using this slider. Illuminating
one element of the silicon probe array with a laser beam
(A = 830 nm), we demonstrated mark lengths as short as
110 nm.
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WHAT IS NANOPHOTONICS?

M. Ohtsu*
Interdisciplinary Graduate School of Science and Technology, Tokyo Institute of
Technology
4259 Nagatsuta-cho, Midori-ku, Yokohama, Kanagawa 2265-8502, Japan
E-mail: ohtsu@ae.titech.ac.jp

This talk reviews recent progress in nanophotonics which was proposed by myself
several years ago in order to open a new field of optical science and technology beyond

the diffraction limit of light. Nanophotonics is defined as a technology that utilizes local .

electromagnetic interactions between a few 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 enables
fabrication, operation, and integration of nanometric devices. Thus, this technology can
solve the technical problems that are faced by the future optical industry. They are (1)
increased integration of photonic devices if the data transmission rates of optical fiber
transmission systems are to reach as high as 10Tb/s by the year 2015, (2) sub-100nm
width pattern fabrication by photo-lithography for increasing the DRAM capacity by the
year 2010, and (3) recording and readout of 25 nm pit pattern for realizing 1 Tb/in?
recording density of the optical memory systems by the year 2010.

The primary advantage of nanophotonics is its capacity to realize novel functions
based on local electromagnetic interaction. It should be noted that some of the
conventional concepts of wave-optics, such as interference, are no longer essential in
nanophotonics. Instead, concepts of surface elementary excitation and nano-fabrication
technology are essential.

Novel nanophotonic devices and their integration are proposed and
theoretical/experimental studies on their functions are reviewed. Chemical vapor
deposition by optical near field is also demonstrated to deposit a variety of nanometric
materials on a substrate.

(*) also with ERATO Localized Photon Project, Japan Science and Technology
Corporation, 687-1 Tsuruma, Machida-shi, Tokyo 194-0004, Japan
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Nanophotonic Switching using CuCl Quantum Cubes
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Abstract: We report the first demonstration of repeated near-field optical switching using cubic
CuCl quantum dots by time-resolved optical near-field measurement. Its figure of merit is 10~100
‘times greater than that of conventional photonic switches.

©2002 Optical Society of America
OCIS codes: (230.1150) All-optical device; (999.9999) Nanometric Optical Control; (999.9999) Nanophotonic devices

Coupled quantum dot (QD) system have unique properties that distinguish them from single QD system. The
optical near-field interaction [1] is interesting, as it can govern the coupling strength of QDs. Recently, we observed
an optically forbidden energy transfer between neighboring cubic CuCl QDs, i.e.. quantum cubes (QCs), via the
optical near field [2]. Controlling this nanometric energy transfer enables nanophotonic switching [3].

Figure 1 shows the schematic mechanism of a nanophotonic switch that we propose to realize ultra highly
integrated switch array devices for future high-speed, large-capacity optical communication system. Assuming three

QCs with side lengths L (input cube), ﬁL (output cube). and 2L (control cube). energy levels (2,2.2) in the
control cube, (2,1,1) in the output cube, and (1,1,1) in the control cube resonate with each other. Here, (n, n, n.)
refers to the quantum numbers for the sublevels in the QCs. When the separation of the cubes is less than 30 nm, the
resonance levels in each cube are coupled with the optical near field. Consequently, the energy transfer occurs
among the QCs. Without a control signal, the input signal to the control cube relaxes, and the output signal is
obstructed (OFF state). With a control signal, energy transfer to the control cube is blocked by the filling of the
control cube, and the input signal then goes through the output cube giving an output signal (ON state).

Output
Input _cubc

(n.n.n)

Tﬁ'ﬁtiénai’/,kl‘l‘

(Cotrol signal (=104 -

- Control cube

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

We used the CuCl QCs embedded in a NaCl matrix as test samples to verify the nanophotonic switching
operation, as CuCl QCs offer the similar discrete energy levels to the exciton described in Fig.1 [4). Figures 2 (a)
and (b) show the spatial distribution of an output signal intensity in the OFF, i.e., with an input signal only, and ON,
i.e., with input and control signal, state respectively using a near-field microscope at 15 K. The insets in Fig.2 are
schematic drawings of the existing QC frio used for the switching, which was confirmed from the luminescence
spectrum. The QC sizes of the frio, obtained from the wavelengths of their luminescence, were 3.5, 4.6, and 6.3 nm,

and the effective size ratio, considering with the exciton Bohr radius, was l:\/f :2. Therefore, they satisfy the
switching condition shown in Fig.1. Here their separations of QCs (drawings in Fig.2) were theoretically estimated
from the time-resolved measurement explained in the next paragraph.
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Fig.2. Spatial distributions of the output signal from the nanophotonic switch in the OFF (a) and ON (b)
states, measured using a near-field microscope.
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Fig.3. Temporal evolutions of the output (upper) and control pulse (lower) signals from the nanophotonic
switch located at the dotted circle in Fig.2 (b).

The dynamic properties of the switch were measured using a time correlation single photon counting method.
As a pulse-control-light source, 385-nm SHG of a mode locked Ti-sapphire laser was used. The repetition rate and
the pulse duration of the laser were 80 MHz and 10 ps, respectively. The temporal resolution of the experiment was
15 ps. Figure 3 shows the temporal evolution of the controlled output and control pulse signals from the QC frio.
The output signal synchronously rises within less than 100 ps of the control pulse, and this nanophotonic switch can
operate at a few hundred MHz considering the decay time of the output signal. The separations among the QCs can
be estimated from the rise time. The ON-OFF ratio is about 10, which is sufficient for an all-optical switch. The
advantages of this nanophotonic switch are its small size and high-density integration ability based on the locality of
the optical near-filed. Its figure of merit, F=C/(}"1,,P,,). as an optical switch is 10--100 times greater than all other
optical switches, where C, I, t,,, and Py, are the ON-OFF ratio, volume. switching time. and switching energy. We
consider this nanometric optical switching system is suitable to ultra high-density nanophotonic ICs.
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fabricated by a simple method involving the low-
temperature oxidation of metallic Zn

T.-W. Kim', T. Kawazoe', S. Yamazaki?, J. Lim?, T. Yatsui', and M. Ohtsu"?
! Japan Science and Technology Corporation, 687-1, Tsuruma. Machida. Tokyo194-0004, Japan
? Interdisciplinary Graduate School of Science and Engineering. Tokyo In stitute of Technology, Yokohama, Kanagawa 226-8502, Japan
Email: twkim90@ohtsu.jst.go.jp

Abstract: we report deep-level emission-free UV emission and lasing from ZnO nanostructures
fabricated via a simple method involving the low-temperature oxidation of metallic Zn.

©2003 Optical Society of America
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The nanostructures of wide-band gap semiconductors such as GaN and ZnO, have attracted much attention for
applications to nanophotonic devices in the ultraviolet (UV) region [1,2]. In particular, ZnO is a promising material
for fabricating the devices that emit UV light at room temperature (RT) at high efficient via an exciton
recombination process. However, most of the ZnO nanostructures previously reported have suffered from deep-level
emissions, which have been attributed to intrinsic defects such as ionized oxygen vacancies or interstitial Zn [3,4].
Such deep-level emissions deteriorate excitonic emission at the near band edge and lead to low efficiency UV light
emission. In this paper, we report deep-level emission-free UV emission and lasing from ZnO nanostructures
fabricated using a simple method that involves low-temperature oxidation of metallic Zn.

To fabricate ZnO nanostructures, i.e., dots or crystallites, we used a simple method of fabrication, in which
metallic Zn nanodots prepared on CaF, (111) substrates by thermal evaporation of pure metallic Zn powder (99.999-
%) were transformed into ZnO nanodots by thermal oxidation at 380 °C for 6 h.

(b)
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0 (0002)

1000

ZnO (1011)
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g

=
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Fig. 1. SEM image (a) and XRD pattern (b) of ZnO nanodots fabricated by thermal oxidation at 380 °C, for 6 h.

Scanning electron microscopy (SEM) images showed ZnO nanodots with diameters from 10 nm to 60 nm (Fig.
1(a)). X-ray diffraction (XRD) measurements revealed the ZnO diffraction peaks and the mean diameter of the ZnO
nanodots determined using Scherrer’s formula was ca. 30 nm (Fig. 1 (b)). RT photoluminescence (PL)
measurements using a cw He-Cd laser (325 nm) showed a strong peak at 3.28 eV, which was ascribed to free
excition recombination. In contrast, the deep-level emission intensity around 2.5 eV was negligibly weak, i.e., two
orders of magnitude lower than that of the near-band emission (Fig. 2). The results suggest that sufficient oxygen is
able to diffuse into the metallic Zn nanodots, even at temperature as low as 380 °C, allowing fabrication of pure
ZnO nanodots with extremely low concentrations of the defect associated with the deep-level emission [5].
Furthermore, we optically pumped polycrystalline ZnO films composed of ZnO nanocrystallites fabricated using the
same process. Figure 3 shows the PL spectra of a ZnO polycrystalline film optically pumped at RT by 5th harmonic
generation (213 nm) of a Nd:YAG laser. At a low excitation energy (0.022 mJ), a single broad spontaneous-
emission peak of ZnO was observed at 3.246 eV (Fig. 3 (a)). As the excitation intensity was increased, a sharp peak
appeared at around 3.12 eV (Fig. 3 (a), (b)). This sharp peak is a typical characteristic of laser action.
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Fig. 2. PL spectrum of ZnO nanodots measured at room temperature using a cw He-Cd laser (325 nm).

The threshold intensity for lasing was estimated at ~7 MW/cm” from a plot of luminescence intensity versus
pumping power. Recently, Cao et al. demonstrated laser action in self-formed cavities via scattering in ZnO
polycrystalline films [6].
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Fig. 3. PL spectra of ZnO polycrystalline films composed of ZnO nanocrystallites measured at room
temperature using 5th harmonic generation (213 nm) of a Nd: YAG laser.

In conclusion, we demonstrated deep-level emission-free UV emission and lasing from ZnO nanostructures
fabricated using a low temperature oxidation process. We believe that this process is a simple, promising approach
for fabricating ZnO nanodots of sufficiently high quality for use as nanoscale UV light emitters and an alternative
UV laser source; both are key components in photonic devices.
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A nanophotonic switch: transient dynamics
and switching operation
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Abstract: The operation of a nanophotonic switch was investigated theoretically. An increase in
the exciton population with fast vibrations was obtained in the state-filling condition. We also
found that the population decay time can be shortened by changing the state-filling time.

©2000 Optical Society of America
OCIS codes: (230.3990) Microstructure devices. (320.5390) Picosecond phenomena

Recently, functional nanometric devices operated by optical near fields have been intensively studied in order to
satisfy future demands for optical information processing and communication [1]. We have proposed a novel class
of devices that are constructed from a few quantum dots coupled via optical near fields, i.e., nanophotonic devices.
The exciton population dynamics in a nanophotonic switch, one such device, has been investigated both
experimentally [2] and theoretically [1]. In this paper, we theoretically discuss principles of operating such a switch
by controlling the excited state of matter, and demonstrate switching using three cubic quantum dots of appropriate
sizes.

Figure 1 shows a model of the nanophotonic switch, in which each neighboring pair of quantum dots has a
resonant energy level that is determined by setting the sizes as l(I):Z(C):s/E (0). An input signal creates an
exciton at the (1.1,1)-level in QD-1, and this is transferred to the resonant energy levels of the adjacent quantum dots
via optical near-field coupling [3]. While some energy levels with even total quantum numbers are optically (dipole)
forbidden and are not directly excited by far-field light, optical near fields allow such transitions because their
spatial localization resolves the wave function of each nanometric quantum dot far beyond the diffraction limit of

light. The ON or OFF state of the switch corresponds to an occupied or unoccupied lowest (1,1,1)-level, respectively.

in QD-C. When this energy level is occupied, which is called state-filling, the excitation ultimately reaches the
(2.1,1)-level in QD-C or the (1.1.1)}level in QD-O, leading to an output signal. The lowest energy level in each
quantum dot is coupled to a free photon bath to sweep out the excitation radiatively and to a laser photon bath to
control this device with a light pulse. Intra-sublevel transitions by phonon interaction guarantee unidirectional
energy transfer.
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Fig. 1. Theoretical model of a nanophotonic switch.

Based on this model, we derived a master equation for density matrix elements, and calculated the dynamics
numerically. As an initial population, a steady state is prepared, where the (1.1,1)-level in QD-1 is excited weakly
and continuously. The output signal (luminescence intensity) is proportional to the (1.1.1 )level population in QD-O.
Figure 2 shows the temporal evolution of the population in QD-O after an incoherent short pulse (10 ps) is applied
to QD-C. This situation corresponds to transition from the OFF state to the ON state. When state-filling is achieved
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instantaneously, the population increases and fast vibrations appear. These vibrations manifest themselves only in
the state-filling condition. which is apparently caused by nutation between the (2,1,1) and (1,1.1)}levels in QD-C
and O when the intra-sublevel transition in QD-C is restrained. Another characteristic feature, slow population decay,
is observed in the later stage, and is approximately twice that of an isolated quantum dot. This phenomenon cannot
be reproduced using the rate equation approach. Primary reason for this decay is that, in the two resonant energy
levels coupled via optical near fields, one is dipole allowed, but the other is forbidden and cannot sweep out the
population as a free photon in the case of the state-filling condition. Therefore, this is an inherent effect of optical
near fields.

%
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Fig. 2. Temporal evolution of the (1.1.1)-level population from the steady state in QD-C. The adjustable parameters are set
as follows: optical near-field coupling L™'= U’ =130 ps, radiative r elaxation time ¥,'=16.8 ns, ¥,'=2.1 ns, and 7,"=5.9 ns,
and non-radiative relaxation time I3'=20ps, I"*=10 ps, I""*=30 ps, and I;=20 ps.

Furthermore, we found an important feature of the switching operation in this system. At first glance, it seems as
though the excited population in the (1,1.1)-level in QD-O cannot be removed until the slow decay occurs (see Fig.
2). With control light illumination, however, the excitation in the system reaches a stable state faster than the
spontaneous emission time. We postulate that the effect originates from stimulated emission and absorption in QD-C.
In one of the calculated results (Fig. 3), the change from ON to OFF takes only a few 100 ps, and this can be
optimized by varying some parameters, such as the inter-dot spacing, quantum-dot size. and dot and phonon bath
materials.

Population difference

0 2000 4000 6000 8000
Time (ps)
Fig.3. Demonstration of the switching operation using two control pulses. The solid and dashed curves represent the

population at the (1.1.1)-level in QD-C and the temporal profile of the control pulses, respectively. The same parameters
used to calculate Fig. 2 are adopted, and each pulse width is 300 ps.
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To conclude, we discussed the operation of a nanophotonic switch when a control signal exists. After an
instantaneous control pulse is applied, the output population increases with fast vibrations, and then decays slowly.
By changing the control pulse width, the population decay time can be shortened to achieve faster ON-OFF
switching. These characteristics were demonstrated numerically, and we obtained switching on the order of a few
100 ps with such a device.
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Non-Adiabatic Nanometric Near-Field Optical
Chemical Vapor Deposition using Visible Light
for Ultraviolet Metal-Organic Gas Source
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Abstract: Photodissociation using optical near field of diethylzinc becomes non-adiabatic due to
the steep spatial gradient of optical power. Therefore, diethylzinc becomes active even for visible
light, although it is active only for UV propagating light.

©2003 Optical Society of America

OCIS codes: (220.4610) Optical fabrication; (260, 5130) Photochemistry:, (999.9999), Optical Near Field

The application of near-field optical chemical vapor deposition (NFO-CVD) to nanostructure fabrication has the
potential to realize high-density nanometric integrated photonic devices [1]. Previously, we utilized the high spatial
resolution capability of the optical near field to deposit 20-nm-wide Zn wires [2] and 40-nm Zn and 25-nm Al dots
[1]. The size of objects deposited by conventional far-field optical CVD techniques is limited by diffraction.
Optical CVD utilizes a two-step process: photodissociation and adsorption. For photodissociation, the far-field light
must resonate the reacting molecular gasses in order to excite molecules from the ground state to the excited
electronic state. The Frank-Condon principle claims that this resonance is essential for excitation [3]. The excited
molecules then relax to the dissociation channel, and the dissociated Zn atoms adsorb to the substrate surface. The
usual metal-organic gas source for optical CVD has the excited electron state in the ultraviolet wavelength region.
For NFO-CVD, however, photodissociation can take place in nonresonant conditions, i.e.. for visible light, due to
the inherent properties of the optical near field [4]. This technique makes it possible to use various light and gas
sources to deposit a variety of nanometric materials, and is very useful.

In the experiment, ultra-high purity argon was used as a buffer gas and diethylzinc (DEZn) as a reacting
molecular gas source. The fiber probe used for NFO-CVD was a high-throughput, single-tapered UV fiber probe.
The apex of the fiber probe was 30 nm. In order to investigate the deposition effect of nonresonant far-field light, a
fiber probe without the usual metal coating was used for deposition, i.e., a bare fiber probe. Therefore. the optical
far field was generated by light leaking through the circumference of the fiber probe, while the optical near field was
generated at the apex. The laser output power from the fiber probe was measured with a photo-diode placed behind
the sapphire substrate. The deposited Zn dots were measured using a shear-force microscope. During deposition,
the partial pressure of DEZn was 100 mTorr. Details of the Zn deposition procedures have been reported previously
[4.5].

Figure 1 shows shear-force topographic images atter NFO-CVD on a sapphire substrate with light sources of A
= 325 (a), 488 (b), and 684 (c) nm. Zn dots smaller than the light wavelength were deposited below the apex of the
fiber probe, despite the leakage of far-field light from the bare fiber probe to the circumference. Namely, deposition
does not occur for far-field light at these wavelengths, but for near-field light. This result agrees with previous work
using conventional optical CVD for Zn deposition with a far-field light with & = 300 nm [6].

Figure 2 shows the photon-flux dependencies of the deposition rate of Zn. For =325 nm, the deposition rate
was proportional to the photon flux. For A = 488 and 684 nm. higher-order dependencies of the deposition rate
appeared and were fit by third-order functions. In discussions of the experimental results, we clarified that the
photodissociation process for NFO-CVD is a non-adiabatic process that does not follow the Frank-Condon principle,
which implies direct excitation of molecule vibration mode and direct transition to the dissociation channel. These
phenomena arise from the steep spatial gradient of optical power. which is caused by the spatial locality of the
optical near field.



QWAl2

(a) 325nm

120n
s

(b) 488nm

Fig.1. Shear-force topographic images after NFO-CVD on a sapphire substrate using three light
sources: (a) He-Cd laser: & = 325 nm; (b) Ar" laser: A = 488 nm; (c) Diode laser: A = 684 nm.
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Abstract: We successfully fabricated a plasmon condenser for optical far/near-field
conversion by introducing a microscatterer, which works as a high-efficiency coupler to
a one-dimensional plasmon waveguide.

©2002 Optical Society of America
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For future optical transmission systems, nanophotonic integrated circuits [1], which are composed of sub-100 nm
scale dots, are necessary to increase data transmission rates and capacity. To realize this, they must be coupled with
external conventional diffraction-limited photonic devices using a nanometer-scale optical waveguide for far/near-
field conversion. To meet this requirement, we have reported a plasmon waveguide using a metallized silicon wedge
structure that converts far-field light into an optical near field via one-dimensional (1D) plasmon mode [2]. To
couple with the 1D plasmon mode efficiently, we propose here a plasmon condenser with a microscatterer that
focuses a two-dimensional (2D) surface plasmon (SP) and converts it to 1D plasmon mode efficiently.

As a plasmon condenser, carbon columns were aligned using a focused ion beam. They were positioned on the
circumference of a circle of radius R in order to phase-match the scattered plasmon waves at the focal point. The
angular position of the nth column is given by kR-kRcos(ay)=2/m (see Fig. 1) [3]. Furthermore, to increase the
efficiency of light scattering, a microscatterer was deposited at the focal point of the plasmon condenser. To excite
2D SP mode and increase the near-field optical energy at the microscatterer, 50-nm-thick gold coating was applied.
In order to investigate the plasmon enhancement due to the microscatterer, we compared the spatial distribution of
palsmon condensers without and with the microscatterer. The spatial distribution of the optical near-tield energy was
observed with a collection mode near-field optical microscope at A = 785 nm and arrangement for 2D SP excitation
in the Kretschmann configuration.

nth column
kR-kR cos (Unj=2nn

Fig. 1. Model of a plasmon condenser with a microscatterer.

Figures 2(a) and 2(b) show the respective topographical and near-field optical images of the plasmon condenser
without the microscatterer. Figures 2(c) and 2(d) are for the plasmon condenser with the microscatterer. In Fig. 2(e),
curves A, B, and C show cross-sectional profiles along the dashed white lines A-A', B-B' [in Fig. 2(b)], and C-C' [in
Fig. 2(d)], respectively, where the pick-up intensity was normalized by the incident power of 2D SP in front of the
plasmon condenser. Note that the peak intensity of curves B and C is twice and 7 times that of curve A, respectively,
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and the full width at half maximum of curve C is 350 nm. These results confirm that the plasmon condenser focuses
2D SP and the microscatterer enhances the light scattering.
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Fig. 2. (a) Topographical image of the plasmon condenser. (b) Near-field optical image of (a). (c) Topographical image of the
plasmon condenser with a microscatterer. (d) Near-field optical image of (c). (e) Curves A, B, and C show cross-sectional
profiles along the dashed white lines of A-A’, B-B', and C-C', respectively.

Using these structures in a far/near-field conversion device, higher conversion efficiency from 2D SP to 1D
plasmon mode is expected.
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Abstract: We report that a nonresonant optical near field can dramatically influence and regulate
the growth of zinc nanoparticles during photochemical vapor deposition. A single 15-nm dot was
fabricated in a highly controlled manner.

©2002 Optical Society of America
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We have proposed a nanophotonic integrated circuit to realize the ultrahigh integration of photonic switching
arrays for future optical transmission systems [1]. It is composed of sub-100 nm scale dots, which must be fabricated
with nano-scale controllability in size and position. We have proposed near-field optical chemical vapor deposition
(NFO-CVD). For further controllability, in this study we use nonresonant light to regulate the size of Zn
nanoparticles.

First, we deposited Zn nanoparticles by conventional CVD using a propagating light. Gas-phase diethylzinc
(DEZ) at a partial pressure of 5 mTorr was used as the gas source. A 500-uW He-Cd laser (A = 325 nm; its photon
energy is higher than the absorption band edge energy of adsorbed DEZn [2] making it resonant to the electronic
transition of a DEZn molecule) was used as the light source for the photodissociation of DEZn. The irradiation time
was 20 s. An SEM image showed that the grain size ranged from 100-200nm [Fig. 1(a)]. In addition to the He-Cd
laser, we deposited Zn with the illumination of 20-uW Ar* (A = 488 nm) and He-Ne (A = 633 nm) lasers. The
irradiation times were 20 s. These are nonresonant light sources, because their photon energies are lower than the
absorption band edge energy of DEZn. The respective grain size was less than 50 nm [illuminating A = 488 nm and
325 nm, Fig. 1(b)] and less than 10 nm [illuminating A =633 nm and 325 nm, Fig. 1(c)]. The dependency of
fabricated size on the wavelength is due to the acceleration of dissociating ethylzinc [3] or the desorption of
deposited Zn by the nonresonant light [4], which are originated from the size-dependent resonance in optical
absorption.

Fig. 1. SEM image of Zn nanoparticles deposited by PCVD: (2) A= 325, (b) A =325 and 488 nm, and (c).A =325 and 633 nm.
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Second, using this dependence, we performed NFO-CVD. Figure 2 shows the experimental setup. We used a bare
UV fiber probe with an apex diameter of 30 nm (see the inset of Fig. 2). The separation between the fiber probe and
sapphire substrate was controlled to within a few nanometers using a shear-force technique.
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Fig. 2. The experimental setup for near-field optical deposition

Figures 3(a), 3(b), and 3(c) show topographical images of Zn deposited by NFO-CVD with illumination of A =

325 nm (1 pW), A =325 (1 uW) and 488 nm (1 pW), and A = 325 (1 uW) and 633 nm (1 pW), respectively. The
irradiation times were 60 s. During deposition, the partial pressure of DEZn was 100 mTorr. In Fig. 3(d), curves A,
B, and C are the respective cross-sectional profiles through Zn dots deposited with illumination of 325 nm, 325 and
488 nm, and 325 and 633 nm. Their full widths at half maximum are 60 nm (curve A), 30 nm (curve B), 15 nm
(curve C), respectively, which is consistent with the results in Fig. 1. This experiment confirmed the high
controllabirily of the size. In addition, position control is guaranteed by controlling the probe position. Since high-
quality ZnO nanocrystallites can be obtained by oxidizing Zn, this method could be used to fabricate position-
controlled ZnO nanocrystallites in a highly controlled manner. Since this method is used for a variety of

nanomaterials, it is a promising tool for nanophotonics.
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Fig. 3. Bird's-eye views of a shear-force topographical image of Zn deposited by NFO-CVD: (a) A = 325 nm, (b) A = 325 and
488 nm, and (c) A = 325 and 633 nm. (d) Curves A (A =325 nm), B (A = 325 and 488 nm), and C (A = 325 and 633 nm) show
cross-sectional profiles through the deposited Zn dots. .
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Physics and Applications of Nanophotonics
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Abstract

This talk reviews recent progress in nanophotonics which was proposed by myself several years ago.
Nanophotonics is defined as a technology that utilizes local electromagnetic interactions between a
few

nanometric element and an optical near field. The primary advantage of nanophotonics is its
capacity to realize novel functions based on local electromagnetic interaction. It should be noted
that some of

the conventional concepts of wave-optics, such as interference, are no longer essential in
nanophotonics. Novel nanophotonic devices and their integration are proposed and
experimental/theoretical studies on their functions are reviewed. Chemical vapor deposition by
aoptical near field is also demonstrated to deposit a variety of nanometric materials on a substrate.

Notes
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This talk reviews recent progress in nanophotonics which was proposed by myself several
years ago in order to open a new field of optical science and technology beyond the
diffraction limit of light. Nanophotonics is defined as a technology that utilizes local
electromagnetic interactions between a few 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 enables fabrication,
operation, and integration of nanometric devices. Thus, this technology can solve the
technical problems that are faced by
the future optical industry. They are (1) increased integration of photonic devices if the data
transmission rates of optical fiber transmission systems are to reach as high as 10Tb/s by the
year 2015, (2) sub-100nm width pattern fabrication by photo-lithography for increasing the
DRAM capacity by the year 2010, and (3) recording and readout of 25 nm pit pattern for
realizing 1 Tb/in’ recording density of the optical memory systems by the year 2010.

The primary advantage of nanophotonics is its capacity to realize novel functions based
on local electromagnetic interaction. It should be noted that some of the conventional
concepts of wave-optics, such as interference, are no longer essential in nanophotonics.
Instead, concepts of surface elementary excitation and nano-fabrication technology are
essential.

Novel nanophotonic devices and their integration are proposed and
theoretical/experimental studies on their functions are reviewed. Chemical vapor deposition
by optical near field is also demonstrated to deposit a variety of nanometric materials on a
substrate. A prototype of a high density, high speed optical near field memory system is
demonstrated.

(*) also with ERATO Localized Photon Project, Japan Science and Technology Corporation,
687-1 Tsuruma, Machida-shi, Tokyo 194-0004, Japan
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This short presentation briefly introduces the motivation and technical trend of nanophotonics which
was proposed by myself several years ago in order to open a new field of optical science and
technology beyond the diffraction limit of light'™,

Nanophotonics is defined as a technology that utilizes local electromagnetic interactions between a
few 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
enables fabrication, operation, and integration of nanometric devices. Thus, this technology can solve
the technical problems that are faced by the future optical industry. They are (1) increased integration
of photonic devices if the data transmission rates of optical fiber transmission systems are to reach as
high as 10Tb/s by the year 2015, (2) sub-100nm width pattern fabrication by photo-lithography for
increasing the DRAM capacity by the year 2010, and (3) recording and readout of 25 nm pit pattern for
realizing 1 Tb/in® recording density of the optical memory systems by the ‘year 2010. The primary
advantage of nanophotonics is its capacity to realize novel functions based on local electromagnetic
interaction. It should be noted that some of the conventional concepts of wave-optics, such as
interference, are no longer essential in nanophotonics. Instead, concepts of surface elementary
excitation and nano-fabrication technology are essential.

Novel nanophotonic devices and their integration are proposed and theoretical/experimental studies
on their functions arestudied. Chemical vapor deposition by optical near field is also demonstrated to
deposit a variety of nanometric materials on a substrate. These details are reported by the succeeding
presentations entitled, “Optical near-field phenomena and their applications II” and “II”, by T. Yatsui,
and T. Kawazoe, respectively.
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We have proposed a nanophotonic integrated circuit (IC) to realize the ultrahigh integration of
photonic switching arrays for future optical transmission systems [1]. It is composed of sub-100 nm
scale dots and wires, which must be fabricated with nanometer-scale controllability in size and
position. This is necessary so that the optical near-field energy can be transferred from one dot to
another.

To achieve this level of controllability, we demonstrated the feasibility of nanometer-scale
chemical vapor deposition (CVD) using optical near-field techniques [2], and have demonstrated the
deposition of 60-nm Zn dots with high controllability [3]. To fabricate smaller size dots, we
demonstrated a deposition of nanometer-scale Zn dots using the selective photodissociation of
adsorbed diethylzinc (DEZn) molecules, where the photon energy is lower than that of the
absorption edge of gas-phase DEZn. We achieved nanometeric prenucleation by dissociating DEZn
molecules adsorbed on a substrate. Subsequent deposition was performed by dissociating the
adsorbed molecules on the prenucleated Zn. The topographic image of the deposited Zn dot had a
full width at half maximum of 25 nm [4]. For further controllability in size, we report that an
illumination of nonresonant optical near field, which does not dissociate the DEZn molecules, can
dramatically influence and regulate the growth of Zn nanoparticles during near-field CVD. In this
deposition the dependency of fabricated size on the wavelength is due to the size-dependent
resonance in optical absorption. We will also discuss possibilities of applying this to self-assembly
fabrication for mass production of nanophotonic IC at the session. Since these methods can be used
for a variety of nanomaterials, it is a promising tool for nanophotonics.

To couple these devices with a conventional diffraction-limited photonic devices, it is required
to convert from far-field light to optical near field. As a converter, a plasmon waveguide has been
proposed by introducing a metal-coated silicon wedge structure [5]. Guiding characteristics of the
plasmon waveguide fabricated by Si anisotropic etching process were evaluated to be the 150-nm
beam width and propagation length over several microns.
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