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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 1Th/in? storage density. Results of the recent research
carried out by Ohtsu are reviewed in this issue of the COLLECTED
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High Spatial Resolution Atom Detector with Two-Color Optical Near Fields

Kouki TOTSUKA!, Haruhiko ITO?, Tomoto KAWAMURAZ and Motoichi OHTSU!*2
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We describe a slit-type detector for ground-state atoms with nanometer optical near fields. The detector with a slit width of
70nm and a slit length of 100 um is fabricated by processing a silicon-on-insulator wafer with photolithography and
anisotropic etching. Measurement with a fiber probe of the intensity distribution on the slit reveals that the spatial resolution is
96 nm. Rubidium atoms can be selectively detected by means of two-step photoionization. The detection efficiency is
estimated at 25% for Rb atoms with a mean velocity of 10 m/s. The atom detector can be used for atom deflection experiments

with a fiber probe. [DOI: 10.1143/JJAP.41.1566]

KEYWORDS: optical near field, atom detector, spatial resolution, intensity distribution, fiber probe, photoionization, detection

efficiency, Rb atom, atom deflection

1. Introduction

Some atom-optical methods using the resonant interaction
between atoms and laser light have been applied to the
fabrication of nanometer structures. For example, line and
array patterns with an individual width of several 10nm
have been made with vapor atoms.'™ Basically, in these
experiments, an atomic beam is focused on a substrate at
every half wavelength by standing light waves that work as a
sort of lens. The fabrication of arbitrary patterns, in
particular, a dot-shape nanostructure, is now expected with
atom-optical methods. However, the conventional ones with
far-field light cannot precisely control atoms with a spatial
accuracy of more than about half-wavelength, due to the
diffraction effect. This makes it difficult to produce a
nanoscale structure with the atom-optical methods.

In order to manipulate atoms with high spatial accuracy
beyond the diffraction limit, we consider the use of optical
near fields localized in the nanometer region. As the
beginning, we are developing atom deflection with a
nanometer fiber probe.® In this case, atoms entering the
near-field region near the aperture of the fiber probe are
deflected by the dipole force. It should be noted that cold
atoms with low Kinetic energy are required for efficient
interaction with the nanometric optical near field. As our first
demonstration, we shall use a cold Rb atomic beam. As is
well known, cold atoms with a mean temperature below
1 mK are easily produced by laser-cooling techniques.” In
the case of Rb atoms with a velocity of 10 m/s, which is at
the high-speed end of the velocity distribution, the deflection
angle is estimated to be 0. 1°.5®) This indicates that the atom
deviates from the incidence axis by approximately 10 um at
1 cm downstream of the fiber probe. Consequently, in order
to determine the position of the deflected atoms almost over
the velocity distribution with a high accuracy of 1%, we
need an atom detector with a spatial resolution of 100nm.
Moreover, it should be noted that the number of atoms
interacting with the nanometric optical near field is very
small. Therefore, a high detection efficiency is also required
for the atom detector.

It is not easy to detect a small number of neutral atoms.
The most popular method is to use a microchannel plate
(MCP). Unfortunately, the highest resolution of commercial

MCPs is only 5 um. Although an elaborate detection system
including secondary electron multipliyer with a resolution of
1 um has been reported,g) it is effective for metastable atoms
but not the ground-state atoms we manipulate. These
detectors use surface ionization: the ionization efficiency
for the ground-state atoms is estimated to be at most 0.1%
per second at room temperature from the Saha-Langmuir
equation and the adsorption time.'®'" Thus, the conven-
tional atom detectors have low detection efficiency as well
as low spatial resolution, so that they are insufficient for the
atom-deflection experiment with the nanometric optical near
field.

In this paper, we present a new scheme of detecting
ground-state atoms with two-step near-field light ionization.
In this scheme, a slit-type silicon detector with a slit width of
70 nm is illuminated with two-wavelength laser light beams
and two-color optical near fields are excited on the slit.
When atoms go through the near-field region, they are
selectively ionized by the two-color optical near fields. From
this, it follows that the spatial resolution is principally
determined by the size of the optical near fields, i.e., the slit
width. Besides, in order to increase the photoionization
efficiency, we make the slit length 100 um. As a result, the
detection efficiency is expected to be 25% for slow Rb
atoms.

After the introduction of the atom-detection system in the
next section, the fabrication process of the slit-type detector
is shown in §3. Then, we describe our measurement of
intensity distribution of the optical near field generated on
the slit. From the results, the spatial resolution is discussed.
In §5, we estimate the detection efficiency of the slit-type
detector, based on a two-step photoionization experiment of
an Rb atomic beam with evanescent light excited on a prism.
Finally, we discuss the high-temperature stability of the slit-
type detector when using the high-power Ar-ion laser beam.

2. Slit-Type Detector with Two-Step Near-Field Light
Ionization

For high-density and high-speed recording/reading with
optical near fields, a pyramidal silicon probe was produced
by Yatsui et al. 12) The pyramidal probe with a small aperture
at the peak generates the nanometric optical near field with
high throughput, which is defined as the conversion ratio
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CEM

Two-color optical near fields @ lonized atom

Excitation & Ionlzatlon laser beams

Fig. 1. Atom detection with a slit-type detector fabricated from a silicon-
on-insulator wafer. Two-color optical near fields are excited on the
nanometric-width slit by illumination of the V-groove with two-
wavelength light beams. Atoms entering the near-field region are ionized
with two steps and detected by a CEM. The light polarization is chosen in
the direction perpendicular to the slit-length direction such that the
throughput is high.

from far-field light to near-field one. Considering its
advantages, by developing the pyramidal probe, we fabricate
a slit-type silicon probe shown in Fig. 1 as an atom detector.
The probe consists of a Si layer and a SiO, layer. Contrary to
the Si layer, the SiO, layer hardly absorbs excitation light
beams because the absorption coefficient is very small for
the wavelengths used here. The metal (Al) coating is made
to block far-field light and generate near-field light only on
the slit.

In order to detect ground-state atoms efficiently and
selectively, we use two-step photoionization. When two-
wavelength laser light beams are coupled to the slit from the
back with a V-groove, two-color optical near fields are
excited on the nanometric slit. Thanks to the V-groove, if the
polarization is choosen in the direction perpendicular to the
slit such that no cutoff exists, the excitation efficiency of the
optical near fields greatly increases.'® Atoms going through
the near-field region are ionized by the optical near fields in
two steps and counted by a channel electron multiplier
(CEM). In this case, the nanometric slit width ensures the
high spatial resolution. On the other hand, the slit length is
taken to be large as shown in the next section. This is for
increasing the interaction time and opportunity between
atoms and optical near fields.

Let us consider the case of Rb atoms with a resonant
wavelength of 780 nm. First, the optical near field generated
by a diode laser with a wavelength of 780 nm excites the
Rb atoms from the 5S;,; ground state to the 5P3/; state.
Then, the second optical near field generated by a high-
power Ar-ion laser with a wavelength of 476.5 nm excites
them to the ionization level at 4.18eV above the ground
state. The positive Rb ions are measured with the CEM
negatively biased. Owing to the resonant excitation, one can
detect only Rb atoms state-selectively.
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Fig. 2. Fabrication process of the slit-type detector. (a) A V-groove is
made by photolithography and anisotropic etching. (b) The top SiO, layer
is first removed and then a new SiO, layer covering the V-groove is
remade on the Si surface. (c) The SiO, layer is coated with Cr and then
the part outside the V-groove is eliminated. Next, a Pyrex glass plate is
bonded. (d) After removal of the extra SiO, and Si layers, the residual Si
layer is etched until the peak of the V-groove appears. Then, the slit is
made at the peak and the underside of the Si layer is coated with Al.

3. Fabrication of Slit-Type Detector

The slit-type detector is made out of a (100)-oriented
silicon-on-insulator wafer by means of photolithography and
anisotropic etching.'® The silicon-on-insulator wafer has
two Si layers and three SiO, ones. Figure 2 shows the
fabrication process. At the first stage, the V-groove is made
by anisotropic etching with a 34% KOH solution at 80°C
[Fig. 2(a)]. At the second stage, the top SiO, layer is first
cleared by selective etching with a buffered hydrofluoric
(BHF) acid. Then, the naked Si-layer surface is thermally
oxidized with wet oxygen at 1150°C, so that a new SiO,
layer covering the V-groove is remade on the Si layer [Fig.
2(b)]. At the third stage, after Cr deposition on the SiO,
layer by vacuum evaporation, a part of the SiO, layer
located outside of the V-groove is eliminated and then a
Pyrex glass plate is bonded to the open part of the Si layer by
anodic bonding with 300V at 350°C [Fig. 2(c)]. Note that
the Cr coat protects the SiO, layer on the V-groove from
percolation of the BHF acid which is used at the next stage
for perforating the slit, while the Pyrex glass plate protects
the fragile thin slit structure. At the last stage, after removal
of the extra SiO, and Si layers used as support, the residual
Si layer is etched with tetramethyl ammonium hydroxide
until the peak of the V-groove appears and then the slit is
made at the peak through slight etching with the BHF acid.
Finally, the underside of the Si layer is coated with Al of
50nm thickness [Fig. 2(d)]

Figure 3 shows the SEM images of the slit-type detector
we made. The slit width is 70 nm and the slit length is taken
to be 100 um for enhancement of the detection efficiency,
which is discussed in §5. One can control the slit length
between 100 nm and 100 um within the dispersion of about
+30nm by changing the length of the mask used in the
photolithography process. The height of the V-groove is
10 um and the foot width is 14 um.
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Fig. 3. SEM images of a slit-type detector. The upper picture (a) shows
the entire slit with a length of 100 um, while the lower picture (b) shows
the slit with a width of 70 nm.

4. Estimation of Spatial Resolution

The intensity distribution of the optical near field
generated in the vicinity of the slit is measured with a
nanometric fiber probe. Figure 4 shows the experimental
configuration. A diode laser (LD) beam with a wavelength of
780nm is coupled to the slit-type detector and the optical
near field is excited at the peak of the slit. A fiber probe with
a small aperture of 70 nm is mounted on a tuning fork. When
the fiber probe, which is controlled with a piezoelectric
transducer (PZT), goes into the near-field region, far-field
photons are scattered and collected by the fiber probe. The
output signal is sent to a photomultiplier tube (PMT)
connected to the fiber probe. Here, the shear-force control,
which monitors the resonant frequency of the fiber-probe
dithering, is used for measurement of the distance d between
the probe tip and the slit. Figure 5(a) shows the image of the
optical near field obtained from a 300-nm x 1.6-um-size
raster scanning at d = Snm, in which the scanning area is
indicated in the upper SEM image of the slit-type detector.
The dotted curve in Fig. 5(b) shows the intensity-distribution
profile in the direction designated by the white solid line.
The FWHM of the profile is estimated to be 96 nm.

The intensity distribution of the optical near field can be
apll)sr?ximately expressed with a Yukawa-type function given
by

K. TOTSUKA et al.

CCD

PMT

Fig. 4. Experimental setup for measurement of the near-field light
intensity distribution. A fiber probe with a nanometric aperture, which
is position-controlled by the shear-force technique with a tuning fork and
a PZT, collects scattered photons from the ONF generated on the slit. The
linear polarization of the LD beam is adjusted to the direction
perpendicular to the slit-length direction with a A/2 wave plate. A
CCD camera is used for alignment of the light beam.

ds,

w(,)o(/w (1
A

r=i

where the decay length A is taken to be the half-width of the
slit. The integration is carried out over the slit area
A =a x L, where a and L are the width and the length of
the slit, respectively. The coordinate vectors r and r’ are the
measurement point and the source point on the slit,
respectively, where the origin is taken at the center of the
area. The intensity distribution Ioe(r) is written as'

H(r)
I =l ——, 2
ont (1) 0 H(0) ()
where I is the light intensity on the slit, and H(r) is given by
1
H(r) = [VUOP + 5 90 3)

The intensity distribution calculated at d = 5nm in the
case of A = a/2 = 35nm and L = 100 um is shown by the
solid curve in Fig. 5(b). The numerical result is in good
agreement with the experimental result on the left-hand side,
but there is a deviation on the right-hand side. It results from
leakage of the light passing through the slit from the back,
due to the imperfect Al coating. The FWHM of the
calculated profile is 65nm, which is almost equal to the
slit width and gives the theoretical spatial resolution.

5. Estimation of Detection Efficiency

In order to examine the detection efficiency, we conduct a
two-step photoionization experiment of an Rb atomic beam
using a prism. Figure 6 schematically shows the experi-
mental setup. A planar optical near field (evanescent wave)
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Fig. 5. (a) Image of the optical near field excited on the 70-nm-wide slit,
where the area of 300nm x 1.6 um is scanned. (b) Intensity-distribution
profile along the white solid line drawn in (a), where the intensity is
normalized to the peak value. The dotted curve with an FWHM of 96 nm
shows the experimental result, while the solid curve with an FWHM of
65 nm shows the theoretical profile.

is produced on a prism surface via the total internal
reflection of an Ar-ion laser with a wavelength of
476.5nm and a peak intensity of 2.5kW/cm? in a vacuum
pressure of 10~° Torr. Here, the linear light polarization is
chosen in the direction parallel to the plane of incidence.
From the incidence angle 6 = 46° and the refractive index
n=1.52 of the prism, we obtain the penetration depth
Lyg = A/27v/n?sin?6 — 1 = 193 nm for A = 476.5nm. An
LD beam with a wavelength of 780 nm, a peak intensity of
9W/cm? and a beam spot of wip = 100 um is incident in
the direction perpendicular to the prism surface. An Rb
atomic beam, which has a flux of 7.4 x 10'%/m?s and a
diameter of 300 um, goes out of an oven with a temperature
of 120°C. When the atoms enter the near-field region in the
vicinity of the prism surface, they are ionized through the
two-step photoionization and gathered by a CEM biased at
—3kV. In this case, the quantum efficiency of the CEM is
0.9. Figure 7 shows the photoionization spectrum for the
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LD(780~ nm)

CEM
-3kV

Fig. 6. Experimental setup for measurement of the two-step photoioniza-
tion efficiency of Rb atoms. A planar optical near field (evanescent wave)
is generated on a prism surface via total internal reflection of an Ar-ion
laser beam with a wavelength of 476.5nm at a vacuum pressure of
1079 Torr. When an Rb atomic beam from an oven with a temperature of
120°C passes through the near-field region illuminated with a LD beam
tuned to the resonant wavelength of 780 nm, the Rb atoms are ionized and
detected by a CEM with a negative bias of —3kV. The linear polarization
of the Ar-ion laser beam is chosen in the direction parallel to the plane of
incidence.
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Fig. 7. Two-step photoionization spectrum for 35Rb in the 58, 2 F=3
ground state. The ion number counted per second is plotted as a function
of the LD frequency detuning, which is measured with respect to the
5812, F =3 — 5P35, F = 4 transition.

85Rb atoms in the 58,5, F = 3 ground state. The peak value
of the ion count is about 500 per second on resonance. From
this value, considering that the number of atoms that pass
through the interaction area of Lyg X wip is 1.5 x 10* per
second, we obtain a detection efficiency of 3%.

Let us estimate the detection efficiency of the slit-type
detector, based on the above experimental result. To this
end, we first evaluate the cross section o, of the near-field
light ionization from the 5P3/, excited state. Since the LD
intensity is sufficiently high that the transition from the 5S, )
ground state to the 5P;/, excited state is saturated, we can
detect half of the Rb atoms in the 5P;, state on average. As
a result, the number Ny, of the atoms ionized per second is
given by
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Nion=‘/mdx dY/Wde dvmaion‘b(x,y’z)@,
~0 J-oo Jo 0 2 v

@

where N(y,z) is the atom flux, ¢(x,y,z) is regarded as the
virtual photon flux of the optical near field, and f(v) is the
velocity distribution of the atomic beam. Here, the xy-plane
is on the prism surface. The x-axis is in accordance with the
incident direction of the atomic beam, while the z-axis is
perpendicular to the prism surface. The origin of this
coordinate system is at the center of the near-field region on
the prism surface.

Since the penetration depth Lpg = 193nm is sufficiently
small compared to the atomic beam diameter [, = 300 um,
N(y,7) is independent of z and expressed with a Gaussian
function as

¥
N(y,z) = Noexp (— ﬁ)’ &)

a

where Ny = 7.4 x 10"/m?-s. On the other hand, ¢(x,y,2) is

given by
2 2 2
9(x,y,9) = ¢oexp(—7 ~2- —Z—), ©)

where ¢y is the value at the origin, and w, = 300 um and
wy = 200 um are the major and minor axes of the elliptical
Ar-ion laser beam, respectively. From the Fresnel laws on
transmission, the conversion equation from far-field light to
near-field one is derived as'®

4ncos* 0

Iy = Iia
’ (n?2 - 1)[(112 +1)sin*6 — l]p ™

where 1, is the intensity of the Ar-ion laser light, and p =0
and 1 for the TE and TM polarizations, respectively. From
eq. (7), if the light polarization is parallel to the plane of
incidence (p =1), it follows that ¢y =3.1¢5, where
¢ = 2.4 x 10%%/m?-s is the photon flux of the Ar-ion laser
light. The velocity distribution f(v) is given by

m \?2 mv? \
fv)= 2(m> exp(— w)v , ®

where v is the atomic velocity, m is the atomic mass, T is the
oven temperature, and kg is the Boltzmann constant.
Substituting the experimental value of Nion = 500/s and
egs. (5), (6) and (7) into eq. (4), we obtain
0, = 2.4 x 10718 cm?.

Now, let us consider the case of detecting slow 35Rb
atoms with the slit-type detector. If the intensity of the
optical near field excited by the LD beam is sufficiently
strong to saturate the transition from the 5S;/, ground state
to the 5P3/, state, the ionization efficiency n(v) is given by

OionPonf L)

2v ©)

nw)=1- exp(—
where ¢ons is the virtual photon flux of the optical near field
excited by the Ar-ion laser beam. Figure 8 shows the
detection efficiency n(v) plotted as a function of the atomic
velocity, where gons =~ 2.4 x 10%/m?:s is used. For exam-
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Fig. 8. Ionization efficiency of the slit-type detector for slow Rb atoms

plotted as a function of the atomic velocity. Here, the virtual photon flux
of the optical near field excited by the Ar-ion laser beam is assumed to be
2.4 x 10%/m?-s and the LD intensity is sufficiently high that the 58,
F =3 — 5P3)3, F = 4 transition is saturated.

ple, the detection efficiency at v = 10 m/s is estimated to be
0.25.

6. High-Temperature Stability of Slit-Type Detector

Since the ionization cross section o; of the Rb atom in the
5P/, state is small, a high-power Ar-ion laser beam with
more than 1 W power is used for the slit-type detector. By
making the beam waist of the Ar-ion laser smaller, one can
increase the detection efficiency. However, the high-
intensity light leads to damage of the slit-type detector due
to heating.

Let us estimate the critical intensity at which the Al coat is
damaged (melting). The Ar-ion laser beam is reflected by the
Al coat with a reflectance R = 0.9 at the V-groove. The loss
is transformed into thermal energy. Comparing the thermal
conduction kt of each layer at the V-groove, where « and ¢
are the thermal conductivity and the layer’s thickness,
respectively, we find that (k?)g; is 46 times as large as (kf)a|
and (kt),; is 12 times as large as (kf)gjo,: k = 138 W/ecm-K
and ¢ = 4 um for the Si layer, «x = 1W/cm-K and = 1 um
for the SiO;, layer, and « = 240 W/cm-K and ¢ = 50 nm for
the Al coat. Therefore, we consider transmission of the
thermal energy from the Al coat to the Si layer, neglecting
that to the SiO; layer.

The thermal energy flux j between two points with the
distance As and the temperature difference AT is given by

J=rs (10)
For simplicity, we assume that the thermal energy inflows
from the window L x s, where s is the slope length of the Al
coat contacting the SiO, layer at the V-groove. Then, from
eq. (10), we get

AT
L(1 = R)Ls = k — Lt. (11)

As

Now, let us consider the case where the temperature of the
Al coat reaches the melting point of 660°C. If the Si layer
contacts the body of a vacuum chamber with a room

5
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temperature of 30°C, the temperature difference AT is 630K
for s = As = 7 um. Consequently, from eq. (11), the critical
intensity I is estimated to be 150 kW/cm?. This leads to the
detection efficiency at v = 10m/s of 0.98.

7. Conclusion

We fabricated a slit-type detector with a slit width of
70nm by photolithography and anisotropic etching. Ground-
state atoms can be detected with spatial accuracy determined
by the slit width. In addition, taking the slit length of
100 pm, one can detect more than 10% of the incident cold
Rb atoms by means of two-step near-field light ionization.

The slit-type detector is used for atom deflection
experiment. Using this detector, one can resolve the position
of the deflected Rb atoms with an accuracy of more than 1%.
We are currently developing an atom deflector with a similar
structure.
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Atom Deflector with Optical Near Fields
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Atom-manipulation techniques, deflection and
trap, with optical near fields are under develop-
ment in order to perform atom-by-atom deposi-
tion with high spatial accuracy beyond the
diffraction limit of light waves."? For atom-de-
flection experiments, we have previously fabri-
cated a slit-type atom detector with a spatial res-
olution of 96 nm and a detection efficiency of
more than 10% for slow Rb atoms.>* We are plan-
ning to use the detector. In this paper, we reporta
slit-type atom deflector for Rb atoms. The deflec-

Rb atom _ Metal coating
< ¢ l

Polalization

b Slit
(b)

QTuEl Fig. 1. (a) Sketch of a slit-type atom
deflector. A repulsive optical near field (ONF) is
generated on a slit-edge of the triangular-pillar
part by a blue-detuned light beam. (b) SEM im-
ages of the slit-type deflector. The slit length is
100 um, while the slit width is 100 nm as shown
in the inset.

tor has a structure suitable for the use in combi-
nation with the slit-type detector.

Figure 1(a) is a sketch of the slit-type atom de-
flector. It is produced from a silicon-on-insulator
substrate through photolithography and aniso-
tropic etching.® Figure 1(b) shows a SEM image
of the deflector: the slit length is taken to be 100
um, which is the same as that of the slit-type de-
tector. As shown in the magnified SEM image, the
slit width is 100 nm. We can fabricate a variety of
slit lengths and widths. In the deflector, a repul-
sive optical near field deflecting atoms is excited
on a slit edge by coupling of a blue-detuned light
beam from a slope of the triangular-pillar part.
Thanks to the slit structure, atoms not entering
the near-field region are blocked, so that it re-
duces background signals in observation of the
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QTuE1 Fig.2. Intensity profile of the optical
near field generated near the edge, where the in-
tensity is normalized to the value at the edge. The
distance at the half maximum is 250 nm.

deflected atoms with the slit-type detector put
behind the deflector. In addition, the linear polar-
ization of the incident light beam is chosen to be
perpendicular to the slit-length direction such
that there is no cut-off and the intense optical
near field can be excited.

We measure the intensity change of the optical
near field generated on the slit edge by scanning
with a nanometric fiber probe. Figure 2 shows the
intensity profile plotted as a function of the dis-
tance from the edge. In Fig. 2, the near field com-
ponent is observed in a region within 250 nm
near the edge, while the far-field component ap-
pears in the outside region. The large decay
length is due to the insufficient metal coating.
Since the size of the optical near field determines
the atom-manipulation accuracy and the slit
width is 100 nm, the decay length should be de-
creased below 100 nm. It is shown from numeri-
cal simulations that the optical near field local-
ized within 100 nm can be generated by increase
of the alminum-coating thickness to 20 nm. The
fabrication is now in progress.

Based on the result of the intensity-distribu-
tion measurement, we estimate the deflection
angle 6 of a Rb atom with a slow velocity of 10
m/s from the Rutherford-scattering formula.'
Figure 3 shows the result obtained in the case
where the peak intensity of the optical near field
and the frequency detuning are 10 W/cm2 and
+1.5 GHz, respectively. Here, we assume that the
deflection potential is composed of the repulsive
dipole-force potential and the attractive van der
Waals potential, and that these potentials are
cylindrically distributed around the edge. As
shown by Fig. 3, the Rb atom can be deflected
with an angle of 0.75° from the incident axis,
when passing through the repulsive-potential re-
gion. On the other hand, the Rb atom is attracted
toward the deflector in the case where it goes
through the attractive-potential region in the
right vicinity of the edge.
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EXCITATION OF A FUNNEL-SHAPE OPTICAL NEAR FIELD
BY THE LAGUARRE-GAUSSIAN DOUGHNUT BEAM

S. M. IftiquarA, Haruhiko Ito™B, Akifumi Takamizawa® and Motoichi Ohtsu™?
A ERATO Localized Photon Project, Japan Science and Technology Corporation,
687-1-17/4F Tsuruma, Tokyo 194-0004, Japan. E-mail: iftiquar@ohtsu.jst.go.jp
B Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of

Technology, 4259 Nagatsuta, Kanagawa 226-8502, Japan

For the precise control of atoms beyond the diffraction limit, we consider the use of optical near fields
localized in a nanometer region [1]..In this case, high-density cold atoms are required for effective
interaction with the nanometric optical near fields. To this end, we are developing an atom funnel,
which makes a cold atomic beam from laser-cooled atoms [2]. The atom funnel is composed of an
inverse triangular-pyramidal hollow prism with a 200-microns exit hole. The optical near field
produced on the inner-wall surface by a doughnut-shaped light beam reflects and cools atoms falling
from a magneto-optical trap and collects them at the bottom under a blue-detuning condition. The
doughnut beam with a power of more than 500 mW and a diameter of more than 4 mm are required for
efficient funneling of Rb atoms. In addition, the dark centre of 200 microns is needed for avoidance of
the spontaneous-emission heating [3]. In this paper, we report the generation of the optical near field
using the Laguarre-Gaussian beam with a doughnut mode [4]. Figure 1 shows a cross-sectional image
of a doughnut beam with a power of 0.5 W produced from a Gaussian one by means of interference [4]
of spherical waves. The beam diameter is 5 mm, while the hollow diameter is about 250 microns. The
method of Gouy phase difference used here has several advantages, compared to the conventional ones
such as holography. First, the conversion efficiency is up to 50 %. Second, the diameter of the dark
centre is variable and can be made below 100 microns. Thanks to these advantages, we can make the
special doughnut beam with a large bright ring and a small dark centre. Moreover, it is possible to keep
the hollow region over a long distance of more than 200 cm. Since the doughnut beam has an angular
moment to the propagation direction, the atoms see the radiation pressure toward the same direction.
Consequently, the atoms coming out of the exit hole can be confined by the transverse dipole force and
guided by the longitudinal spontaneous force through the doughnut beam to an arbitrary point. Figure 2
shows the intensity profile of the optical near field (evanescent field) produced on a surface by the
doughnut beam shown in Fig. 1. The peak intensity is estimated to be more than 5 W/cm?. Assuming
this optical near field, we can show that laser-cooled Rb atom of more than 50 % are converted to an
atomic beam with a mean kinetic energy of about 100 microkelvin in terms of temperature. In this case,
the atomic flux is estimated to be 10" atom/s cm?, which satisfies our conditions [3].
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OBSERVATION OF COLD-ATOM REFLECTION IN A NEAR-FIELD OPTICAL FUNNEL

A. Takamizawa®, S. M. Iftiquer®, H. Ito®, M. Ohtsu™®
®Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology,
4259 Nagatsuta, Midori-ku, Yokohama 226-8502, Japan,
ERATO, Japan Science and Technology Corporation, Tenko building 17-4, 687-1 Tsuruma, Machida
194-0004, Japan
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The use of nanometric optical near fields enables us to manipulate atoms with high spatial accuracy far
beyond the diffraction limit [1]. To this end, we need a cold atomic beam with a high flux, which
supplies us slow atoms that will efficiently interact with the nanometric optical near field. Here, we
report the experimental progress of generating a cold Rb atomic beam by means of a near-field optical
funnel composed of a hollow prism [2].

Figure 1 shows the cross section of the near-field optical funnel. A dense cold Rb atom cloud
with a density of 10° cm™ and a mean temperature of 10 pK is produced by the magneto-optical trap
and the polarization-gradient cooling inside the hollow prism with a small exit hole at the bottom. The
released cold atoms divergently falling into the prism are repeatedly reflected by the repulsive optical
near field excited on the inner-wall surface by a blue-detuned doughnut laser beam shone upward.
Moreover, in the process of reflection, they lose their kinetic energy through the Sisyphus cooling
mechanism with the help of a repumping laser beam shone downward. Conséquently, they are collected
at the bottom and go out of the exit hole as a cold atomic beam.

Figure 2 shows the atomic density inside the prism in three cases (A: frequency detuning), plotted
as a function of the time from after release of cold Rb atoms produced at 5 mm above the exit hole. The
atomic density is estimated from monitoring absorption of a weak probe beam introduced along the
slope of the inner wall in the vicinity of the surface. Note that we use a Gaussian laser beam with a
diameter of 4 mm and a power of 590 mW in order to excite the repulsive optical near field. As shown
in Fig. 2, owing to reflection, the number of atoms after 30 ms under blue-detuning conditions
increases compared to the case without the optical near field. From the results for various beam
diameters and detuning, we find that the optimal beam diameter and detuning for funneling of Rb
atoms are 4 mm +0.7 GHz, respectively.

[1] Near-Field Nano/Atom Optics and Technology, edited by M. Ohtsu, Chap 11
(Springer, Tokyo, 1998)
[2] H. Ito, K. Sakaki, W. Jhe, M. Ohtsu, Phys. Rev. A 56 712-718 (1997
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Metallized pyramidal silicon probe with extremely high throughput
and resolution capability for optical near-field technology
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An optical near-field probe with extremely high throughput and resolution capability was fabricated
with a metallized pyramidal silicon structure. Using a finite-difference time-domain method, we
found the tip parameters that are required for localized surface plasmon resonance at the probe tip.
The optical near-field energy distribution on the metallized pyramidal silicon probe was observed by
scanning a fiber probe that had an aperture diameter of 50 nm. The spatial distribution profile
observed was in good agreement with the numerical results. The throughput and spot size were

determined to be 2.3% and 85 nm, respectively. © 2002 American Institute of Physics.

[DOI: 10.1063/1.1465520]

Near-field optical techniques that involve scanning a
metallized fiber probe with a subwavelength aperture have
made a remarkable contribution to subwavelength-resolution
imaging, spectroscopy, fabrication, memory, and atom
manipulation.l To improve the spatially resolved spectros-
copy, we achieved a tenfold increase in throughput using an
edged probe? [see Fig. 1(a)). Since the edged probe has a
sharp edge at its foot, the highly efficient excitation of HE-
plasmon mode, which is the lowest mode inside the metal-
lized glass core and is localized along the glass core and
metal cladding interface,’ is realized due to scatter coupling.
It has been reported that interference of guided modes in the
metallic tapered fiber probe results in the maximum electric
field intensity and minimum spot size at the cutoff diameter
of the modes.> By optimizing the interference characteristics
and scatter coupling by introducing a triple-tapered structure
[see Fig. 1(b)] we achieved a 1000-fold increase in through-
put.

Recently, several groups have reported cantilevered
near-field optical probes based on micromachining.*~’ Since
cantilevered probes consist of a core with a high refractive
index, higher throughput and smaller spot size are realized
compared to in conventional fiber probes. However, since
they also consist of a dielectric core surrounded by metal, the
smallest diameter of the optical beam should be of the order
of the skin depth of the metal cladding. In order to realize a
narrower beam diameter, a more promising candidate is a
metallic probe, through which the surface plasmon mode
propagates. Since a metallic core waveguide does not have a
cutoff, the beam width decreases with the core diameter.®

This is the basis for our optical near-field probe with
high throughput and resolution. However, plasmon mode is
not easily excited by the mode propagating inside the dielec-
tric core, due to mode mismatching. To overcome this diffi-
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MAlso with Japan Science and Technology Corporation, 687-1 Tsuruma,
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culty, we employed a pyramidal silicon probe that is entirely
coated with a thin metal film [see Fig. 1(c)]. Due to the high
refractive index of the core and the thin metal film, light
propagates inside the silicon core and is converted into sur-
face plasmon mode at the metallic tip.

In this letter we report the fabrication of an optical near-
field probe with extremely high throughput and small spot
size, produced by introducing a pyramidal silicon structure
and localized surface plasmon resonance at the metallized
probe tip. To confirm the increase in optical near-field energy
at the probe’s tip, the spatial distribution of the optical near-
field energy on the metallized pyramidal silicon probe was
observed by scanning a fiber probe that had an aperture. The
spatial distribution profile observed indicated that the metal-
lized pyramidal silicon structure had both extremely high
throughput and small spot size.

To determine the tip parameters required to increase the
optical near-field energy at the probe tip, numerical calcula-
tions were carried out using the finite-difference time-
domain (FDTD) method.” Figure 2(a) shows a schematic dia-
gram of the probe-to-probe method used to measure the
spatial distribution of the optical near-field energy of the py-

FIG. 1. (a) Edged probe. (b) Triple-tapered probe. (c) Proposed metallized
pyramidal silicon probe.

© 2002 American Institute of Physics
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Peak intensity [a.u.]

Probe position [nm]

FIG. 2. (a) FDTD geometry of the probe-to-probe method. (b) Cross section
along the xz plane in (a). d=aluminum thickness. (c), (d) Calculated
electric-field energy distributions along the xz plane for d=20 and 0 nm,
respectively, when the scanning fiber probe position is O nm. Images are
500X 800 nm>. (e) Thickness dependence of the calculated distributions. (f)
Thickness dependence of peak intensity and FWHM in (e).

ramidal silicon probe.? Each cell was 10X 10X 10 nm?, and
the model consisted of 180X 180X 150 cells. As shown in
Fig. 2(b), the pyramidal silicon probe (refractive index n
=3.67 at A=830 nm) was coated with aluminum film (n
=2.74-i8.3),'" and the four sidewalls were a result of (111)
silicon crystal planes. A scanning probe with a glass core
(n=1.53) was used to detect the optical near-field energy of
the pyramidal silicon probe. The scanning probe had a cone-
shaped profile, and was tapered at an angle of 30°. The
probe was coated with a 1-um-thick gold (n=0.19-i5.4)
layer, and had an aperture with a diameter D of 50 nm. The
separation between the probes was 10 nm. The pyramidal
silicon probe was illuminated with linearly polarized light
(A=830 nm).

Figures 2(c) and 2(d) show the calculated distributions
along the xz plane of the electric field energy for the metal-
lized pyramidal silicon probe (d =20 nm) and the bare pyra-
midal silicon probe (d=0 nm), respectively, when the scan-
ning fiber probe position is 0 nm. It can be seen that fields
for the metallized probe are strongly enhanced along the
sidewalls. Figure 2(e) shows the thickness dependence of the
calculated cross-sectional profiles of the detected optical
near-field energy. The thickness dependence of the peak en-
ergy and full width at half maximum (FWHM) are illustrated
in Fig. 2(f). This indicates that the metallized silicon struc-

Downloaded 08 Apr 2002 to 131.112.188.11. Redistribution subject t
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FIG. 3. (a), (b) Schematic of the process used to fabricate the pyramidal
silicon probe. SEM images of a pyramidal silicon probe. (c) Bird's-eye view
of the probe at step (4). (d) Magnified image of (c).

ture produced a spot size as small as 50 nm (<\/10). Fur-
thermore, the peak of the metallized silicon probe (metal
thickness d=20 nm) was as great as that of the bare silicon
tip (d=0nm), and the FWHM was 75 nm. Since efficient
excitation of the surface plasmon is obtained with a 15-nm-
thick aluminum coating (~d/v2) on silicon in the
Kretschmann configuration,'! this size-dependent feature is
attributed to localized surface plasmon resonance.'>!3

The pyramidal silicon probe was fabricated in four steps

(1) A (100)-oriented silicon-on-insulator (SOI) wafer was
bonded to a glass substrate by anodic bonding (300 V,
350°C, 10 min) [Fig. 3(a)]."*

(2) After removing the silicon substrate from the SOI wafer
by wet etching, the SiO, layer was patterned using pho-
tolithography.

(3) The probe was fabricated by anisotropic etching
(40 g KOH+60 g H,0+40 g isopropyl alcohol, 80°C)
[Fig. 3(b)]. Maintaining the silicon probe height at less
than 10 um also kept its propagation loss sufficiently
low. The mesa length L,, was accurately controlled by
the etching time.

(4) After removing the SiO, layer, the probe was coated
with a 20-nm-thick aluminum layer.

Figures 3(c) and 3(d) show scanning electron micro-
scopic (SEM) images of our sharpened (L,,<10 nm) pyra-
midal silicon probe with d=20 nm.

The spatial distribution of the optical near-field energy
on the pyramidal silicon probe (P, in Fig. 4) was measured
using a scanning probe, i.e., it was scanned with an apertured
probe (P¢ in Fig. 4) with D=50 nm. The separation be-
tween the probes was kept within 10 nm using the shear-
force feedback technique. The apertured probe was first
sharpened using the selective chemical etching technique.'”
Next, the sharpened core was coated with a 500-nm-thick
gold film. Finally, the probe tip was removed by a focused
ion beam to form an aperture.? For comparison, we also mea-
sured the optical near-field energy of a triple-tapered fiber
probe with D=60 nm (Py in Fig. 4), and its throughput was
calibrated to be 1.5X 1073.% As described above, among the

fiber probes the triple-tapered fiber probe has the highest
o AIP license or copyright. see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 80, No. 13, 1 April 2002

LD >
Objective g E (830nm)
lens

(NA0.2)

Pa-7

A

D=50nm

v

O« pvr>0]

FIG. 4. Schematic of the probe-to-probe method. P, : pyramidal silicon
probe, Pp: triple-tapered fiber probe with D=60nm, P : apertured fiber
probe with D=50 nm.

throughput, due to interference characteristics of the guided
modes and scatter coupling.

Figures 5(a)-5(c) show spatial distributions of the opti-
cal near-field energy observed for the metallized pyramidal
silicon probe (d=20 nm), the bare pyramidal silicon probe
(d=0nm), and the triple-tapered fiber probe with D
=60 nm, respectively. Curves A, B, and C in Fig. 5(d) are
cross-sectional profiles along the dashed white lines in Figs.
5(a)-5(c), respectively. Note that the FWHM of the metal-
lized pyramidal silicon probe is 85 nm (~\/10), which is in
good agreement with the value in Fig. 2(e). Furthermore, the

Pick-up intensity [a.u.]
Pick-up intensity [a.u.]

0 -==e:|:""'._._“""_'_‘|==—. 0
-300 -200\100 O 100 200 300

Position [nm]

FIG. 5. Observed spatial distributions of the optical near-field energy of the
(a) metallized pyramidal silicon probe (d=20 nm), (b) bare pyramidal sili-
con probe (d=0 nm), and (c) triple-tapered probe with D= 60 nm. Images
are 1.5X 1.5 pm?. (d) Curves A, B, and C are the cross-sectional profiles
along the dashed white lines in (a)—(c), respectively.
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peak intensity of the metallized pyramidal silicon probe is 5
and 15 times larger than those of the bare pyramidal silicon
and the triple-tapered probes, respectively. Such effective ex-
citation 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 high reso-
lution (85 nm) simultaneously. Considering the aperture di-
ameter (D =50 nm) of the fiber probe used for detection, the
metallized pyramidal silicon probe (d=20 nm) should have
the capability of higher resolution; 50 nm or better should be
possible.

In conclusion, we have devised and fabricated an optical
near-field probe with extremely high throughput and resolu-
tion capability by introducing a pyramidal silicon structure
and localized surface plasmon resonance at the metallized
probe tip. Using the probe-to-probe method, it was con-
firmed that high throughput and small spot size were
achieved simultaneously with the metallized pyramidal sili-
con probe. Since our near-field optical storage/read-out sys-
tem realized the shortest mark length of 110 nm and a
carrier-to-noise ratio of 10 dB, corresponding to a data trans-
mission rate of 2.0 MHz, using the metallized pyramidal
silicon probe with L,,=150 nm (A=2830 nm),'® our results
indicate that shortening the mark length to sub-100 nm
should improve the performance of near-field optical data
storage systems.

The authors would like to thank Dr. S. Mitsugi and Pro-
fessor K. Goto (Tokai University) for their help with the
calculations.
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Observation of size-dependent features in the photoluminescence of zinc
oxide nanocrystallites by near-field ultraviolet spectroscopy
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The optical properties of single zinc oxide (ZnO) nanocrystallites were investigated at room
temperature by extending the optical near-field technique to the UV region. Using a UV fiber probe
with a subwavelength aperture, we performed spatially- and spectrally-resolved photoluminescence
(PL) imaging of individual ZnO nanocrystallites with a spatial resolution of 55 nm. Furthermore,
decreasing the spot size increased the intensities of higher-energy components of the PL spectrum
due to the quantum size effect. © 2002 American Institute of Physics. [DOI: 10.1063/1.1453487]

ZnO is a promising candidate for future optical applica-
tions of UV-light-emitting devices. It has a wide band gap of
3.37 eV and a larger exciton binding energy (60 meV) than
those of GaN (28 meV) or ZnSe (19 meV). Recently, several
groups have reported room-temperature UV lasing.'~> Fur-
thermore, quantum-confinement-induced energy gap en-
hancement has been reported using ZnO nanocrystallites
with 20—60 nm grain sizes.

The application of single ZnO nanocrystallites to these
devices requires lateral integration with nanometer-scale
resolution. This requirement can be met by near-field optical
chemical vapor deposition (NFO-CVD), because the size and
positioning is controlled by scanning a fiber probe.® Re-
cently, high-quality ZnO nanocrystallites were fabricated by
conventional optical CVD,” in which UV light irradiation
accelerated the oxidation of gas-phase diethylzinc (DEZ).5
To obtain high-quality ZnO, however, the substrate must be
heated to 150 °C,> which results in thermal drift of the sub-
strate and probe. To deposit a smaller ZnO dot, this drift
must be reduced sufficiently. Furthermore, the substrate tem-
perature should be kept lower than 200 °C, tc avoid thermal
dissociation of a source gas such as a gas-phase DEZ.” This
thermal dissociation must be reduced sufficiently in order to
deposit isolated ZnO nanocrystallites.

To evaluate the optical properties and crystallinity of
Zn0O nanocrystallites, the optical properties of nanometer-
scale ZnO structures must be measured with nanoscale reso-
lution. Recently, we undertook individual ZnO nanocrystal-
lite spectroscopy using an optical near-field technique.®
Using a UV fiber probe with a subwavelength aperture, we
found that emission intensity depended on topography and
crystal orientation. Since the grain sizes were 100 times
larger than the exciton Bohr radius of ZnO, we did not ob-
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serve a shift in the peak energy in the photoluminescence
(PL) spectrum due to the quantum size effect.

Using an optical near-field technique, we present size-
dependent features of individual ZnO nanocrystallites. With
decreasing spot size, an increase in the intensities of higher-
energy components of the PL spectrum was observed. This is
considered evidence of an increase in the energy gap due to
the quantum confinement effect.

Figure 1 shows the experimental setup used for conven-
tional far-field PL spectroscopy [Fig. 1(a)] and spatially and
spectrally resolved near-field PL spectroscopy [Fig. 1(b)].
He~Cd laser light (A =325 nm) was used to excite the ZnO
nanocrystallites. The PL signal was detected by a cooled
charge coupled device through a monochromator. A fiber
probe with an 80 nm aperture diameter was used for near-
field PL spectroscopy. As the fiber probe, we used a UV fiber

(b) | Photon
counter
Band pass filter
sio, | F-Si0p
(@) (Core) [(Cladding)
Tuning fork] _ i
CCD
Monochromator UV fiber probe
Lens 200

Lens He-Cd laser
(A=325nm)

FIG. 1. Experimental setup used for far-field PL spectroscopy (a) and spa-
tially and spectrally resolved near-field PL spectroscopy (b). Inset: UV fiber
probe with D=280nm.

© 2002 American Institute of Physics
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FIG. 2. Topographical image of polycrystalline ZnO.

probe with a pure silica core and fluorine-doped cladding. To
fabricate this probe, the fiber was first sharpened, using a
pulling/etching technique, to realize a cone angle of 60° and
an apex diameter of less than 10 nm.’ Next, the sharpened
core was coated with a 500 nm-thick aluminum film. Finally,
the top of the core was removed with a focused ion beam to
form an aperture. For spatially and spectrally resolved imag-
ing, the signal collected through the fiber probe and band
pass filter was focused on a photomultiplier tube to count the
number of photons [Fig. 1(b)]. The fiber probe was kept near
the sample surface (~ 10 nm) using the shear-force feedback
technique.

ZnO nanocrystallites were prepared by oxidizing zinc
(Zn) deposited by optical CVD. First, 200 nm-thick Zn
nanocrystallites were grown on a sapphire (0001) substrate at
room temperature by optical CVD. Gas-phase DEZ was used
as a gas source, where the partial pressure of DEZ was 10
mTorr, in order to deposit sub-100 nm scale grains. Since
DEZ gas has a strong absorption at A <270 nm, the second
harmonic (SH) light of an Ar* laser (\ =244 nm) was used
as the light source for the photodissociation of DEZ.'° The
power and spot size of the SH light were 10 mW and 600
um, respectively. Since the Zn is deposited at room tempera-
ture, this method is applicable to NFO-CVD, as it avoids
thermal drift of the substrate and the probe and also avoids
the thermal dissociation of gas-phase DEZ. Second, the de-
posited Zn nuclei were thermally oxidized in ambient oxy-
gen at 1 atm and 750 °C for 30 min.3

Figure 2 shows a shear-force image of oxidized Zn, ob-
tained using a sharpened-fiber probe with an apex diameter
of 100 nm. Hexagonal (A, A;, and A3) and square (B,
B,, and B;) nanocrystallites can be seen. This proves that
oxidized Zn is composed of many nanocrystallites with vari-
ous orientations. The grain sizes were in the range of 30-160
nm.

Figure 3 shows a far-field PL spectrum obtained by fo-
cused light with spot of 10 um at room temperature [see Fig.
1(a)]). The emission peak energy was close to the reported
value of 3.26 eV (\ =380 nm), which corresponds to spon-
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FIG. 3. Far-field PL spectra of polycrystalline ZnO at room temperature [see
Fig. 1(a)].

taneous emission from the free exciton in high-quality ZnO
nanocrystallites.? The full width at half maximum (FWHM)
of the PL spectra was about 118 meV, which is comparable
with the 117 meV of molecular-beam epitaxy grown ZnO
nanocrystallites at room temperature.!! These results imply
that the oxidized Zn was composed of high-quality ZnO
nanocrystallites. Furthermore, since ZnO has a - wurtzite
structure, the hexagonal and square nanocrystallites shown in
Fig. 2 represent nanocrystallites oriented along the ¢ axis'
and in other directions, respectively. These results imply that
fabricated ZnO nanocrystallites are polycrystalline.

To examine the optical properties of a single ZnO nanoc-
rystallite, we performed spatially and spectrally resolved PL
spectroscopy [see Fig. 1(b)]. Figures 4(a) and 4(b) show
monochromatic PL images, in which the respective detection
wavelengths were 370+x2.5nm and 380%2.5nm. The
closed and open circles in Fig. 4(c) represent cross sectional
profiles along the broken lines through spots s, and s, in
Figs. 4(a) and 4(b), respectively. Those in Fig. 4(d) are for
spots s,, and s, in Figs. 4(a) and 4(b), respectively. Note
that the FWHM of spots s;, and s,, with a detection wave-
length of 370 nm was 155 and 55 nm, respectively, which is
comparable to the grain sizes of ZnO nanocrystallites (see
Fig. 2). This indicates that each emission spot originated
from an individual ZnO nanocrystallite.

Furthermore, the PL intensity (/p) of spot s, for a de-
tection wavelength of 380 nm was twice that of s;, at 370
nm, whereas that of spot s, for a detection wavelength of
380 nm was comparable to that of s,, at 370 nm. To examine
such size-dependent features in PL of individual ZnO nanoc-
rystallites more quantitatively, we compared the Ip value for
several spots. Figure 5 shows the respective relative PL in-
tensity Ipigr [=(Ip. at a detection wavelength of 370
+2.5 nm)/(Ip_ at a detection wavelength of 380+ 2.5 nm)] of
ZnO nanocrystallites, where the spot sizes were estimated
from the FWHM in Fig. 4(a). Although the spatial resolution
of the shear-force image may not be sufficiently high for
accurately determining the grain size of ZnO nanocrystal-
lites, it should be noted that several spot sizes in Fig. 5 are
much smaller than the aperture diameter (80 nm) of the fiber
probe. Furthermore, an outstanding feature of Fig. 5 is that
the Ip g is larger for a smaller spot size. This originates from
nanocrystallites with a higher PL peak energy due to the
quantum size effect in ZnO nanocrystallites. Although this
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FIG. 4. Monochromatic PL images of polycrystalline ZnO obtained at
wavelengths of (a) 370 and (b) 380 nm. The images are 1.25X 1.25 um. (c)
Closed and open circles represent cross-sectional profiles along the dashed
lines through spots s, and s,,,. (d) Closed and open circles represent cross
sectional profiles along the dashed lines through spots s, and s;,,.

size-dependent feature of the PL intensity has been evaluated
for an ensemble of nanocrystallites using a conventional
diffraction-limited optical method,3 our results are the first to
evaluate individual nanocrystallites using an optical near-
field method.

In summary, we investigated the size-dependent features
of individual ZnO nanocrystallites. Using a UV fiber probe
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FIG. 5. Relative PL intensity (Ipg) [=(/p at 370%2.5 nm)/(/p_ at 380
+2.5 nm)] of ZnO nanocrystallites as a function of spot size.

with a subwavelength aperture, we performed spatially and
spectrally resolved PL imaging of individual ZnO nanocrys-
tallites with a spatial resolution as high as 55 nm. We found
that as the spot size decreased, the intensities of higher en-
ergy components of the PL spectrum increased, due to the
quantum size effect in ZnO nanocrystallites. By applying the
ZnO deposition technique reported here to NFO-CVD, the
fabrication and integration of nanometer-scale photonic de-
vices are expected.
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We report, for the first time, evidence of near-field energy transfer among CuCl quantum cubes using
an ultrahigh-resolution near-field optical microscopy and spectroscopy in the near UV region at 15 K.
The sample was high-density CuCl quantum cubes embedded in a NaCl matrix. Measured spatial dis-
tributions of the luminescence intensities from 4.6-nm and 6.3-nm quantum cubes clearly established
anticorrelation features. This is thought to be a manifestation of the energy transfer from the lowest
state of exciton in 4.6-nm quantum cubes to the first dipole-forbidden excited state of exciton in 6.3-nm
quantum cubes, which is attributed to the resonant optical near-field interaction.

DOI: 10.1103/PhysRevLett.88.067404

Observations of a single quantum dot have recently be-
come possible using near-field optical spectroscopy [1,2]
and microluminescence spectroscopy [3,4]. Spectroscopy
of individual quantum dots is one of the most important
topics of nanostructure physics, and several extraordinary
phenomena have been reported, such as intermittent lu-
minescence [5] and long coherent time [6]. The coupled
quantum-dots system exhibits more unique properties (e.g.,
the Kondo effect [7,8], Coulomb blockade [9,10], and
breaking the Kohn theorem [11]) in contrast with the single
quantum-dot system. The quantum dots system reveals a
variety of interactions such as carrier tunneling [7-10],
Coulomb coupling [11], spin interaction [12], and so on.
Investigation of interactions among quantum dots is impor-
tant not only for deep understanding of the various physi-
cal phenomena but also for developing novel functional
devices [7-12]. The optical near-field interaction [1] is of
particular interest, as it can govern the coupling strength
among quantum dots.

Recently, Mukai et al. reported ultrafast “optically
forbidden” energy transfer from an outer ring of loosely
packed 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 [13]. 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 inter-
action between B800 and B850. Similarly, the energy
can be transferred from one dot to another by the optical
near-field interaction for the quantum dots system, even if
it is a dipole-forbidden transfer.

CuCl quantum cubes (QCs) embedded in NaCl have
the potential to be an optical near-field coupling system

067404-1 0031-9007/02/88(6)/067404(4)$20.00

PACS numbers: 78.67.Hc, 68.37.Uv, 73.21.La, 73.63.Kv

that exhibits this optically forbidden energy transfer. This
is because, for this system, another possibility of energy
transfer, such as carrier tunneling, Coulomb coupling, and
so on, can be neglected, because carrier wave function is
localized in QCs 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. Conventional optical
energy transfer is also negligible, since the energy levels of
nearly perfect cubic CuCl QCs are optically forbidden, and
are confined to the energy levels of exciton with an even
principal quantum number [14]. However, Sakakura et al.
observed the optically forbidden transition in a hole-
burning experiment using CuCl QCs [15]. Although they
attributed the transition to an imperfect cubic shape, the ex-
perimental and simulation results did not show such imper-
fection. We believe that the transition was due to the energy
transfer between the CuCl QCs, via the optical near-field
interaction similar to the optically forbidden energy
transfer between B800 and B850 in the above-mentioned
photosynthetic system. Thus far, this type of energy trans-
fer has not been directly observed. This Letter reports
the direct observation of energy transfer from the exciton
state in a CuCl QC to the optically forbidden exciton state
in another CuCl QC by optical near-field spectroscopy.

It is well known that translational motion of the exci-
ton center of mass is quantized due to the small exciton
Bohr radius for CuCl quantum dots, and that CuCl quan-
tum dots become cubic in a NaCl matrix [15-17]. The
potential barrier of CuCl QCs in a NaCl crystal can be
regarded as infinitely high, and the energy eigenvalues for
the quantized Z3 exciton energy level (ny, ny, n;) in a CuCl
QC with the side length of L are given by

K2’

Euco. = B ¥ 330

(2 +n2+nd), (1)
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where Ep is the bulk Z3 exciton energy, M is the transla-
tional mass of exciton, ap is its Bohr radius, ny, ny, and n,
are quantum numbers (n.,ny,n, = 1,2,3,...), and d =
(L — ap) corresponds to an effective side length found
through consideration of the dead layer correction [15].
The exciton energy levels with even quantum numbers are
dipole-forbidden states, that is, optically forbidden [14].
However, the optical near-field interaction is finite for such
energy levels [18]. '

According to Eq. (1), there exists a resonance between
the quantized exciton energy level of quantum number
(1,1, 1) for the QCs with effective side length d and the
quantized exciton energy level of quantum number (2, 1, 1)
for the QCs with effective side length v/2d. For this type
of resonant condition, the coupling energy of the optical
near-field interaction is given by the following Yukawa
function [1,18]:

Vi) = A ﬂ:—“ﬁ. )

Here r is the separation between two QCs, A is the cou-
pling coefficient, and the effective mass of the Yukawa
function u is given by

\/2En,,n,«,n: (ENaCI + En,\-‘n,«.n:)
M= e ) 3

where En,c is the exciton energy of a NaCl matrix. The
value of the coupling coefficient A depends on each experi-
mental condition; however, we estimate it from the result
of the previous work on the interaction between a Rb atom
and the optical near-field probe tip [18]. The value for A for
5-nm CuCl QCs is found to be more than 10 times larger
than that for the Rb-atom case, since the coupling coeffi-
cient A is proportional to the oscillator strength and square
of the photon energy [18,19]. Assuming that the separa-
tion r between two QCs is equal to 10 nm, the coupling
energy V(r) is the order of 107 eV. This corresponds to
a transition time of 40 ps, which is much shorter than the
exciton lifetime of a few ns. In addition, intersublevel tran-
sition Tgp, from higher exciton energy levels to the lowest
one, is generally less than a few ps and is much shorter
than the transition time due to optical near-field coupling
[20]. Therefore, most of the energy of the exciton in a
CuCl quantum cube with the side length of d transfer to
the lowest exciton energy level in the neighboring quantum
cubes with a side length of +/2 d and recombine radiatively
in the lowest level.

We fabricated CuCl QCs embedded in a NaCl matrix by
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 the near-field optical spectroscopy
experiment in order to keep the sample surface clean. The
cleaved surface of the sample with 100-um-thick sample
was sufficiently flat for the experiment; i.e., its roughness
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was less than 50 nm, at least within a few um squares. A
325-nm He-Cd laser was used as a light source. A double-
tapered fiber probe was fabricated by chemical eiching and
a 150-nm gold coating was applied [21]. A 50-nm aperture
was fabricated by the pounding method [22].

The curve in Fig. 1(a) shows a far-field luminescence
spectrum of the sample that was recorded with a probe-
sample separation of 3 um in the collection-mode opera-
tion [1] of the cryogenic near-field optical microscope at
15 K. It represents the collective luminescence intensity
from several CuCl QCs, and is inhomogeneously broad-
ened owing to the size distribution of the QCs. Fig-
ure 1(b) represents the differential spectrum, which is the
intensity difference between luminescence measured with
probe-sample separations of 3 um and of less than 10 nm.
This curve consists of many fine structures. These ap-
pear as the contribution of the QCs near the apex of the
probe because of the drastic increase in the measured lu-
minescence intensity for a probe-sample separation less
than 10 nm. The average density of the QCs is 10'7 cm 3.
Thus, the average separation between the QCs is less than
30 nm, estimated from the concentration of CuCl. There-
fore, the spectral peaks in Fig. 1(b), obtained by near-field
measurement using the 50-nm aperture fiber probe, origi-
nate from several QCs of different size. Among these, the
peaks X and Y correspond to the confined Z3-exciton en-
ergy levels of quantum number (1,1, 1) for the QCs with
side lengths (L) of 4.6 and 6.3 nm, respectively. Their
effective side lengths d are 3.9 and 5.6 nm, whose size
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FIG. 1. (a) Far-field luminescence spectrum of a sample
recorded with probe-sample separation of 3 wm for the
collection-mode operation at 15 K. (b) The differential lumi-
nescence spectrum, which is the intensity difference between
luminescence measured with the probe-sample separations of
3 um and of less than 10 nm. X, ¥, and Z correspond to the
wavelengths of lowest exciton state in quantum cubes with the
side lengths of 4.6, 6.3, and 5.3 nm, respectively.
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ratio is close to 1:v/2, and thus the (1,1,1) and (2,1,1)
quantized exciton levels are resonant with each other to be
responsible for energy transfer between the QCs.

Figures 2(a) and 2(b) show the spatial distributions of
the luminescence intensity, i.e., near-field optical micro-
scope images, for peaks X and Y in Fig. 1(b), respectively.
The spatial resolution, which depends on the aperture di-
ameter of the near-field probe, was smaller than 50 nm.
These images clearly establish anticorrelation features in
their intensity distributions, as manifested by the dark and
bright regions surrounded by white broken curves. In order
to confirm the anticorrelation feature more quantitatively,
Fig. 3 shows the values of the cross-correlation coefficient
C between the spatial distribution of the intensity of the
luminescence emitted from the (ny, ny, n,) level of exciton
in a QC with 6.3-nm side length and that from the (1,1, 1)
level in a QC with a different side length L. They have
been normalized to that of the autocorrelation coefficient
of the luminescence intensity from the (1,1,1) level in a

X: L=4.6nm

XL

FIG. 2. Spatial distributions of the near-field luminescence
intensity for peaks marked as X, Y, and Z in Fig. 1(b),
respectively.

067404-3

6.3-nm QC, which is identified by an arrow (1) in Fig. 3.
To calculate the values of C, spatial Fourier transform was
performed on the series of luminescence intensity values
in the chain of pixels inside the region surrounded by the
broken white curves in Fig. 2. The large negative value
of C identified by an arrow (2) clearly shows the anticor-
relation feature between Figs. 2(a) and 2(b), i.e., between
the (2,1,1) level in a 6.3-nm QC and the (1, 1, 1) level in
a 4.6-nm QC.

This anticorrelation feature can be understood by not-
ing that these spatial distributions in luminescence inten-
sity represent not only the spatial distributions of the QCs,
but also some kind of resonant interaction between the
QCs. This interaction induces energy transfer from X
cubes (L = 4.6 nm) to Y cubes (L = 6.3 nm). Interpret-
ing this, most of the 4.6-nm QCs “accidentally” located
close to 6.3-nm QCs cannot emit light, but instead trans-
fer the energy to the 6.3-nm QCs. As a result, in the re-
gion containing embedded 6.3-nm QCs, the luminescence
intensity in Fig. 2(a) from 4.6-nm QCs is low, while the
corresponding position in Fig. 2(b) is high. As we men-
tioned above, it is reasonable to attribute the origin of the
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FIG. 3. Values of the cross-correlation coefficient C between
the spatial distribution of the intensity of the luminescence emit-
ted from the (ny, ny, n:) level of exciton in a QC with 6.3-nm
side length and that from the (1,1, 1) level in a QC with the dif-
ferent side length L. They have been normalized to that of the
autocorrelation coefficient of the luminescence intensity from
the (1,1,1) level in a 6.3-nm QC, 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 QC
and other sized QCs. They are between (2) the (2,1, 1) level
in a 6.3-nm QC and the (1,1,1) level in a 3.9-nm QC, (3) the
(2,2,1) level in a 6.3-nm QC and the (1,1, 1) level in a 3.9-nm
QC, (4) the (3,1,1) level in a 6.3-nm QC and the (1,1, 1) level
in a 3.6-nm QC, and (5) the (2,2,2) level in a 6.3-nm QC and
the (1, 1, 1) level in a 3.5-nm QC. For reference, a white arrow
represents the value of C between the (2, 1, 1) level in a 6.3-nm
QC and the nonresonant (1, 1,1) level in a 5.3-nm QC.
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interaction to the near-field energy transfer. Besides, anti-
correlation features appear for every couple of QCs with
different sizes satisfying the resonant conditions of the
confinement exciton energy levels. Therefore, we claim
the first observation of energy transfer between QCs via
the optical near field.

For reference, we note the dark area outside the broken
curves in Fig. 2(b). This occurs because there are very
few 6.3-nm QCs. From the absorption spectrum of the
sample, it is estimated that the population of 6.3-nm QCs
is one-tenth the population of 4.6-nm QCs. As a result, the
corresponding area in Fig. 2(a) is bright due to absence of
the energy transfer.

On the other hand, the spatial distributions of the lumi-
nescence intensities from other QCs whose sizes do not sat-
isfy the resonant condition given by Eq. (1) did not show
any anticorrelation features. This is confirmed by com-
paring Figs. 2(a), 2(b), and 2(c). Here Fig. 2(c) shows the
spatial distribution of the luminescence intensity of peak Z
in Fig. 1(b), which corresponds to QCs with a side length
of 5.3 nm. The white arrow in Fig. 3 indicates the rela-
tionship between Figs. 2(b) and 2(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 QC and the (1,1,1) level in a 5.3-nm
QC due to their nonresonant condition.

Furthermore, arrows (3)—(5) also represent clearly large
negative values of C, which means the existence of the
anticorrelation feature between higher levels in 6.3-nm QC
and other sized QCs. They are (3) the (2,2,1) level in
a 6.3-nm QC and the (1,1,1) level in a 3.9-nm QC, (4)
the (3,1, 1) level in a 6.3-nm QC and the (1, 1, 1) level in
a 3.6-nm QC, and (5) the (2,2,2) level in a 6.3-nm QC
and the (1,1,1) level in a 3.5-nm QC. These anticorrela-
tion features can also be explained by the resonant optical
near-field energy transfer. The features represented by this
figure support our interpretation of the experimental re-
sults. The large anticorrelation coefficients C identified by
arrows (4) and (5) in Fig. 3 are the evidence of multiple
energy transfer: Since the (1,1, 1) levels in 3.5-nm and
3.6-nm QCs resonate or nearly resonate to the (2, 1, 1) level
in a 4.6-nm QC, there is another route of energy transfer
in addition to direct transfer from the 3.5-nm and 3.6-nm
QCs to 6.3-nm QCs, i.e., the transfer via the 4.6-nm QCs.
We consider that such multiple energy transfers increase
the value of C identified by arrows (4) and (5) in Fig. 3.

In conclusion, CuCl QCs embedded in a NaCl matrix
form a system that emphasizes the optical near-field in-
teraction due to its high potential barrier, small radius of
exciton, and high density of QCs. Using near-field op-
tical spectroscopic microscopy with a spatial resolution
smaller than 50 nm in the near UV region at 15 K, we
observed, for the first time, resonant energy transfer occur-
ring from the lowest state of excitons in 4.6-nm QCs to the
first dipole-forbidden excited state of excitons in 6.3-nm
size QCs. This is attributed to the optical near-field in-
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teraction between the QCs. In addition, this phenomenon
can provide a variety of applications, such as an all-optical
near-field switch.

We thank Dr. S. Sangu and Dr. H.N. Aiyer at Japan
Science and Technology Corporation for their useful
discussions.
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A plasmon waveguide was designed and fabricated using a metal-coated silicon wedge structure that
converts propagating far-field light to the near field. Illumination (A=830nm) of the waveguide
(plateau width 150 nm) caused transverse magnetic plasmon-mode excitation. Use of a near-field
microscope allowed us to determine its beam width and propagation length as 150 nm and 2.5 um,
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Future optical transmission systems will require ad-
vanced photonic switching device arrays and advanced pho-
tonic integrated circuits (ICs) in order to increase data trans-
mission rates and capacity. Consequently, the size of these
devices will need to be significantly decreased as compared
to conventional diffraction-limited photonic devices. To ful-
fill this requirement, we propose a nanometer-scale photonic
IC that is composed of sub-100-nm-scale dots and lines. One
essential feature of the device is the use of the optical near
field as a carrier for signal transmission.'”

We developed a near-field optical chemical-vapor depo-
sition technique for the fabrication of patterns using Zn, Al,
and UV-emitting ZnO, which have nanometer-scale resolu-
tion and accuracy in size, position, and separation.>~> Fur-
thermore, we previously reported the near-field nonlinear ab-
sorption spectroscopy of InGaAs single quantum dots® and
the near-field optical energy transfer among CuCl quantum
dots,” both of which are utilized in the operation of
nanometer-scale photonic switches. However, coupling these
photonic devices and ICs with external conventional
diffraction-limited photonic devices requires a nanometer-
scale optical waveguide for far/near-field conversion and
vise versa [see Fig. 1(a)]. It is possible for a tapered fiber
probe to act as a converter for conventional near-field optical
microscopy.? The performance required for this type of
waveguide includes:

(A) High conversion efficiency.

(B) The guide beam width should be less than 100 nm for
efficient coupling of the converted optical near-field to
sub-100 nm dots.

(C) The guide propagation length (the length after which
the intensity decreases to the factor of ¢~ 2) should be on
the order of the optical wavelength to avoid direct cou-
pling of the propagating far-field light to the nanometer-
scale dots.

One candidate that meets these requirements is a tetra-
hedral tip, in which the one-dimensional (1D) mode has been
excited efficiently by transverse magnetic (TM) -polarized
incident light Setting the incoming beam at an oblique
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angle to the metal slit at the edge of a tetrahedral tip converts
far-field light to the 1D internal edge mode. However, the
guided mode profile in a tetrahedral tip has not been ob-
served directly. Furthermore, since it consists of a dielectric
core surrounded by metal, the smallest diameter of the opti-
cal beam is estimated to be 100 nm. This is the theoretical
value of the TM mode in a cylindrical glass core (refractive
index n=1.53) surrounded by gold (n=0.17+i5.2) (Ref.
10) at a wavelength of 830 nm.!! This limitation does not
meet requirement (B). In order to realize a narrower beam
diameter, a more promising candidate is a cylindrical metal
core waveguide, through which the TM plasmon-mode
propagates.'?

This is the basis for our proposed plasmon waveguide
for optical far/near-field conversion. However, the TM plas-
mon mode is not easily excited by far-field light, due to
mode mismatching. To overcome this difficulty, we em-
ployed a metal-coated silicon wedge structure. Using a near-
field optical microscope, we were able to directly observe the
TM plasmon mode propagating along the plateau of the sili-
con wedge.
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FIG. 1. (a) Optical far/near-field conversion concept. FFs=far field;
NFs=near field. (b) Bird’s-eye view of a plasmon waveguide. The x and y
axes are perpendicular and parallel to the plateau axis, respectively. (c)
Cross section along plane B (yz) in (b). (d) Cross section along plane A (xz)
in (b).
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FIG. 2. Fabrication steps for a plasmon waveguide: (a) anodic bonding [step
(1)]; (b) anisotropic etching for fabrication of the silicon wedge [step (ii)].
W: plateau width; (c) metal coating; (d) and (e) scanning electron micro-
scopic images of the metal-coated silicon wedge, W= 150 nm.

Figure 1(b) shows our plasmon waveguide scheme. The
main part consists of a silicon dielectric wedge, coated with
a thin metal film. Incoming far-field light, which is polarized
parallel to the y axis, is first transformed into the two-
dimensional (2D) surface plasmon mode on the F1 side [see
Fig. 1(c)]. Next, the 2D surface plasmon mode is converted
into the 1D TM plasmon mode at the edge between F1 and
the plateau. This conversion occurs because of the scattering
coupling at the edge.'® Third, the TM plasmon mode propa-
gates along the plateau in a manner similar to surface plas-
mon modes using metal stripes'* or edge modes using metal
wedges.!> This propagation occurs because the metal film
deposited on the plateau is thicker than on the other faces
(F1, F2, and F3) due to the normal evaporation process [see
Fig. 1(d)].' Consequently, the plateau acts as a metal core
waveguide. Finally, the TM plasmon mode at the waveguide
outlet is converted to the optical near field so that it couples
to the nanometer-scale dots, which are located in close prox-
imity to the outlet.

Advantages of our waveguide are:

(1) High conversion efficiency from the 2D surface plasmon
mode to the 1D TM plasmon mode, due to the scattering
coupling at the edge [see Fig. 1(c)].%!

(2) The beam width decreases (as narrow as 1 nm) with the
core diameter, since this waveguide does not have a
cutoff.'? This decrease satisfies requirement (B).

(3) The propagation length of the TM plasmon mode is suf-
ficiently long as to meet requirement (C). For example,
the propagation length is 2.5 um (at A=830nm) for a
TM plasmon with a gold core (diameter D =40nm) in-
sulated by air.'?

The plasmon waveguide was fabricated in four steps:

i) A (100)-oriented silicon-on-insulator (SOI) wafer was
bonded to the glass substrate by anodic bonding [Fig.
2(a)]."” '

(ii)  After removing the silicon substrate from the SOI wa-
fer by wet etching, the SiO, layer was patterned using
photolithography. In order to create specific shapes
for the plateau, F1 face, and edge, the rectangular
mask was tilted 30° with respect to the (110) crystal
orientation of silicon. This avoids any deformation of
the convex corners.'®
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FIG. 3. Experimental setup. TM polarization: incident beam parallel to the
plateau (y axis): TE polarization: incident beam perpendicular to the plateau
(x axis).

(iii)  The silicon wedge was fabricated by anisotropic etch-
ing (40gKOH+60gH,0+40g isopropyl alcohol,
80°C) [Fig. 2(b)]. Maintaining the silicon wedge
height at less than 10 um also kept its propagation
loss sufficiently low. The plateau width was accu-
rately controlled using the etching time.

(iv)  After removing the SiO, layer, the silicon wedge was
coated with a 50-nm-thick gold layer. Here, the gold
vapor was sprayed at the normal incidence angle to
the plateau surface so that the metal film deposited on
the plateau is sufficiently thicker than on the other
faces (F1, F2, and F3) [Fig. 2(c)].

Figures 2(d) and 2(e) show scanning electron microscopic
images of our metal-coated silicon wedge. Plateau width W
was 150 nm and its length L was 80 um.

Figure 3 shows the experimental setup for measuring the
spatial distribution of the electric-field intensity throughout
the plateau of the metal-coated silicon wedge. Linearly po-
larized light from a laser diode (A =830nm, 0.1 mW) was
focused onto the F1 face. The incident light polarization was
varied up to a half-wave plate in order to examine the de-
pendence of the mode propagation characteristics. TE and
TM polarizations indicate that the incident light polarization
is parallel to the x or y axis, respectively. For this measure-
ment, a fiber probe, P, with aperture diameter D, of 60 nm
was used, and its throughput was calibrated to be 1.0
X 1076, The fiber probe was kept in close proximity to the
silicon wedge (~10 nm) using the shear-force feedback tech-
nique.

Figures 4(a) and 4(b) show the observed electric-field
intensity distributions on the wedges with W=1 um and 150
nm for TM polarization. Figures 4(c) and 4(d) are for TE
polarization. Figures 4(e) and 4(f) show the cross-sectional
profiles along the dashed white lines in Fig. 4(a) (A-A’ and
a-a'), Fig. 4(b) (B,—B; and b,-b}), and Fig. 4(d) (B,-B;
and b,—-b,). Here, transmission was defined as the ratio of
the light power detected by the fiber probe to the input light
power. Comparing Figs. 4(a) and 4(c) [or Figs. 4(b) and 4(d)]
shows that the propagating mode was excited efficiently only
by TM-polarized incident light. Note that the transmission
with TM-polarized light is five times higher than that with
TE-polarized light for the wedge with W= 150 nm. From the
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FIG. 4. Electric-field distribution (A =830nm) on the silicon wedge pla-
teau. (a) TM polarization: W=1 um. (b) TM polarization: W= 150 nm. (c)
TE polarization: W=1 um. (d) TE polarization: W=150 nm. The images
are 7.0 umX 5.0 um [(a) and (c)] and 5.0 umx 5.0 £m [(b) and (d)]. (e)
Cross-sectional profiles along A—A’ (closed circles). B, B (open circles).
and B- B} (open squares) in (a). (b). and (d). respectively. Solid and dotted
curves represent the exponential curves fitted to the experimental values. (f)
Cross-sectional profiles along a—a’ (closed circles). b,—b, (open circles),
and b,—b} (open squares) in (a). (b), and (d), respectively.

dotted exponential curve in Fig. 4(e) fitted to the open
circles, the propagation length was estimated as 2.5 um for
the 150 nm wedge. This value is comparable to the theoret-
ical value for TM plasmon mode in a cylindrical metal core
waveguide with D=40nm and consisting of a gold core and
air cladding at a wavelength of 830 nm."* From fitting the
solid exponential curve in Fig. 4(e) to the closed circles, the
propagation length for W=1.0 um was estimated as 4.0 um,
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.'*> These experimental results confirm that the observed
excitation along the plateau was the TM plasmon mode.
Figure 4(f) shows that the full width at half maxima
(FWHM) of the cross-sectional profiles were 550 and 150
nm for W=1.0 um and 150 nm. respectively. With minor
improvements to the waveguide, this FWHM value of 150
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nm for W=150nm should meet requirement (B). Further-
more, note that the transmission was 5.0X 1073 for W
=150nm, which is ten times higher than that of a fiber
probe with D,=150nm.'® This efficient excitation of the
TM plasmon mode can be attributed to the scattering cou-
pling at the edge between F1 and the plateau in Fig. 1(b).313
In other words, the 2D surface plasmon mode is scattered at
this edge and converted to the TM plasmon mode. Further-
more, the electric charge induced by the surface plasmon
also increases the scattering efficiency.?’ Even higher excita-
tion efficiency is expected for W<<100 nm, since the induced
electric charge can be concentrated on the sharp metal or
semiconductor edge.?' This transmission efficiency meets re-
quirement (A). Finally, the propagation length estimated
above is longer than the incident light wavelength. This
meets requirement (C).

In conclusion, we proposed and fabricated a plasmon
waveguide using a metal-coated silicon wedge structure.
Propagation of the TM plasmon mode was observed directly
using a near-field optical microscope. Illumination (A
=830nm) of the metal-coated silicon wedge (W= 150 nm)
caused a TM plasmon mode with beam width and propaga-
tion length of 150 nm and 2.5 wm, respectively. These results
confirm that with the use of a metal-coated wedge structure it
will be possible to create the optical far/near-field conversion
devices required by future systems.

The authors gratefully acknowledge Professor M. Fukui
and Professor M. Haraguchi, University of Tokushima, for
their useful advice and discussions and Dr. H. N. Aiyer, Ja-
pan Science and Technology Corporation, for critically read-
ing and commenting on the manuscript.
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Abstract _

A study was conducted to explore the effect of simple mercury treatment on
the metal (gold) coating of an optical near-field fibre probe and its
performance. The method involves physically contacting a mercury droplet
with the fibre probe for a short time, ~10 s. It is shown that, on interaction
with the mercury, the grain boundaries on the gold surface are.occupied by

mercury atoms, resulting in smoother metal coating and thus reducing the
light leakage and enhancing the optical damage threshold level.
Probe-to-probe experiments performed on the apertured probes revealed
improved spatial distribution of near-field intensity on the mercury treate

probes.

1. Introduction

A metal coated optical near-field fibre probe with a
subwavelength aperture constitutes a critical component
in important applications such as imaging, spectroscopy,
nanofabrication and high density data storage [1-4]. The
desired properties of the subwavelength light source are
small, well defined circular aperture, good polarization
characteristics, high brightness with high optical damage
threshold and good transmission with minimum light
leakage [1]. The most widely used subwavelength light
source consists of a tapered fibre probe. The fibre probe
usually consists of a single-mode optical fibre with the tapered
structure [1,5]. In the taper region of the probe, where the
waveguide properties of the fibre break down, metal film is
usually coated around the sides of the probe to confine the light
so that it exits the aperture at the very end of the tip. The quality
of the metal film evaporated onto fibre probes is a critical issue
as the resolution in near-field microscopy is pushed towards
its theoretical limit. It is very important to minimize the light
leakage from the taper region and maximize the efficiency.
One major problem originates from the grainy structure
of the evaporated metal coating [6]. This structure often
leads to a porous region at the taper part, which causes a
significant loss of light. Hitherto, various methods such as

0957-4484/01/030368+04$30.00 © 2001 IOP Publishing Ltd Printed in the UK
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the use of the angled evaporation method, etching the quartz
optical fibres through their acrylate jacket, use of an adhesion
layer, a protection coating preventing corrosion during the
aging, application of mixed metal coating, etc, have been
reported to give considerable improvement in the fibre probe
properties [7-9]. In this paper, we propose and demonstrate
a simple approach of ‘mercury treatment’ to improve the
smoothness of the metal coating, yielding higher quality fibre
probes. This method is based on mercury treatment of the
as-fabricated fibre probes. Gold is well known to be a strong
absorber of mercury and that it forms a solid solution amalgam
phase at ambient temperature [10]. We have used this feature
of the gold-mercury system in the following work.

2. Experimental details

The double-tapered fibre probe tips were fabricated by a two-
step selective chemical etching process [11]. Briefly, in the
first step, using a buffered HF solution of X = 1.7 with an
etching time of 80 min, a short tip with large cone angle is
fabricated. In the second step, a long tapered region which
delivers the light to the cutoff diameter is obtained using a
solution with X = 10 with an etching time of 25 min. A gold
film is then coated on this fibre by the dc sputtering method.

368
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Tip

Figure 1. Schematic diagram of the mercury treatment applied to
fibre probes in this work.

Typical deposition time and resultant gold thickness were 400 s
and 70 nm, respectively. Typical gold coated length of the fibre
probe was 1.5 cm from the tip apex. These fabricated fibre
probes were then subjected to the mercury treatment (figure 1)
by just physically contacting the metal coated fibre probe with
a small mercury droplet fixed on a glass plate for ~10s. An
aperture was formed by focused ion beam slicing.

Various characterizations were carried out on the fibre
probes to evaluate the effect of the mercury treatment.
Scanning electron microscopy (SEM) was employed to
examine the fibre probe structure and the morphology of the
metal coating deposited onto the fibre probe. UV-visible
measurements were performed on the mercury treated and
bare gold coated glass substrates to study the optical changes
upon mercury treatment. The ambient chemical stability of the
mercury treated gold films has been investigated by identifying
the nature of the surface species employing x-ray photoelectron
spectroscopy with an incident x-ray energy of 1253.6 eV.
XPS spectra were recorded for (a) untreated gold/glass film
and (b) mercury treated gold/glass film (aged for 2 days) in the
Au 4f and Hg 4f binding energy (BE) regions.

First, we tested the light leakage properties of mercury-
treated apertureless fibre probes by conducting the damage
threshold experiments. The light from an Ar laser (488 nm)
was focused on a freshly cleaved fibre of the same type as
that under study. This fibre was then coupled to the fibre
probe using a fibre splicer. The fibre probe was carefully held
against the photodiode of a power meter placed in proximity
using a micropositioner. The light leakage from the tip of
the apertureless fibre probe upon varying the power of the
focused laser light was detected by a silicon photodiode. The
effective optimum coupling efficiency of the fibre splicer in the
present experiments was 15%. Second, the spatial distribution
of the optical near-field intensity on apertured fibre probes
prior to and after the mercury treatment was measured by
carrying out ‘probe-to-probe experiments’, maintaining the
‘probe-to-probe’ distance within 20 nm using a shear force
technique [12].

3. Results and discussion

Figures 2(a) and (b) show the SEM images of as-fabricated
and mercury-treated apertureless fibre probes, respectively,
revealing a smoother microstructure for Hg treated probes.
This improvement is vividly seen in the magnified views
of the two microstructures presented in the insets. This
observation is explained as follows. The sticking coefficient

Figure 2. SEM images of double-tapered fibre probes (a) before
and (b) after mercury treatment. The insets show the corresponding

(x 30) magnified views from the tapered region of the probes.

of mercury on gold is unity for coverages from less than one
monolayer up to one monolayer. Thus the coverage up to one
monolayer occurs rapidly, within 60 s. After one monolayer
of coverage, the sticking coefficient of mercury on gold
decreases. The diffusion coefficient for the Au-Hg system
at room temperature is ~1.14 x 1075 cm?s~!. Mercury,
being very mobile on the gold surface, diffuses rapidly into
the grain boundaries giving a smoother microstructure. The
sticking coefficient of mercury to mercury is 0.2. Coverages
in excess of a monolayer lead to amalgamation at the mercury-
gold interface, since mercury is soluble in gold and forms
both a solid solution and an amalgam at room temperature.
It may be noted here that, in our study, it was difficult to
estimate the concentration of dosed mercury. However, the
amalgam phase formation was confirmed from the EDAX
measurements on mercury treated fibre probes which revealed
the presence of both Hg and Au. Too long a mercury treatment
is not desired as mercury—mercury attractive interactions lead
to island formation with increased roughness after mercury
adsorption.

The experimentally recorded absorption spectra for the '
70 nm thick gold film showed an improved optical response
on mercury treatment with ~9% decrease in the optical
transmittance for the 300-900 nm wavelength range. The
oxide formation, if any, on Hg treatment is detrimental. The
oxide formation is generally accompanied by a decrease in
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Figure 3. Variation of the detected power at the fibre probe tip with
respect to applied input laser power (coupling efficiency = 15%).

the film reflectivity and an increase in the film roughness,
both of which dramatically affect the performance of the fibre
probes. This aspect was investigated by XPS measurements on
(gold/glass) and mercury treated (gold/glass) films. The bare
gold film spectra showed only Au 4f7/; and Au 4fs/; peaks at
the expected positions of 83.8 and 87.5 eV, respectively. On
mercury treatment, Hg 4f peaks appeared and the Au 4f;/,
peak showed a BE shift of 0.3 eV towards lower BE range.
We also observed some change and broadening of the peaks.
This indicates the chemical change upon mercury treatment
which is attributed to the formation of the amalgamation phase.
However, we rule out oxidation effects, as the observed BE
shift is seen towards the lower BE range. Thus, the XPS
observations confirm the chemical stability of the mercury
treated gold films, which essentially implies the chemical
stability of the mercury-treated fibre probes.

Immediately after the mercury treatment, the optical leak-
age property of the tip was assessed. Light from a Ar laser
(488 nm) was coupled into the apertureless fibre probes and
the variation of the emerging light output with increasing Ar
laser power was studied. Figure 3 compares the typical result
of such an experiment performed on as-fabricated gold coated
apertureless fibre probes and on those after mercury treatment.
On application of increasing laser powers, the detected power
from the fibre probe increases linearly and shows a kink in the
signal at the damage point. The output ‘leakage’ power de-
tected at the tip end starts to fall off beyond a point when the
fibre probe is completely damaged. It is seen that the mercury
treatment yields ~(1/6) times reduction in the optical leakage
(at 280 mW input laser power) and 21% increase in the optical
damage threshold. Improved damage threshold on mercury
treatment allows higher maximum light output at the tip apex
on coupling the laser power into the cleaved fibre. The data in
figure 3 refers to different fibre probes (prepared in the same
batch) before and after the mercury treatment. Good repro-
ducibility of the results is clearly seen below the damage thresh-
old. SEM observations showed the clear ripping of the metal
coating on the fibre probe beyond the optical damage threshold.

We have also conducted mercury treatment on apertured
fibre probes and investigated its effect on the spatial distribution
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Figure 4. (a) Schematic of the ‘probe-to-probe’ experimental
set-up, two-dimensional spatial distribution images

(4 pm? x 4 um?) of the optical near-field on the apertured fibre
probes (b) before and (c) after the mercury treatment.

(d) Comparison of the cross sectional profiles for (b) and (c) along
the lines indicated in (b) and (c), respectively.

of the optical near-field intensity by carrying out ‘probe-
to-probe experiments’ (figure 4(a)). The optical near-field
generated on 250 nm aperture diameter double-tapered fibre
probes (probe A) was observed by scanning an apertureless
single-tapered fibre probe (probe B, apex diameter ~100 nm)
and detecting the scattered light with a photomultiplier while
the separation between the two was maintained within 20 nm
using a shear force technique. Figures 4(b) and (c) show the
two-dimensional images of the observed spatial distribution of
the optical near intensity on the 250 nm apertured fibre probe
before and after the mercury treatment, respectively. The same
fibre probe (probe B) was used for different scans. Without
mercury treatment (figure 4(b)), the distribution is broad with
full width at half maximum (FWHM) = 442 nm (see the dotted
curve in figure 4(d) for its cross-sectional profile along the line
in figure 4(b)) which is considered to be due to leakage through
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the probe. Many distinct sharp features observed in this profile
indeed indicate the presence of leakage points on the probe.
On mercury treatment (figure 4(c)), the 250 nm apertured fibre
probe showed an improved spatial distribution of the optical
near-field with more focused near-field (FWHM = 282 nm)
(see the full curve of figure 4(d)). The smooth cross-sectional
profile observed for such a probe confirms the disappearance
of the leakage points on these fibre probes. This aspect
is particularly beneficial for the application of fibre probes
for nanometric photochemical vapour deposition, where the
leakage points can give rise to parallel, undesired secondary
deposits [4]. Finally, it is noteworthy that appropriate care
should be taken while handling mercury owing to its poisonous
nature.

4. Conclusions

In conclusion, we have demonstrated a simple technique
of mercury treatment for producing a smoother fibre probe
surface coating. This resulted in ~1/6 times reduction in light
leakage along the cone besides improving the fibre probe’s
optical damage threshold (by ~21%). This approach also
yielded significant improvement of the spatial distribution
of near-field intensity on apertured fibre probes. Mercury
treatment offers a simple technique to further improve the yield
as well as the performance of fibre probes.
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Second-harmonic generation (SHG) in a near-field optical-fiber probe was observed. The tip of the probe
consists of a triple-tapered fiber with an aluminum coating. For a fiber probe with an aperture size of
100 nm, the SHG conversion factor was 2.0 X 10 ' cm?/W, which is as large as that of a 5-mm KDP crystal.
In a probe-to-probe experiment, we demonstrated that SHG took place at the aluminum coating on the fiber

probe. © 2001 Optical Society' of America
OCIS codes: 190.4370, 350.3950, 190.4350.

Near-field optics offers a unique technique for achiev-
ing high spatial resolution beyond the diffraction limit
of light.! Various interesting kinds of study, such
as spectroscopy of quantum dots? and polymers® and
near-field (NF) optical chemical-vapor deposition,*
have been carried out with this technique. Second-
harmonic (SH) near-field optical imaging of a metal
surface has also been reported.® Second-harmonic
generation (SHG) is a useful phenomenon not only for
far-field spectroscopy but also for NF spectroscopy,
which one can use to investigate material properties
and examine nonlinear optical devices. A SH signal
is generated by nonlinear polarization involving the
asymmetric property of the material. A fiber probe
used for NF optics can satisfy this condition, because
it has large asymmetric regions in the sharpened
fiber core, coated metal, and air. In addition, the
coated metal surface can enhance the SHG intensity
as a result of the surface plasmon effect.® The SHG
efficiency of an apertureless metallic tip has been
reported, and it may not be so low as that of a non-
linear crystal.” For a metal-coated fiber probe with
an aperture, the SHG efficiency may not be so low,
because of the complicated profile of the boundary
between glass and metal. However, we know of no
investigation of SHG in a fiber probe, in spite of its
potential application to frequency conversion, optical
chemical-vapor deposition with UV light, and so on.
Thus we believe that it is important to investigate the
phenomenon of SHG in fiber probes. In this Letter we
demonstrate SHG in a fiber probe and report several
of its properties for the first time to our knowledge.
Figure 1(a) shows the cross-sectional profile and
a scanning-electron microscope (SEM) image of the
NF fiber probe employed for SHG. A triple-tapered
fiber probe, configured for use in the UV region,? was

0146-9592/01/211687-03$15.00/0

used as the NF probe. The fiber had a double-core
structure consisting of a 0.16-um GeO,-doped core
and a 3.0-um pure-silica sheath. In fabricating the
probe we used two buffered hydrogen fluoride (BHF)
solutions as etchants. The two solutions differed
in their ratios of NH4F solution (40 wt.%):HF acid
(50 wt. %):H30, which were 1.7:1:1 (BHF,) and 10:1:1
(BHFp). First, we etched the fiber end with BHF,
for 56 min to taper the fiber. Next, we etched the
tapered fiber with BHFp for 30 min to sharpen
the center of the fiber core. The general shape of the
probe was that of a cone with an angle of 17°. The
triple-tapered end was coated with a 500-nm-thick
aluminum layer by vacuum deposition. Two probes
were prepared. We prepared probe A by coating the
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Fig. 1. Explanation of the experiments and the fiber
probe. (a) Cross-sectional profile and a SEM image of
the near-field probe for SHG. (b) Schematic drawing of
the experimental configuration for measurement of SH
intensity from the probe. (c) Schematic drawing of the
probe-to-probe experiment.
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aluminum from the top and probe B by coating it from
the side. The probe apertures were created by use
of the focused ion-beam technique. The roughness of
the cut end was less than 5 nm, which was the spatial
resolution of the SEM. The diameter of the aperture
was found from the SEM image to be 100 nm.

Figure 1(b) is a schematic drawing of the experi-
mental setup for measuring SH intensity. The SH
intensity was measured with a cleaved fiber. The
10-um core of the cleaved fiber was much larger than
the apex diameter of the probe, and the distance
between the cleaved fiber and the probe was less
than 1 um. Therefore, most of the fundamental and
SH signals from the probe could be detected by the
cleaved fiber. Figure 1(c) explains the method used
for measuring the spatial distribution of the SH inten-
sity in the probe-to-probe experiment.® The second
probe used in the probe-to-probe scanning was a single
tapered fiber probe that was fabricated by pulling and
etching of a fiber with a pure silica core that was then
coated with a 500-nm-thick layer of aluminum.!* The
diameter of its aperture was 100 nm. Separation
between the two probes was regulated to several
nanometers by use of a shear-force technique.’! A
488-nm-wavelength Ar* laser was used as the light
source for the experiments. We used a Hamamatsu
Model R166UH photomultiplier tube, because it is
sensitive in the wavelength range 160-320 nm, to
detect the SH signal selectively. In addition, we used
a bandpass filter with a bandwidth of 10 nm to reject
the fundamental signal with an extinction ratio higher
than 10~¢ for the fundamental wavelength. The
quantum efficiency of the photomultiplier tube was
more than 30% for 244-nm light. A photon-counting
technique was used for detection. For an accumula-
tion time of 1000 s, the lowest observable SH power
was 3.0 X 1071 W.

Figure 2 shows the relationship between the fun-
damental and the SH powers when we used the
fundamental signal passing through the probe as the
reference for this measurement. The squares corre-
spond to the experimental results for probe A. The
SHG power is proportional to the square of the funda-
mental power in the low-power region and saturates at
a fundamental power of ~20 nW. As the fiber probe
can be thermally damaged by a fundamental output
exceeding 100 nW, the observed saturation at 20 nW
is reasonable. Thermal damage changes properties
of the fiber probe such as aperture diameter and
aluminum coating; then the SH signal intensity is
saturated. The solid line in Fig. 2 fits the measured
values in the unsaturated region. The conversion
factor R is the ratio of the SH intensity to the square
of the fundamental intensity. From the slope of the
solid line, the value of R for probe A with an aperture
of 100 nm is 2.0 X 10711 cm?/W. Because this value
depends on the aluminum deposition technique, SHG
was also evaluated for probe B, which was fabricated
by the alternative approach of depositing aluminum
from the side of the triple-tapered fiber. The re-
sults are shown by filled circles in Fig. 2, and the
dashed line fits the data points for probe B in the
unsaturated region. The slope of this line gives
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the R value for probe B, which is estimated to be
2.1 X 10712 ¢cm?/W, i.e., ten times smaller than the
value for probe A. Such a large difference in the value
of R supports the dependence of SHG on the deposi-
tion technique. Furthermore, it should be noted that
the values of R for probes A and B are 5 orders of
magnitude higher than that obtained for an aluminum
surface coated upon a large flat piece of glass.’> Such
a large value corresponds to the value for a 5-mm-thick
KDP crystal in the far-field configuration.’® We be-
lieve that the highly efficient SHG localized at a
small probe has immense potential for a wide range
of applications.

Figure 3(a) shows the spatial distribution of the SH
power on probe A obtained in the probe-to-probe ex-
periment. The image size is 1.5 um X 1.5 um. The
solid ellipse (X) shows the position of the aperture, and
the dashed curve (Y) shows the boundary between the
flat and the tapered areas. Strong SH light is emit-
ted at the areas enclosed by the dotted dumbbell curve
and about the boundary (Y). Figure 3(b) shows cross-
sectional profiles of the SH power along the solid and
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Fig. 2. Relation between the fundamental and the SH
powers. Squares and circles represent the experimental
results with probes A and B, respectively; the solid and
dashed lines are fitted to them in the unsaturated region.
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Fig. 3. Spatial distribution of the SH power on probe A
measured by the probe-to-probe experiment. (a) Two-
dimensional profile of SH distribution. Selid ellipse (X),
position of the aperture. Dashed curve (Y), boundary
between the flat and the tapered areas, as shown in
Fig. 1(a). (b) Cross-sectional profiles of the distribution
along A, the solid and B, the dashed lines marked in (a).
Inset, SEM image of the probe corresponding to (a).
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dashed lines in Fig. 3(a). The inset in Fig. 3(b) shows
a top-view SEM image of the probe, and the image area
corresponds to that of Fig. 3(a). The peak power of the
SH signal was 0.4 pW. This observed power is much
larger than the previous experimental result, shown in
Fig. 2. We believe that this enhancement of SH signal
comes from the resonant effect of two probes. In the

-area enclosed by the dotted dumbbell curve, a strong

SH signal was recorded from both sides of the aper-
ture. The SHG observations within the area enclosed
by the dumbbell curve may be related to polarization
of the SH light and correspond to the propagation mode
of the fiber. Near the boundary between the flat
and the tapered areas (Y), nonlinear oscillation of the
surface plasmon in the aluminum coating could eas-
ily emit SH light as a result of the edge effect. These
results confirm that the SH signal was generated in
the aluminum coating. Investigations of SHG in a
bare-fiber probe without aluminum coating revealed
no detectable SH signals despite a high fundamental
intensity. This result also strongly indicates that the
aluminum coating enhances SHG in the fiber probe.
In a subwavelength-sized fiber probe, the optical NF
becomes dominant and can excite the surface plasmon
polariton on the coated metal, an effect that is well
known in the case of flat metal surfaces.® Therefore
we believe that the SHG enhancement with the fiber
probe occurs as a result of the optical nonlinear re-
sponse of the surface plasmon polaritons on the coated
metal.

In conclusion, we have demonstrated SHG in a
near-field optical-fiber probe for what we believe is the
first time. A high SHG conversion factor in the range
2.1 X 10712-2,0 X 10" ¢m?/W was obtained for a
100-nm-aperture fiber probe. This highly efficient
SHG promises several new applications in NF optics.
The spatial distribution of SHG on the fiber probe
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was determined in a probe-to-probe experiment. The
experimental results establish that the aluminum
coating on the fiber probe and the shape of the fiber
probe are important factors that govern this SHG phe-
nomenon. Further studies to clarify the mechanism
by which this SHG occurs would be useful.

T. Kawazoe’s e-mail address is kawazoe@ohtsu.jst.
g0.jp.
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By extending the optical near-field technique to the ultraviolet region, a two-dimensional evaluation
of the optical properties and crystallinity of polycrystalline zinc oxide (ZnO) was carried out at room
temperature. Using an ultraviolet fiber probe with an aperture diameter of 80 nm, we obtained
spatially resolved photoluminescence spectra from individual ZnO nanocrystallites; the emission
intensity depended on the topography and on crystal orientation. © 200! American Institute of

Physics. [DOI: 10.1063/1.1410357]

ZnO is a promising material for use in ultraviolet (UV)
light-emitting devices at room temperature, due to its wide
band gap of 3.37 eV and its exciton binding energy (60
meV), which is larger than its thermal energy at room tem-
perature (26 meV). Recently, many different techniques,
such as pulsed laser deposition,! molecular-beam epitaxy
(MBE),? and the oxidation of metallic Zn,? have been used to
fabricate high-quality ZnO nanocrystallites, which have real-
ized room temperature UV lasing. Thus, ZnO nanocrystal-
lites have been examined as a light-emitting source for ad-
vanced opto-electronic devices.

To apply single ZnO nanocrystallites in these devices
requires lateral integration with nanometer-scale resolution.
To meet this requirement, near-field optical chemical vapor
deposition (NFO-CVD) is expected to become a key technol-
ogy, because the size and positioning is controlled by scan-
ning a fiber probe.* Recently, a ZnO dot with a size of 200
nm was fabricated by NFO-CVD.®> However, to obtain high-
quality ZnO, the substrate must be heated to 200 °C,% induc-
ing thermal drift of the substrate and the probe. To deposit a
smaller ZnO dot, this drift must be sufficiently reduced.

The optical properties and crystallinity of ZnO nanocrys-
tallites have been evaluated by conventional techniques, such
as far-field photoluminescence (PL) spectroscopy and Raman
spectroscopy. Due to their low spatial resolution, however,
these techniques measure an ensemble of nanocrystallites of
differing size and shape. To apply single ZnO nanocrystal-
lites to opto-electronic devices requires measuring the optical
properties of nanometer-scale ZnO structures with
nanometer-scale resolution.

This letter reports the observation of single ZnO nano
crystallite spectroscopy using an optical near-field technique.
Using a UV fiber probe with a subwavelength aperture, we

“Electronic mail: yatsui@ohtsu.jst.go.jp
MAlso with: Japan Science and Technology Corporation. 687-1 Tsuruma,
Machida. Tokyo, Japan 194-0004.
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measured the PL spectra and recorded images of single ZnO
nanocrystallites, to evaluate their individual crystallinity.
Figure 1 shows the experimental setup, which used a
collection-mode near-field optical microscope for spatially
and spectrally resolved PL spectroscopy at room tempera-
ture. We used a UV fiber probe with aperture (D) and probe
diameters of 80 nm and 1.1 um, respectively. The probe
consists of a pure silica core and fluorine-doped cladding. To
fabricate this probe, the fiber was first sharpened, using a
pulling/etching technique to realize a cone angle of 60° and
an apex diameter of less than 10 nm.” Next, the sharpened
core was coated with 500 nm thick aluminum film. Finally,
the top of the core was removed with a focused ion beam to
form an aperture. He—Cd laser light (\=325 nm) was em-
ployed to excite the ZnO nanocrystallites. The PL signal was
collected by the fiber probe and detected by a cooled charge
coupled device through a monochromator [Fig. 1(a)]. Fur-
thermore, for spatially and spectrally resolved imaging, the

(@) (b)

Monochromator Band pass
filter
D_ Photon
counter
ccD sio, | F-sio, F°MT

XYZ stage (Core%

(C|$dln9) UV fiber probe

He-Cd laser
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FIG. 1. Experimental setup for near-field spatially and spectrally resolved
PL spectroscopy [(a) and (b)]. Inset: UV fiber probe with D=80 nm.

© 2001 American Institute of Physics
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FIG. 2. Topographical image of polycrystalline ZnO.

signal collected through the fiber probe and band pass filter
was focused on a photomultiplier tube (PMT) to count pho-
tons [Fig. 1(b)]. The fiber probe was kept in close proximity
to the sample surface (~10 nm) by the shear-force feedback
technique.

ZnO nanocrystallites were prepared by oxidizing Zn de-
posited by photochemical vapor deposition (PCVD). First,
200 nm thick Zn nanocrystallites were grown on a sapphire
(0001) substrate at room temperature by PCVD. Gas-phase
diethylzinc (DEZ) at a partial pressure of a few mTorr was
used as a gas source. Since DEZ gas has a strong absorption
at <270 nm, the second harmonic (SH) light of an Ar*
laser (\=244 nm) was used as the light source for the pho-
todissociation of DEZ.® The power and spot size of the SH
light were 10 mW and 600 wm, respectively. Since the Zn is
deposited at room temperature, this method is applicable to
NFO-CVD, as it avoids thermal drift of the substrate and the
probe. Second, the deposited Zn nuclei were thermally oxi-
dized in ambient oxygen at 1 atm and 750 °C for 30 min.

Figure 2 shows a shear-force image of oxidized Zn, ob-
tained using a sharpened-fiber probe with an apex diameter
of 100 nm. Hexagonal (indicated by arrows A, A’, and A")
and square nanocrystallites (indicated by arrows B, B’, and
B") can be seen, proving that oxidized Zn is composed of
many nanocrystallites with various orientations. The grain
sizes were in the range of 150—400 nm, which is comparable
to the grain sizes evaluated by a commercial atomic force
microscope.

Near-field PL spectra were measured, to investigate the
optical properties of the oxidized Zn [see Fig. 1(a)]. Figure 3
shows the room temperature PL spectra, obtained using an
apertured UV fiber probe with D =80 nm. The emission peak
energy was close to the reported value of 3.26 eV (A\=380
nm), which corresponds to the spontaneous emission from
the free exciton in high-quality ZnO nanocrystallites.> The
full width at half maximum (FWHM) of the PL spectra was
about 110 meV, which is comparable with the 117 meV of
MBE-grown ZnO nanocrystallites at room temperature.’
These results imply that the oxidized Zn was composed of
high-quality ZnO nanocrystallites. Furthermore, since ZnO
has a wurtzite structure, the hexagonal and square nanocrys-
tallites shown in Fig. 2 represent nanocrystallites oriented
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FIG. 3. Near-field PL spectra of polycrystalline ZnO at room temperature
[Fig. 1(a)].

along the ¢ axis' and in other directions, respectively. These
results imply that fabricated ZnO nanocrystallites are poly-
crystalline.

Figures 4(a) and 4(b) show a monochromatic PL image
and a shear-force image of polycrystalline ZnO, respectively,
obtained using the setup in Fig. 1(b). We used an apertured
UV fiber probe with D=80 nm. The detection wavelength
was 380 nm with a spectral bandwidth of 5 nm. Curves A
and B in Fig. 4(c) show the cross sectional profile along the
dashed white lines in Figs. 4(a) and 4(b), respectively. The
arrow in Fig. 4(a) indicates a bright emission spot. Since the
130 nm FWHM of curve A in Fig. 4(c) is comparable to the
size of the ZnO nanocrystallites (see Fig. 2), the bright emis-
sion spot originated from a ZnO nanocrystallite. The inten-
sity of the bright emission spot was 1.5 times that outside the
white ellipse in Fig. 4(a). This indicates that the bright emis-
sion spot originated from a ZnO nanocrystallite that pro-
truded from its surroundings. This occurs because the nuclei
of Zn islands protruding in three dimensions have a larger
total surface area than Zn film grown in two dimensions.
Consequently, more oxygen diffuses into the Zn. Thus, the
protruding ZnO formed by this diffusion was more crystal-
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FIG. 4. Monochromatic PL (a) and shear-force (b) images of polycrystalline
ZnO. The images are 2.0X2.0 um. (c) Curves A and B show the cross
sectional profile along the dashed white lines in (a) and (b), respectively. (d)
A schematic of a scanning apertured fiber probe over a ZnO nanocrystallite
that protruded from the surrounding area.
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FIG. 5. (a) Monochromatic PL image of polycrystalline ZnO. The image is
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line than its surroundings, and exhibited a high emission ca-
pability. Note the dark area around the bright emission spot,
which is indicated by the white ellipse in Fig. 4(a) and the
white elliptical image in Fig. 4(b). Since the FWHM is com-
parable to the probe diameter (see Fig. 1) and the height of
curve B equals the height of the single nanocrystallite (see
Fig. 2), this dark area was a topographic artifact resulting
from the protruding ZnO nanocrystallite [see Fig. 4(d)].
Figure 5(a) shows a monochromatic PL image of poly-
crystalline ZnO from the flat area indicated by P [see Fig.
4(a)], where the roughness was less than 5 nm, as estimated
from the shear-force image. This indicates that oxygen dif-
fused uniformly in area P. The detection wavelength was 380
nm with a spectral bandwidth of 5 nm. Figure 5 shows a
number of spots with considerably higher emission intensi-
ties. Figures 5(b), 5(c), and 5(d) show the respective cross
sectional profiles along the dashed white lines through spots
X, Y, and Z in Fig. 5(a). Spots X, Y, and Z were 120 nm, 145
nm, and 160 nm in size, respectively, [the FWHM of the
curves in Figs. 5(a), 5(b), and 5(c)]. which is comparable to
the grain size of ZnO nanocrystallites (see Fig. 2). This in-
dicates that each emission spot originated from an individual
ZnO nanocrystallite. Here, we roughly estimate the quantum
yields (7)) of the  ZnO nanocrystallite as 7
=(Ip /E)/(da exp[— at])/T=41%, where the maximum
pick-up PL intensity is /p =3.2X 10° [counts per second
(cps)], the quantum efficiency of the detector is E=3.0
X 10° (cps/W), the density of incident light power is d
=26X10° (W/cm?), the aperture size is a=5.0
x 107" (cm?), the absorption coefficient is a=2.0
%X 10° (cm™"),® the thickness of ZnO is 1=2.0X 1073 (cm),
and the collection efficiency of the probe is 7= 1.0X 1073.10
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Due to the flat surface of polycrystalline ZnO in area P,
the difference in the PL intensity should not be attributed to
a topographic artifact. Furthermore, since we did not observe
any shift in the peak energy in the PL spectrum which can
occur due to differences in crystallinity,6 the crystallinity of
polycrystalline ZnO in area P is considered uniform. Since a
comparison of Figs. 5(b), 5(c), and 5(d) does not show a
correlation between the PL intensity and spot size, the differ-
ence in the PL intensity between the emission spots is attrib-
uted to differences in the orientation of the ZnO crystallines.
The low spatial resolution of the shear-force image does not
establish the orientation of the ZnO crystallines. However, it
is reasonable to consider that spot Y, which has the highest
intensity and quantum yield"""'? of the spots in Fig. 5(a),
originated from a nanocrystallite oriented along the ¢ axis.
This conclusion is further supported by the fact that the ex-
citon density with wave vector is greatest along the ¢ axis.!?

In summary, we carried out a two-dimensional evalua-
tion of the optical properties and crystallinity of polycrystal-
line ZnO at room temperature. Using a UV fiber probe, we
obtain spatially and spectrally resolved PL spectra from in-
dividual ZnO nanocrystallites. It was found that emission
intensity depended on topography and on crystal orientation.
Furthermore, since the ZnO deposition technique reported
here is applicable to NFO-CVD, the high spatial resolution

~ capability of the optical near-field technique could be used to

fabricate size- and position-controlled nanometer-scale opto-
electronic devices with high crystallinity.

'Z. K. Tang, G. K. L. Wong, P. Yu, M. Kawasaki, A. Ohtomo, H. Koinuma,
and Y. Segawa, Appl. Phys. Lett. 72, 3270 (1998).

2D. M. Bagnall, Y. E. Chen, Z. Zhu, T. Yao, M. Y. Shen, and T. Goto, Appl.
Phys. Lett. 73, 1038 (1998).

3S. Cho, J. Ma, Y. Kim, Y. Sun, G. Wong, and J. B. Ketterson, Appl. Phys.
Lett. 75, 2761 (1999).

4Y. Yamamoto, M. Kourogi. M. Ohtsu, V. Polonski, and G. H. Lee, Appl.
Phys. Lett. 76, 2173 (2000).

5G. H. Lee, Y. Yamamoto, M. Kourogi, and M. Ohtsu, Proc. SPIE 3791,
132 (1999).

6G. H. Lee, Y. Yamamoto, M. Kourogi, and M. Ohtsu, Thin Solid Films
386, 117 (2001).

" Near-field Nano/atom Optics and Technology. edited by M. Ohtsu
(Springer, Berlin, 1999). Chap. 3.

8R. R. Krchnavek, H. H. Gilgenm, J. C. Chenm, P. S. Shaw, T. J. Licata,
and R. M. Osgood, J. Vac. Sci. Technol. B §, 20 (1987).

Y. Chen, D. M. Bagnall, H. J. Ko, K. T. Park, H. Hiraga. Z. Zhu, and T.
Yao, J. Appl. Phys. 87, 3912 (1998).

10T, Saiki and K. Matsuda, Appl. Phys. Lett. 74, 2773 (2000).

1'C.'s. Sun, T.-L. Chiu, S. Keller, G. Wang, M. S. Minsky, S. P. DenBaars,
and J. E. Bowers, Appl. Phys. Lett. 71, 425 (1997).

12Y4. Ohta, M. Orita, M. Hirano, and H. Hosono, J. Appl. Phys. 89, 5720
(2001).

135, Bloom and 1. Ortenburger, Phys. Status Solidi B 57, 561 (1973).

33



L& — GaixC

BTy FLTIcEDILCAERET 71/ N\OFHEE

P Fto) KE T

Characterization of Silica Optical Fibers Based on Chemical Etching
Shuji MONONOBE'® and Motoichi OHTSU*?

5oL RABFTIZOVHAXOFBREELORERET 74 NOFEELRET S, FHEIK7 7
ANDBET v LKEABRETOLy F ¥ 7 LBTFHEMBRAE ESVWTITHONA.
X—TJ—F RT7AN, ToFvS, REANTR, BE7 v{UKFKRBHE, EEREFHRESR

1. A D Z

HFLOET 74 NODRBIZBNTIE, F0OHEE S
A=% (BT TE, REFRZELRLE) 2HEL,
K7 7 ANDFEE T HLENHS. ZhETHED
BE—FT7ANLE—F—F7 74 N5 HET 57
121, near field pattern [1] % side-view [2] & FF
N A ETHBEIMEREINTE /. LML, XoE
FRRNDIZ, TALOFECE->THTIz O
(< 107%m) ¥ 1 XDOBERBMEL LEBITEIMIC
DVWTHARLZLIZHETH L. AFERICBVTITL,
H73200H50VEENUTOH A XITHYET 25
MRETRERT 7 A NEFHET 572012, k¥
FrIEISHERRET S,

2. A &

UTFicBnTid, TRty V== ARMAER
TLRBAEBY Sy FEbDAT v TREBFRSA
B77 A NOFEEICOVTRNRS, T, X774
NE~NERL, 25°CICRERB SN0 ERR T v
E7 =7 AKEBW  50EE% 7 vILKER : K
=10:1: 1DREHEHLE b OBRE 7 v bKkEKE
#® (BHF) # Tz v+ 7$+5%. ZOBHFHIcBW

T, TR VY =7 ARINAE RO BREE I SART
ROBEBEELY /NS, aTEI Ty FOBBHE

t WBNBEEFT AT I, g

Special Research Laboratory of Optical Science, Kanagawa
Academy of Science and Technology, KSP East 408, 3-2-1
Sakado, Takatsu-ku, Kawasaki-shi, 213-0012 Japan

tt HRIERERERERSBT AR, HiEd
Interdisciplinary Graduate School of Science and Engineer-
ing, Tokyo Institute of Technology, Yokohama-shi, 226-
8502 Japan

a) E-mail: mononobe@net.ksp.or.jp

Ge02-SiO2core

0 Time SiOz clad

(a)

R1/R2

1

|__I (b)
_ 0 r

an

h
- @

| 0 |

1 (a) Ty F Y 7SN 7 74 1FK, (b) BEREL
Ri/R,, (c) LBHFEE An DA SO 7 71 I
Fig.1 Cross-sectional profiles of (a) etched fiber, (b) dis-
solution rate ratio Ry / Rz, and (c) relative refrac-
tive index difference An.

ELXEZFNENR L Ry TETE, Ri< Ry TH5A.
CnkE, aTiiR1(a) ICREND L) ICTF—HE
aTr 7y FPbREL, 77—/ YA o (38TEEH
R 5 RR

sin(a) = R1/R; (1)

TRENS [3],[4]. REMOBITE De 133 7ERICHY
15, E1(b),(c) RENFNRHT 7 4 NOBHAEREL
CHERREZEOWHE 70774 VERT. XIC, 77
ANEF /7 A—=% (107°m) VLRVOGREER b Dk
ERBETHEME (SEM) ICL-THEL, 77— AE
abtaT7TELHETS. X)) DEDITZBLy V=
ZULORMEERBEL, H2IIRENE L ICHE

894 BFRBAEFRI/NE C Vol.J84-C No.9 pp.894-895 20014598

34



3rT T T T T T T
ol -
an (%)

1k .
ol 1 1 1 1 11

0 0.5 1

Ri/R2
H2 HBIFRE An OBEBEEL R /Ry I8 54K

Po3c
Fig.2 Dependence of the relative refractive index differ-
ence An on the dissolution rate ratio Ry /Ra.

FREARIKETEHNDT, SEMICEoTHIEENS
F=rfia, R (1), H20EERNISGF ) 2 -5 0%
BRI CHEFREY AR5 LA TE D,

3. BREEER

EFEOHT I 5 uvH A4 XOGBEELEET 57
BHIZ, 75 v FED; =125um & 0.1~4pum OEED
ITEER OB VT =Y LIRIMBERL 7 7 48
% VAD I [5] IC & 0 REHERIL, TOLEHREEE
Bf&b o7 fEBUCBWVWT, Then7 74 NI HE
HRE Ang = 24% OBH T v FEMAEMBT L L
WX DB & s, BEIEBENEREIZS0~T0g T
bHot:z. E3(a),(b) ik FNENILEIEE An L SEM
HIE 2 7RO KBIENT TEISH S S De /Do D Do
R AR ERT. R7 74 5RE| &R0 T Y
Foarersy FOEZRE2ZENEFN Dp, & Dpe &
$5&, DolidkR

Do = Dp; - D3/ Dp2 2

Lk o TEHENS.

Do < lpm OFERTIE, HWEBITEE An ZEBHICE
FAED2.4%E WVIETL, I7TENFHEMED £V
bILART A, IhHIIMFIERICBIFAT V=T 4
DIBDOHBTHL L ELLND, 0.lum DI TEER
b2 7 7 ANORBIFREELHE LIDZELDHS
B ZADBWOTTH Y, AFENF7I20rH4X

10

5m 0.1 1 10
Dg (pm)

3 (a) WEHHE An & (b) #IEM D X (2) THFR

b2 B EEE Dy DI TERD Do T

BT

Fig.3 Dependencies of (a) the relative refractive index
difference An and of (b) the ratio of the core di-
ameters D¢ and the proportionally reduced diam-
eter Dg on Dy given by Eq. (2).

DHEEXLDOHT 74 3% 5HET 5 DICFEEICHHRD
THHI LDbh B,

4. & T U

R4 IBRTy 7V VL ETFEMEHREEOCA
T A NEHMEEERELA. AAEICLD 0.1um D3
FETHRIEINIKT 7 A NOLBITREHRT| S B
CETTAIL2HEAL, AAEIYT7Is0r A —
YOSREEE b DO LR EFEL .

X 73
[1] D. Gloge and E. A. J. Marcatili, “Multimode theory of
graded core fibers,” Bell Syst. Tech. J., vol.52, p.1563,
1973.
[2] Y. Hattori and A. Inoue, “Measurement of structural pa-
rameters of single-mode fiber by side-viewing method,”
OFC ’88, 1998.

B8] WEFEZ, PR, HREIEKFE, 1999,

http://www.kast.or.jp/Mononobe.pdf/.

4] DHFEZ, KET—, K77 A NOBRTYF L TEED

[&A,” New Glass, vol.15, no.2, pp.47-50, 2000.
[5] T.Izawa and S. Sudo, Optical fibers: Materials and fab-
rication, KTK Scientific, Tokyo, 1987.
(F5% 13 4 6 A 20 HZAY)

895

35



APPLIED PHYSICS LETTERS

VOLUME 79, NUMBER 8

20 AUGUST 2001

Fabrication of a nanometric Zn dot by nonresonant near-field optical

chemical-vapor deposition

Tadashi Kawazoe?

Exploratory Research for Advanced Technology, Japan Science and Technology Corporation,

687-1 Tsuruma, Machida, Tokyo 194-0004, Japan
Yoh Yamamoto and Motoichi Ohtsu®

Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology,

4259 Nagatsuta, Midori-ku, Yokohama 226-8502, Japan

(Received 16 May 2001; accepted for publication 27 June 2001)

We demonstrate a technique for the deposition of nanometric Zn dots by photodissociation of
gas-phase diethylzinc using an optical near field under nonresonant conditions. The observed
deposited Zn dot was less than 50 nm in size. The photodissociation mechanisms are based on the
unique properties of optical near fields, i.e., enhanced two-photon absorption, induced near-field

transition, and a direct excitation of the vibration-dissociation mode of diethylzinc.

© 2001

American Institute of Physics. [DOI: 10.1063/1.1394955]

Optical near fields have been applied to high-resolution
optical microscopy, high-density optical memory, atom ma-
nipulation, and so on.! Their application to nanostructure
fabrication has the potential to make high-density
nanometric-integrated photonic devices possible.? Recently,
we demonstrated the feasibility of chemical-vapor deposition
(CVD) of Zn dots using optical near-field techniques.>> In
our previous research, we utilized the high spatial resolution
capability of the optical near field to deposit Zn wires with a
width of 20 nm (Refs. 3 and 4) and Zn dots 60 nm in size.’
The size of the objects deposited by conventional far-field
optical CVD techniques was found to be diffraction limited.
Conventional optical CVD utilizes a two-step process: pho-
todissociation and adsorption. For photodissociation, the far-
field light must resonate the reacting molecular gasses in
order to excite molecules  from the ground to the excited
electronic state.%” The Frank—Condon principle claims that
this resonance is essential for excitation.® The excited mol-
ecules then relax to the dissociation channel, and the disso-
ciated Zn atoms adsorb to the substrate surface. However, for
near-field optical CVD (NFO CVD), photodissociation can
take place even in nonresonant conditions, due to the inher-
ent properties of the optical near field. In this letter, we ex-
amine the NFO CVD of nanometric Zn dots in nonresonant
conditions. This technique makes it possible to use various
light sources and gas sources for the deposition of a variety
of nanometric materials.

Figure 1 shows the experimental setup for NFO CVD.
Ultra-high-purity argon (Ar) was used as a buffer gas and
diethylzinc (DEZn) as a reacting molecular gas source. The
second harmonic (A =244 nm) of an Ar* laser was used as a
light source that resonates the absorption band of DEZn.’
The fundamental frequencies of Ar*(A=488nm) and
He-Ne(A=633nm) lasers were used as nonresonant light

“Electric mail: kawazoe @ohtsu .jst.go.jp

YAlso at: Exploratory Research for Advanced Technology, Japan Science
and Technology Corporation, 687-1 Tsuruma, Machida, Tokyo 194-0004,
Japan.
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sources. The fiber probe used for NFO CVD was a high-
throughput single tapered UV fiber probe, which was fabri-
cated by pulling and etching a pure silica core fiber.! The
cone angle of the fabricated fiber probe was 30° and its apex
diameter was 30 nm. In order to investigate the deposition
effect of nonresonant far-field light, a fiber probe without the
usual metal coating, i.e., a bare fiber probe, was used for the
deposition. Therefore, the optical far field was generated by
light leaking through the circumference of the fiber probe,
while the optical near field was generated at the apex, as

shown in Fig. 1. The separation between the fiber probe and

the sapphire substrate was controlled to within several na-
nometers by using a shear-force technique.! The laser output
power from the fiber probe was measured with a photodiode
placed behind the sapphire substrate. The sizes of the depos-
ited 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.
Details of the Zn deposmon procedures have been reported
in a previous work.’ It should be noted that the deposition of
Zn on the fiber probe and the resultant decrease in the effi-
ciency of optical near-field generation are negligible because
the deposmon tlme is sufficiently short, as has been pointed
out elsewhere.>

244,488,633nm
Optical Fiber

e e
(W) Incident Light

Incident Light

Vacuum Chamber

Optical
Near-field

Leaked
Far-field Light

FIG. 1. Experimental setup for chemical-vapor deposition using an optical
near field.

© 2001 American Institute of Physics
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before

after

FIG. 2. Shear-force topographical images before and after NFO CVD at
wavelengths of A =244 (a), 488 (b), and 633 (c) nm. The image sizes are
300X 300 nm. The observed laser output power and the irradiation time for
deposition were 1.6 #W and 60 s (a), 150 #W and 75 s (b), and 240 xW and
300 s (c).

Figure 2 shows the shear-force topographical images be-
fore and after NFO CVD on the sapphire substrate with
atomic-level steps9 for A =244 (a), 488 (b), and 633 (c) nm.
For Fig. 2(a) (A =244 nm), the laser power was 1.6 uW and
the irradiation time was 60 s. Atomic-level step structures 0.4
nm high on the sapphire substrate are clearly observed, as
indicated by the dashed lines in the left-hand side of Fig. 2(a)
(before the NFO CVD). However, after the NFO CVD
(right-hand side), the atomic-level steps disappear and a de-
posited Zn dot less than 50 nm in diameter appears at the
center of the image. This occurs because the optical near
field deposited the Zn dot directly under the apex of the fiber
probe. Furthermore, since the bare fiber probe also leaked
strong far-field light, a Zn layer that covered the atomic-step
structures was deposited.

For Fig. 2(b), the laser power was 150 uW and the irra-
diation 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."!°
Therefore, it is not absorbed by the DEZn gas. A Zn dot less
than 50 nm in diameter appears at the center of the broken
circle on the right-hand side of Fig. 2(b). The atomic-level
steps in Fig. 2(b) are still observed, despite the leakage of
far-field light from the bare fiber probe.

In Fig. 2(c) (=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. This
shows that the thermal effect of laser irradiation is negligible
for Zn deposition.

In Fig. 3, the solid curve is a cross-sectional profile of
the Zn dot deposited at 488 nm across the dashed line in Fig.
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FIG. 3. Cross-sectional profiles of the deposited Zn patterns. Dashed and
solid curves represent profiles along the dashed lines on the right-hand side
of Figs. 2(a) and 2(b), respectively.

2(b). The dashed curve represents the cross-sectional profile
of the Zn dot deposited at A\ =244 nm, taken across the
dashed line in Fig. 2(a). These curves confirm that Zn dots
with a full width at a half maximum of 30 nm were deposited
in the region where the optical near field is dominant. The
dashed curve has tails 4 nm high on both sides of the dot.
These tails correspond to the deposition by the leaked far-
field light. The solid curve has no tails; thus, it is clear that
the leaked 488 nm far-field light did not deposit a Zn layer.
This result agrees with previous work using conventional
optical CVD for Zn deposition with a far-field light with A
=300 nm. ! It should be noted that the 30 nm Zn dot without
tails was deposited under a nonresonant condition, despite
the presence of leaked far-field light.

We now discuss the possible mechanisms of DEZn dis-
sociation by the nonresonant optical near field. Figure 4
shows potential curves of an electron in the DEZn molecular
orbital drawn as a function of the internuclear distance of a
C-Zn bond, which is involved in photodissociation.7 The
relevant energy levels of the molecular vibration mode are
also represented by horizontal lines in each potential curve.
When using a conventional far-field light, photoabsorption
(indicated by a white arrow in Fig. 4) dissociates DEZn.'* In
contrast, there are three possible mechanisms of photodisso-
ciation using a nonresonant optical near field. The first is the
two-photon absorption process, as indicated by the two ar-
rows () in Fig. 4, due to the high-energy density of the

Excited Tp
‘\State Triplet State

easce o
.....
ae*
.

Potential Energy

Dissociation

'\Energy(Z.ZGeV)
Ground

State Singlet State

—_—
>

Inter-nuclear Distance

FIG. 4. Potential curves of an electron in DEZn molecular orbitals. The
relevant energy levels of the molecular vibration modes are also represented
by horizontal lines.
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optical near field at the apex of the high-throughput fiber
probe. The second is the transition, shown by arrow (2), to
the intermediate-energy level (dotted curve) induced by the
fiber probe and successive relaxation to the dissociative trip-
let state. Such an induced transition is due to energy transfer
between two localized dipole oscillators, i.e., the near-field
probe and the DEZn molecules. Similar energy transfer has
been observed between optically forbidden levels in dye
molecules.'® The third mechanism involves 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 dashed line and arrow ) in Fig. 4. Although this
transition is prohibited by the wave-number conservation law
for conventional far-field light,' it is allowed in the present
case because of the large uncertainty in the wave number of
the sub-wavelength-size optical near field. The three mecha-
nisms mentioned above are not adopted when A\ =633 nm
light is used, because its photon energy is lower than the
dissociation energy of DEZn and its two-photon energy is
also lower than the energy at the absorption edge. This is
confirmed by Fig. 2(c).

The experimental results and the suggested mechanisms
described above show numerous potential advantages, i.e.,
this technique not only increases spatial selectivity, but also
makes it possible to use various light sources and gas sources
not previously used in conventional far-field optical CVD.
Thus, nonresonant NFO CVD is a very useful nanofabrica-
tion technique.
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In conclusion, we demonstrated the deposition of a 30
nm Zn dot using NFO CVD with nonresonant light and dis-
cussed the possible mechanisms of deposition. Details of
these mechanisms are under investigation, which involves
evaluating the dependence of the deposition rate on the op-
tical near-field energy density, the probe—substrate separa-
tion, photon energy, and so on.
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Near-field photocurrent measurements are applied to the diagnostics of the p-n junction
of semiconductor devices beyond the diffraction limit of light. In order to probe the
internal properties. of these devices, modes of propagation into the sample are utilized,
retaining high resolution as a result of the contribution of a penetration depth smaller than
the aperture diameter of the probe. Near-field photocurrent measurements with multi-
wavelength excitation are applied to investigate a lateral p-n junction grown on patterned
GaAs(111)A. The slant angle of the p-n junction interface is determined to be 30+8°. The
minority carrier diffusion lengths of the electron L, and the hole L, of the Si p-n junction
are estimated to be 0.47+0.03 and 0.37+0.02 um, respectively. Near-field photocurrent
measurements are also applied to the p-n junction on a Si substrate under the reverse-bias
condition in order to estimate the dopant concentration of the p-n junction. The full-width
at half maximum (FWHM) of the cross-sectional profile of the near-field photocurrent
signal varied upon changing the applied reverse-bias voltage, according to the resulting
change in the thickness of the depletion region. From the measured reverse-bias depen-
dence of the FWHM of the cross-sectional profile, the local dopant concentration of the Si
substrate was estimated to be 3.5+0.4x10'® cm™3. This result shows good agreement with
the dopant concentration (3.1x10' cm-?) evaluated from the device specifications for
device fabrication.

*Corresponding author, e-mail address: fukuda@rdc.ricoh.co.jp

445

39



40

446 Sensors and Ma)erials, Vol. 13. No. 8 (2001)

1. Introduction

The recent miniaturization of semiconductor devices and circuits has made their
diagnostics and analyses more difficult. Nondestructive and direct characterization of the
microstructure of semiconductor devices has emerged as an important approach to under-
standing and improving the performance of these devices. Existing analytical tools yield
the measured device parameter averaged over a large area. The electron-beam induced
current method (EBIC)"? and optical-beam induced current method (OBIC)® have been
employed as useful analytical tools which measure the diffusion length of the minority
carriers. However in these methods, the spatial resolution is limited to ~1 ym, and sample
contamination and damage are serious problems. In the OBIC method, the diffraction of
light limits the resolution. The dopant concentration is an important issue in semiconduc-
tor devices because it directly affects the device characteristics. Secondary ion mass
spectroscopy (SIMS), which has been widely used to measure the dopant profile of
semiconductor devices, can damage the sample and also lacks spatial resolution capabili-
ties.

The near-field optical microscope (NOM) has been employed for the spatially resolved
observation of subwavelength structures on the surface by overcoming the diffraction limit
of conventional optical microscopes. Furthermore, NOM has been applied for imaging
nanometric biological specimens, spectroscopy of semiconductor devices, high-density
optical storage, atom manipulation, and nanostructure fabrication.“-® The near-field
photocurrent measurements carried out with a near-field optical microscope have revealed
useful information on semiconductor p-n junctions.®®

In this paper, we review our results of near-field photocurrent measurements of
semiconductor devices. After presenting the principle of the near-field photocurrent
measurement system in section 2, the fabrication technologies of probes will be described
in section 3. In section 4, the interaction between the optical near-field and high-refractive-
index materials will be presented. Section 5 presents the experimental results of the near-
field photocurrent measurements on a lateral p-n junction grown on patterned GaAs(111)A
and a Si p-n junction. Section 6 gives the summary.

2. Principle of the Near-Field Photocurrent Measurement System

Figure 1 shows the experimental setup and sample structure. Operation of the near-field
optical microscope in the illumination mode (I mode), where the optical near-field is
generated from the subwavelength aperture at the fiber tip, is currently the most common
method of selectively illuminating the sample. The electrode configuration for near-field
photocurrent measurements of the p-n junction is also depicted in this figure. In order to
maintain near-field excitation, the shear-force technique®®'® was employed to maintain the
separation between the fiber probe and the sample surface of 20 nm. All measurements
were carried out under ambient conditions.

For excitation, light from an Ar* laser (4 =351, 458 and 515 nm), He-Ne laser (4 = 633
nm), and Ti:sapphire laser (4 = 780 and 830 nm) are coupled to the fiber probe. Using this
light, the optical penetration depth of the semiconductor substrates can be tuned. When the
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Fig. 1. Experimental setup of the near-field photocurrent measurements.

optical near-field of the fiber probe &ip generates electron-hole pairs in the sample, the
respective minority carriers diffuse away over an average diffusion length before the
recombination. The induced near-field photocurrent signal is thus proportional to the
number of carriers. The signal is collected at the electrodes while scanning the probe
across the p-n junction. Then the collected signal is amplified with a current injection
preamplifier and synchronously detected with a lock-in amplifier as a function of the
position of the fiber probe across the surface of the p-n junction.

3. Fabrication of Probes

The fiber probe with the nanometer-scale aperture is the most essential device of the
NOM. Several methods have been proposed for fabricating the probe.“> A selective
etching method using buffered hydrofluoric (HF) acid, which is widely employed in VLSI
chip fabrication, is applied to sharpen an optical fiber. This method has achieved high
reproducibility and realized a nanometer-scale tip diameter of the fiber probe. Section 3.1
describes the fabrication method of the high-sensitivity probe with a double-tapered
structure. A novel fiber probe with a pure silica core is prepared for the ultraviolet (UV)
near-field light source, which is described in section 3.2.

3.1 Double-tapered fiber probe

Figure 2(a) shows a scanning electron micrograph of the fiber probe used for the
measurements. One of the advantages of a chemically etched probe is its extremely short
light propagation length in a metal-cladding waveguide, which reduces the transmission
efficiency of the probe.

An optical fiber with a germanium-dioxide (GeO-)-doped core was used to fabricate the
fiber probe. The core diameter of this fiber was 2 um and the clad diameter was 125 ym.
The fiber probe was fabricated by a two-step etching method.®” The fiber was etched for 60
min in a buffered hydrogen fluoride (BHF) solution containing NH,F (40 wt%), HF (50
wt%) and H,0 with the volume ratio of 1.7:1:1. Next, the fiber was etched for 40 min in
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Fig. 2. Scanning electron microscope images of fiber probes. (a) Double-tapered fiber probe. (b)
Fiber probe for UV region. White circle in these images represents the aperture. The diameters are
100 nm (a) and 150 nm (b).

NH/F, HF and H,0 with the volume ratio of 10:1:1. The temperature of the BHF solution
was maintained at 25 + 0.1°C. The sharpened fiber probe was coated with 300-nm-thick
Au. A subwavelength aperture was fabricated by pounding the metal-coated fiber probe on
the Si substrate and squeezing the Au off to the side."'” The diameter of the fabricated
aperture was 150 nm.

The transmission efficiency was 5.0x10-%, as estimated by collecting the far-field
throughput with a 0.4-numerical-aperture objective lens.

3.2 Fiber probe for UV region

A novel fiber probe with a pure silica core is fabricated for the UV near-field light
source. Because the conventional GeO,-doped fiber exhibits strong optical absorption in
the UV region, a single-mode fiber with a pure silica core and fluorine cladding is
alternatively used to fabricate the fiber probe. The core diameter of this fiber is 10 um and
the clad diameter is 125 um. After sharpening using a micropipette puller with a CO, laser
as the heat source, the fiber probe is fabricated by selective chemical etching in BHF
solution.®'®
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Because of the pulling process, the diameter at the end of the tapered core is reduced to
about 1 um. The fiber is etched for 9 min in BHF containing NH,F (40 wt%), HF (50 wt%)
and H,O with the volume ratio of 1.7:1:1. The temperature of BHF is 25 £ 0.1°C. This
etching process is performed until the core is exposed from the cladding of fluoride-doped
glass. To fabricate an aperture of subwavelength diameter (~100 nm), the sharpened fiber
probe is coated with Al (300 nm thick).

The transmission efficiency is 1 x 10-, which is estimated by collecting the far-field
throughput with a 0.4-numerical-aperture objective lens. Figure 2(b) shows a scanning
electron micrograph of the fabricated fiber probe.

4. Interaction between Optical Near-Field and High-Refractive-Index
Materials

The light emitted through the fiber probe has both optical near-field modes and
propagating modes. The distribution of optical near-field modes in the tangential wave
vector k, (component parallel to the surface) is determined by the aperture diameter d of the
fiber probe. If d is less than half the wavelength A/2 in free space, the optical near-field
modes occupy the region k, > 27/A. When the aperture of the probe is set close to an
optically dense material, part of the optical near-field mode in the region k, < n(2m/A ) is
converted to the propagating mode, where n is the refractive index of the material. Since Si
is a much denser semiconductor material ( refractive index of Si is ~5.44 )'? than the silica
fiber probe (refractive index ~1.5) and surrounding air, almost all optical near-field modes
from the fiber probe are coupled into propagating modes for the entire range of excitation
wavelengths (A =351-515 nm). For the case of d =150 nmand n = 4.58 (refractive index
of Si at A =458 nm), almost all optical near-field modes from the fiber probe are coupled
with propagating modes.

The propagating beam spread angle is determined by the aperture diameter. The cutoff
wave vector of the optical near-field mode distribution lies at 7/d.” The propagating beam
spread angle is represented by n(27/A) sin ¢ = 7/d. The dependence of the beam spread
angle on the excitation wavelength is shown in Fig. 3 for d = 100, 150 and 200 nm. From
these results, the beam spread angle of the light is found to be dependent on the excitation
wavelength and the aperture diameter of the probe. The propagation modes are governed
by the bulk absorption characteristics of the substrate material. Therefore, the resolution is
limited by the aperture diameter, the penetration depth of the semiconductor material, and
the diffusion length of photoexcited minority carriers.

5. Experimental Results

5.1 Near-field photocurrent measurements of the lateral p-n junction of
GaAs(111)A substrate
Using the multiwavelength excitation light sources, near-field photocurrent measure-
ments are applied to the lateral p-n junction on a patterned GaAs substrate.(*-13 A
schematic of the sample structure is shown in Fig 4. After etching a semi-insulating

43



44

450 Sensors and Materials, Vol. 13, No. 8 (2001)

Beam spread angle [ Deg. ]

02 03 04 05 06 07 08 09
Wavelength [ m]

Fig. 3. Dependence of the beam spread angle of mode of propagation into Si on the excitation
wavelength. d: aperture diameter.
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Fig. 4. Structure of lateral p-n junctions and experimental geometry. The lower junction was
examined in this measurement. The sample was tilted by 15° in order to avoid contact with the
cladding of the fiber probe.

GaAs(111)A substrate by the photolithography technique, 1-um-thick Si-doped GaAs
layers were grown by molecular beam epitaxy (MBE). The silicon concentration in the
layer is 1 x107'® cm=. Due to the amphoteric nature of the Si dopant in GaAs, the lateral p-
n junctions are formed at the upper and lower interfaces.®!”)

A sharpened fiber probe was prepared by the two-step etching method described in
section 3.1. After metallizing the exterior surface of the etched probe with 200-nm-thick
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gold, a 200-nm-diameter aperture is fabricated by the resin coating method.> In order to
realize high transmission efficiency, the shape of the tip is optimized by multistep chemical
etching. The transmission efficiency is estimated as 1 x 10~* with a 0.4-numerical-aperture
objective lens. As multiwavelength light sources, the Ar* laser (4 = 488 nm), He-Ne laser
(A =633 nm), and Ti:sapphire laser (A = 780, 830 nm) are coupled into the fiber probe.
Using these light sources, the optical penetration depths in GaAs can be tuned from 80 nm
to 1.0 um.

Near-field photocurrent images at the excitation wavelengths of 488 and 830 nm are
shown as topographic images in Fig. 5. Uniformity of the photocurrent intensity is seen
along the p-n active region. The full-widths at half maximum (FWHMs) of the photocur-
rent signal profiles are 0.6 and 1.7 um at A = 488 and 830 nm, respectively. The increase
of penetration depth results in the decrease of the resolving power. Figure 6 shows the
cross-sectional profiles of photocurrent intensities in logarithmic scale. Due to the shallow
penetration depth of 80 nm at the excitation wavelength of 488 nm, the resolution is

Fig. 5. Perspective views of the topographic image in the vicinity of lower junction (a), and the
near-field photocurrent images at the excitation wavelength A = 488 nm (b) and A =830 nm (c). The
image size is 5 x 10 um?. The height of the slope in (a) is 1 um.
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Fig. 6. Cross-sectional profiles of the near-field photocurrent signals at the excitation wavelengths
A = 488 nm (a), 633 nm (b), 780 nm (c), and 830 nm (d). Black circles, triangles, and squares
represent the calculated results for ¢ = 40°, 37° and 27°, respectively, where 6= 15°.

governed by the aperture diameter and the diffusion length of photogenerated minority
carriers. Because of the difference in the diffusion length between electrons and holes, a
large difference can be observed in the slower rise of the photocurrent signal in the p region
than in the n region, which results in asymmetry of the signal profile. Moreover, with
increasing penetration depth, the decay length increases and the asymmetric behavior
reverses. The longer decay length in the n region than in the p region is due to the slant of
the p-n interface.

The asymmetric signal behavior is analyzed using the one-dimensional model shown in
Fig. 7. Here, the fitting parameters are the slant angle of the p-n junction interface 6 and the
beam spread angle ¢. The application of this model to curves (b)-(d) in Fig. 6 is
appropriate since, for the excitation wavelengths of 633, 780, and 830 nm, the respective
penetration depths are much larger than those of the wavelengths in GaAs. With regard to
the signal profile.of A = 488 nm, which is free from longer propagation into the sample, the
characteristic decay length of the photocurrent signal due to the carrier diffusion effect is
exactly imaged at least in the 200 nm region which is the aperture diameter of the fiber
probe. Therefore, curve (a) in Fig. 6 depicts the spatial response profile of the p-n active
region.

The spatial response profile of the p-n junction is described by the asymmetric form

F(x,z) = C - exp(x/L,), x < -z - tan @
C - exp(x/L,), x > -z - tan 6, (1)
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Fig. 7. Schematic of the slant p-n junction interface and the light propagating into the sample.

where C is a normalized constant, and L, = 400 nm and L, =520 nm are the minority carrier
diffusion lengths of the hole and the electron of GaAs, respectively.

For the angular distribution of light propagating into GaAs, we assume the Gaussian
profile given by

exp

[ —(x—X,)’
| (z-tang)’
Z

()

D(x,z)=

where X, indicates the position of the fiber probe and ¢ is a function of the excitation
wavelength. The spatial distribution of light propagating into the substrate is expressed as

—(x* +722)"2
-5 | (3

Ax,2)= exp[
L
vd

The penetration depths L, for the excitation wavelengths of 633, 780, and 830 nm are 0.25,
0.65, and 1.0 um, respectively. The intensity of the photocurrent signal is proportional to

d o
I(X,) = | [ D(x,2)A(x,2)F(x,2)dxdz, 4)
0 —oo

where d =1.0 um is the depth of the p-n junction interface.
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The experimental curves (b)—(d) in Fig. 6 are perfectly fitted by eq. (4). From this
calculation, we obtain the slant angle of the p-n junction interface, =15 = 8°. The total
slant angle of the p-n junction interface of 30 £ 8" to the p side, which is the sum of the
observed slant angle 6 of 15 + 8° and intended tilt angle of 15° in the experimental setup,
can be explained in terms of the nature of crystal orientation dependence of the growth.'®
The most significant reason is that the growth rate of GaAs on (311)A is faster than that on
(111DA, which causes the shift of the n-type region to the p side on growth.

5.2 Near-field photocurrent measurements of Si p-n junction

Near-field photocurrent measurement using multiwavelength excitation sources is
applied to evaluate the p-n junction of a Si bipolar transistor.’” After removing the mold
package of the bipolar transistor, the passivation layer and locally oxidized Si layer are
etched by reactive ion etching. Furthermore, the surface of the p-n junction on the Si
substrate is exposed by HF wet etching. The depth of the p-n junction interface is 0.6 um.
The slant angle of the Si p-n junction interface is 6= 0° (shown as @in Fig. 7). When using
UV light for excitation, the small penetration depth decreases the region in which
photoexcited carriers are generated. The minority carrier diffusion length is determined
from near-field photocurrent signals. As a multiwavelength excitation light source, the
output light beam from an Ar* laser (wavelength A = 351, 458, and 515 nm) is coupled to
the fiber probe. Using this light, the penetration depth in Si substrate can be tuned from 10
nm to 250 nm."'® A novel fiber probe with a pure silica core, fabricated by the method
described in section 3.2 ( Fig. 2(a) ), could be used as the UV near-field light source.

Figures 8(a), (b), and (c) show near-field photocurrent images for A =351, 458, and 515
nm, respectively. The cross-sectional profiles of the near-field photocurrent signals taken
along the two arrows in these figures are shown in Fig. 9. The FWHMs of the cross-
sectional profiles are 0.6, 0.9, and 1.1 um, respectively. This wavelength dependence of
the FWHM is due to that of the penetration depth. At the excitation wavelength of 351 nm,
the resolution is determined by the aperture size of the fiber probe and the diffusion length
of photogenerated carriers, because the penetration depth is shallow. Therefore longer
excitation wavelength deteriorates the resolution.

By fitting egs. (1) — (4) to the experimental values in Fig. 9, the diffusion lengths of
minority carriers L, and L, are estimated to be 0.47 £ 0.03 and 0.37 £ 0.02 um, respectively.
This difference in the diffusion lengths between electrons and holes can be seen in this
figure as the slower rise of the photocurrent signal in the n region than in the p region.

5.3 Near-field photocurrent measurements of Si p-n junction under the reverse-
bias condition

In this section, we review our results of near-field photocurrent measurements for the
reverse-bias p-n junction on a Si substrate and estimate the local dopant concentration of
the p-n junction.?® Figure 10 shows the experimental setup and sample structure. The
sample preparation of the Si p-n junction has been described in section 5.2. A fiber
sharpened by two-step etching with a 100 nm aperture fabricated by the method described
in section 3.1 is used as a probe (Fig. 2(b)). The electrode configuration for near-field
photocurrent measurements of the Si p-n junction under the reverse-bias condition is also
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Fig. 8. Perspective views of the near-field photocurrent images at the excitation wavelengths A=
351 nm (a), A = 458 nm (b), and A = 515 nm (c). The image size is 2.5 X 2.5 um?,

depicted in Fig. 10. The depth of the p-n junction in the substrate was 0.6 um. The dopant
concentration in the n-type region evaluated from the device fabrication condition is
3.1x10' cm.2Y For excitation, the light from an Ar* laser (4 = 458 nm) is coupled to the
fiber probe. The penetration depth of this light into the Si substrate is estimated to be about
277 nm.

Figures 11(a), (b), and (c) show the near-field photocurrent images for the applied
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Fig.9. Cross-sectional profiles of the near-field photocurrent signals at the excitation wavelengths

A =351 nm (a), 458 nm (b), and 515 nm (c) taken along the two arrows in Figs. 8 (a), (b), and (c),
respectively. The solid curves represent the results calculated from eq. (4).
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Fig. 10. Experimental setup and the cross-sectional structures of the sample.

reverse-bias voltages of 0 V, 3 V and 5 V, respectively. The uniformity of the decay length
of the near-field photocurrent signals is clearly observed under the various reverse-bias
conditions along the length of the p-n active region. Figure 12 shows the cross-sectional
profiles of the near-field photocurrent intensities averaged over the measurement area. A
clear peak of the cross-sectional profiles of the near-field photocurrent signals can be
obtained by positioning the aperture above the depletion region. The FWHM of the cross-
sectional profiles of the near-field photocurrent signal increases with increasing reverse-
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Fig. 11. Perspective views of the near-field photocurrent images under the reverse-biased voltages
of 0V (a), 3 V (b) and 5 V (c). The image size is 6 x 4 um?.

bias voltage.

The width of the cross-sectional profile of the near-field photocurrent signal increases
according to the increase in the thickness of the depletion region with increasing reverse-
bias voltage. Because the decay length of near-field photocurrent signals is constant
regardless of the reverse-bias conditions, the relationship between the FWHM of the cross-
sectional profile of the near-field photocurrent W(Vz) and the thickness of the depletion
region D(Vy) under reverse-bias voltage Vi is described by

W(Ve)=D(Vp) + C, )

where C is a constant. Because the depth of the junction is shallow, D(V¢) is described by
the one-side step junction approximation,?? and is expressed as

V.
D(Vy) = /28%%—) , ©)
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Fig. 12. Cross-sectional profiles of the near-field photocurrent signals under various reverse-biased
voltages.

where N}, is the dopant density in the n-type sample, € is the dielectric constant of Si, ¢ =
0.7 V is the built-in voltage, and q is the electron charge. From egs. (5) and (6), the
difference in the FWHM of the cross-sectional profile of the near-field photocurrent
between the reverse-bias V; condition and no-bias condition is represented by

W(V,) - W(0) = }q?; INATAENN) D
D

From this equation, we obtain the dopant density N}, in the Si substrate.

Figure 13 shows the dependence of the FWHM of the cross-sectional profile of the
near-field photocurrent signals under the reverse-bias condition obtained from Fig. 12.
The reverse-bias voltage is varied from 0 V to 5 V. Upon increasing the reverse-bias
voltage, the FWHM of the cross-sectional profiles of the near-field photocurrent signal
increases. By substituting the slope of the line fitted to the measured values into eq. (7), the
value of N in the n-type region is estimated to be 3.5 + 0.4 X 10' cm™. This is consistent
with the dopant concentration (3.1 x 10'® cm) evaluated from the design specifications of
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Fig. 13. Relationship between the reverse-biased voltage and the differential of the FWHM of the
cross-sectional profile of the near-field photocurrent signals.

device fabrication. This result establishes a simple relationship between the FWHM of the
cross-sectional profiles of the near-field photocurrent signal and the applied reverse-bias
voltage. Thus, such measurement can be utilized as a simple nondestructive and local
method for estimating the dopant concentration of semiconductor substrates and devices.

6. Summary

We have reviewed the application of near-field photocurrent measurements to the
diagnostics of p-n junctions of semiconductor devices beyond the diffraction limit of light.
Using multiwavelength excitation sources, we demonstrated that the near-field photocur-
rent measurement applied to the lateral p-n junctions of GaAs and Si is a powerful
technique for investigating not only the surface properties but also the internal structure of
bulk devices with high spatial resolution. When the aperture of the probe was close to an
optically dense material, the optical near-field modes from the fiber probe were coupled to
propagating ones. Since the propagation modes are governed by the bulk absorption
characteristics of the substrate material, the resolution is limited by the size of the aperture
diameter and the penetration depth of the semiconductor material.

The optical penetration depth into the semiconductor materials depends on the wave-
length of the light sources. The increase of penetration depth results in the decrease of the
resolution. The smallest penetration depth gives the spatial response profile of the active
region, including the carrier transport properties, at the resolution of the aperture diameter.

Near-field photocurrent measurements with multiwavelength excitation were applied
to investigate a lateral p-n junction grown on patterned GaAs(111)A. The slant angle of the
p-n junction interface was determined to be 30 = 8°. The minority carrier diffusion lengths
for electrons L, and holes L, of the Si p-n junction were estimated to be 0.47 £0.03 and 0.37
+ 0.02 um, respectively, from the near-field photocurrent signals. Near-field photocurrent
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measurements were also applied to the p-n junction on a Si substrate under the reverse-bias
condition in order to estimate the dopant concentration of the p-n junction. By increasing
the reverse-bias voltage of the p-n junction, the FWHM of the cross-sectional profile of the
near-field photocurrent signal increased according to the extent of the depletion region.
From these results, the local dopant concentration Np, in the n-type region was estimated to
be 3.5 % 0.4 x 10'® cm™3. This result is consistent with the dopant concentration (3.1 x 10'6
cm) evaluated from the design specifications of device fabrication. From these results,
tomographic diagnostics using the near-field photocurrent measurements method will
provide new insight for understanding the characteristics of semiconductor devices and
photonic devices, and enable reliability studies of industrial semiconductors and failure
analysis of semiconductor devices.
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COHERENT DIPOLE OSCILLATION INDUCED BY LOCALIZED PHOTONS
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! Localized Photon Project, Japan Science and Technology, Tokyo, 194-0004, Japan
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3 Interdisciplinary Graduate School of Sciences and Engineering, Tokyo Institute of
Technology, Kanagawa, 226-8502, Japan

Owing to rapid progress in nanotechnology, we have been able to explore the excitonic
processes in a single semiconductor quantum dot or several coupled quantum dots (QDs). It will
become possible to experimentally investigate the exciton dynamics by local excitation of a few
QDs selected, with the help of the near-field optical techniques [1]. We then expect essentially
different dynamics from what we obtain with optical far fields, which cannot selectively excite
QDs arranged in a nanometer scale. The purpose of the study is to reveal new phenomena
appeared in such an initially local-coupled QDs system via localized photons.

We consider a model system consisting of N two-level QDs closely configured in a ring and
localized photons attached to each QD. Each exciton in QDs can only interact with localized
photons in the same QD site while the localized photons can hop between the nearest neighbor
sites. Note that equations of motion for the system become nonlinear because the exciton
operators in the same site obey the fermionic commutation relation. In order to investigate the
dynamics, we solve the equations perturbatively with respect to the exciton-photon interaction,
and obtain expressions for the time evolution of the exciton and photon operators, respectively.

Numerical analysis, assuming the total number of QDs sites as eight, indicates that the
incident dipole coherence of QD 1 can create a collective oscillation of all the other QDs when
the population differences in QDs 4, 5, and 6 are set opposite to the others at time 0. This fact
can be also applied to the more intriguing non-radiative case, where a local near-field probe
initially sets the alternating dipole coherences. All the dipole coherences except QD 1 gradually
oscillate collectively if the sign of the population difference in each QD is set opposite to that of
the corresponding dipole coherence (see Fig. 1). According to our analysis on radiation property
of the state, it is not exact, but close to the Dicke’s superradiant state [2]. The origin and the
mechanism of the collective oscillation will be discussed by using an effective Hamiltonian
method. In addition, we will show that each state can be classified into four kinds of groups,
some of which result in a “ferromagnetic” state or an “anti-ferromagnetic” state with respect to
the dipole coherence of the system.

References
[1] M. Ohtsu, K. Kobayashi, T. Kawazoe, S. Sangu, and T. Yatsui, to appear in JEEE J.
[2] R. H. Dicke, Phys. Rev. 93, 99 (1954).
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Fig. 1. Time evolution of the dipole coherence for the system. The vertical and horizontal axes
represent the dipole coherence and the QDs site, respectively. From the left to the right, a
collective oscillation due to the local manipulation of a non-radiative state is depicted as
growing (the total number of the QDs sites is eight).



NANO- AND ATOM-PHOTONICS: BEYOND THE FUNDAMENTAL LIMIT OF LIGHT

Motoichi Ohtsu*

Professor, Interdisciplinary Graduate School of Science and Technology
Tokyo Institute of Technology

This talk reviews recent progress in nano-photonics and atom-photonics which were proposed by
myself several years ago in order to open a new field of optical science and technology beyond the
diffraction limit of light. Nano-photonics is defined as a technology that utilizes local electromag-
netic 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, nano-photonics 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/in2 recording density of the
optical memory systems by the year 2010.

The primary advantage of nano-photonics 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 nano-photonics. Instead, concepts of surface elementary
excitation and nano-fabrication technology are essential.

Novel nano-photonic 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.

Finally, recent progress in our works on atom-photonics, manipulating neutral atoms by optical near
field, is reviewed. It can open a new field of atom optics, and can be applied to atomic-scale deposition.

(*) also with ERATO Localized Photon Project, Japan Science and Technology Corporation, 687-1
Tsuruma, Machida-shi, Tokyo 194-0004, Japan
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Characteristics of Relaxation Process in an
Opﬂcally Coupled Quantum-Dots System

Suguru Sangu,” Kiyoshi Kobayashi,” Akira
Shojiguchi,® and Motoichi Ohtsu,™ °ERATO
Localized Photon Project, Japan Science and
Technology Corporation, 687-1 Tsuruma,
Machida, Tokyo, 194-0004 Japan, Email:
sangu@ohtsu.jst.go.jp; *Division of Natural
Sciences, International Christian University, 10-2,
Osawa 3-chome, Mitaka-shi, Tokyo, 181-8585
Japan; “Interdisciplinary Graduate School of
Science and Engineering, Tokyo Institute of
Technology, 4259 Nagatsuda-cho, Midori-ku,
Yokohama, Kanagawa, 226-8502 Japan

Optical near-field techniques are considered
promising as enabling technologies for fabrica-
tion and high-speed operation of novel optical
devices in nanometric regime, because of the
size-dependent localization far beyond the dif-
fraction limit of light. We have regarded the opti-
cal near field as a coupled mode of photons and
matter excitation, i.e., polaritons, and derived the
interaction between nanometric objects medi-
ated by such field."” In order to know dynamics
of a nanometric device, it is very important to in-
vestigate how the signal transfers among quan-
tum components. In this theoretical study, we
discuss time evolution of exciton population in
the system consisting of two quantum dots with
optical near-field illumination.

Figure 1 shows an ideal quantum-dots system
with discrete energy levels, which is coupled to a
heat bath. The population transfer occurs
through optical near-field interaction (coupling
constant: U). Irreversibility of energy transfer
that must be guaranteed for a functional device is

MONDAY MORNING / QELS 2002 / 9

U

EI ) y i
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| | 4 Heat bath
=t e

QMC3 Fig. 1. The system consisting of two
quantum dots coupled with a heat bath.

realized by considering the transition of popula-
tion with the dissipation to heat bath. Equations
of motion for such system can be described by
using a density operator, where contribution
from the heat bath is traced out and is related to
the number of phonons.

As a first step, we use the Markov approxima-
tion® which may be somewhat rough approxima-
tion as described later, and examine the dynamics
of population in each energy level, analytically. It
follows that two important parameters determine
the behavior of population: (1) the ratio of relax-
ation constant to the optical near-field coupling
constant, #y/2U, and (2) temperature of the heat
bath. In order to illustrate contribution from the
first parameter, the time evolution of E,-level
population in the dot 2 is plotted in Fig. 2(a).
Three curves correspond to weak, medium, and
strong couplings with lattice vibration (%y/2U =
0.1, 1, and 10). At first glance, the fastest transi-
tion to the E,-level seems to be obtained for the
strong coupling. However, it is achieved at fiy/2U
~ 1. The reason why is that the energy level E, in
the dot 2 looks blurred against that in the dot 1

1.0}

08}
06}
0.4

Population

0.2}

00}

0 200 400 600 800
t (psec)

08}
06}

04}

Population

02}

0.0 | . , ) .
0 200 400 600 800
t (psec)

QMC3 Fig.2. (a) Time evolution of E,-level
population in the dot 2 at T = 0. The solid,
dashed, and dotted curves represent in the cases
of fy/2U = 0.1, 1, 10, respectively. (b) That of E,
(solid) and E,-levels (dashed) in the dot 2 at T =
10 K.
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because of the strong coupling between the exci-
tons and lattice vibration, that makes the popula-
tion transfer from the dot 1 to 2 off-resonant. The
fluctuation observed at £y/2U = 0.1 in Fig. 2(a) is
caused by appearance of nutation between E,-
levels in the both dots.

Finite temperature is the origin of residual
population in the E,-levels. In the case of T #0,
the phonons in the energy level resonant to that
in the dot 2 cannot be ignored, leading to energy
back transfer from the heat bath to the dot 2. Fig-
ure 2(b) shows the E, and E,-level populations in
the dot 2, where the results are given from the
first-order approximation about y under the as-
sumption of week coupling. The residual popula-
tion at equilibrium state in the E,-level is deter-
mined depending on the number of phonons or
on the temperature of the heat bath.

The Markov approximation is known to be in-
correct at low temperature, in which the time
scales of the quantum-dots system and relaxation
process are not distinguishable each other.
Moreover, a higher-speed operating device will
go beyond a limit of the Markov approximation.
Our preliminary work shows that any difference
between the Markov and non-Markov treatment
is not observed in weak coupling regime. The
non-Markov behavior in the strong coupling
regime is one of the problems to be solved, and
now under investigation.
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Coherent Excitation Dynamics Controlled
by Localized Photons
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Much attention has been devoted to a photonic
device using nanometric quantum dots (QDs)
controlled by optical near fields because of its po-
tential for ultra-high speed and miniaturiza-
tion." Owing to the unique property of localiza-
tion (or non-propagation) of the field, QDs can
interact only with the neighboring QDs without
electronic overlapping. The dynamic behavior of
the device has been analyzed considering the ef-
fective interaction, where the photonic degrees of
freedom are effectively renormalized into the res-
onant interaction between the QDs.>™ An alter-

native but equivalent approach explicitly express-
ing localized photonic degrees of freedom is still
required for deep understanding of coherent ex-
citation transfer between the QDs and its manip-
ulation by localized photons attached to a so-
called nanometric probe. In this paper we report
a formulation and simulation based on such a lo-
calized photon picture to discuss coherent excita-
tion dynamics of QDs driven by the optical near
fields, resulting in an interesting possibility for a
photonic switch and source on a nanometer scale.
A model Hamiltonian H given by Eq. (1) gov-
erns dynamics of an N-two-level-QD system
(H,,) that is configured in a ring, Localized pho-
tons described by H, are introduced so that the
optical near field is expanded in terms of a basis
whose functions are localized in each QD labeled
by n, and the photons are allowed to hop only be-
tween the nearest neighbors. The usual dipole
coupling (H‘m) between each QD and each local-
ized photon is assumed as an intradot interac-
tion. Note that the Hamiltonian H, is analytically
diagonalized to give a mixed photon basis.>

N
H,=g) ala, + VY (ah,,4,+d}+4,,),
n=1 n=1

N
Hp =UD (a}B, +a, B). (1)
n=1

In order to investigate coherent excitation dy-
namics of the system, we examine time evolution
of the expectation value of the dipole coherence
at an arbitrary QD n, (B, (1)) = (B, (1) + B!, (¢)),
under a variety of initial conditions. Noting that
the exact expression for P (t) can be obtained if
the exciton operator B, is a boson, we first locally
set the dipole coherence of QD 1 at time t =0 as
(P,(0)) = 1 by using a local probe, and then con-
sider whether the dipole coherence is retained
within QD 1, or transported to other QDs via lo-
calized photons. Figure 1 shows the coherence of
QD 1 can be transferred to QD 5 when the total
number N = 8 (even). This phenomenon depends
on whether the total number N is even or odd,
and it follows that QDs 4 and 5 are coherently ex-
cited in the case of N = 7. This kind of trans-
portation of the local dipole coherence can be
used for photonic signal switching, or for branch-
ing on a nanometer scale.

When the exciton operator B, is a fermion,
there is another locally controllable state param-
eter, the population difference (W,) = (B'B, -
B,Bl), with sacrifice of exact expressions for P,
(t) Numerical analysis indicates that the mc1dent
dipole coherence of QD 1 can generate a collec-
tive oscillation of all the other QDs when the
population difference in QDs 4, 5, and 6 are set
opposite to the others at time ¢ = 0. This fact can
be applied to the more intriguing non-radiative
case where the alternating dipole coherences are
initially set by a local probe. As shown in Fig. 2, all
dipole coherences except QD 1 gradually oscillate
collectively if the sign of the population differ-
ence in each QD is set opposite to that of the cor-
respondmg dipole coherence as (W 0)) =
—~(P,(0)). One expects that this is applicable to a
tiny photonic source of the order of the total
number N.
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QTull Fig. 1. Time evolution of dipole co-

herence for the boson case. The vertical and hor-
izontal axes represent the dipole coherence and
the QD site, respectively. From (a) to (b), the co-
herence transfer from QD 1 to 5 is illustrated in
the case of N=8.
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horizontal axes represent the dipole coherence
and the QD site, respectively. From (a) to (c), a
collective oscillation due to the local manipula-
tion of a non-radiative state is depicted as grow-
ing in the case of N= 8.
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We have developed a novel formulation for a
QDs system interacting with localized photons to
discuss coherent dynamics of the system, and
predicted some intriguing phenomena to be ap-
plicable to nanometric photonic devices. Higher
order effects in the fermion case, as well as strong
vibrational-electronic coupling effects remain as
future areas for research.
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CuCl Quantum Cubes via Optical Near-field
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The coupled quantum-dots system exhibits more
unique properties in contrast with the single
quantum-dot system.' The optical near-field in-
teraction’ is interesting, as it can govern the cou-
pling strength among quantum dots. Recently, an
ultra-fast energy transfer between bacteri-
ochlorophyll molecules via the optical near field
was theoretically shown.? This kind of the energy
transfer is possible for the neighboring quantum
dots system.

The quantized exciton energy levels of (1,1,1)
in a CuCl quantum cube (QC) X (4.6 nm) and
(2,1,1) in a QC Y (6.3 nm) resonate with each
other.* For this type of resonant condition, the
energy transfer time between QC via the optical
near-field is estimated at 40 ps, assuming that the
separation between two QCs is equal to 10 nm.’
This energy transfer time is much shorter than
the exciton lifetime and is longer than the inter-
sub-level transition T,,,. Therefore, most of the
exciton in a 4.6-nm CuCl QC transfer to the
neighboring 6.3-nm QC. Here, we note that this
energy transfer is optically forbidden, but be-
comes allowed with the optical near field.?

Figure 1(b) shows a far-field luminescence
spectrum at 15 K. It represents the luminescence
intensity from large numbers of CuCl QCs, and is
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QThB6 Fig. 1. (a): Schematic drawings of
closely located CuCl quantum cubes X and Y with
the effective side lengths of 4.6 nm and 6.3 nm,
respectively. Their exciton energy levels n,, n,, and
n, represent quantum numbers of an exciton. (a)
and (b): Far-field and near-field luminescence
spectra of CuCl QCs embedded in NaCl matrix at
15K.

inhomogeneously broadened owing to the size
distribution of the QCs. Figure 1(c) represents a
near-field luminescence spectrum with many fine
structures. The structures are due to the contri-
bution of the QCs near the apex of the near-field
probe with a 50-nm aperture. The peaks X and Y
correspond to the confined Z,-exciton energy
levels of the QCs with side lengths of 4.6 nm and
6.3 nm, respectively.

Figures 2(a) and (b) show the near-field opti-
cal microscope images for peaks X and Y in Fig. 1
(c), respectively. These images clearly establish
anti-correlation features in their intensity distri-
butions, as manifested by the dark and bright re-
gions surrounded by broken curves.

Figure 2(c) shows the values of the cross-cor-
relation coefficient C between the spatial distri-
butions of the luminescence intensity from a 6.3-
nm QC and that from a different size QCs. The
large negative value of C identified by an arrow
(2,1,1) clearly shows the anti-correlation feature
between Figs. 2(a) and (b). This anti-correlation
feature can be understood by the energy transfer
from X cubes to Y cubes. A 4.6-nm QC-, ‘acciden-
tally’ located close to a 6.3-nm QC cannot emit
light, but instead transfers the energy to the 6.3-
nm QC. As a result, in the region containing em-
bedded 6.3-nm QCs, the luminescence intensity
from 4.6-nm QCs is low while it from 6.3-nm
QCs is high. As explained in Fig. 1, it is reasonable
to attribute the origin of the interaction to the
near-field energy transfer.

For CuCl quantum cubes in a NaCl matrix,
other possibility of energy transfer, such as carrier
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QThB6 Fig. 2. (a) and (b): Spatial distribu-
tions of the near-field luminescence intensity for
peaks marked as X and Y in Fig. 1(c), respectively.
(c): Values of the cross-correlation coefficient be-
tween the spatial distribution of the intensity of
the lJuminescence emitted from a 6.3-nm QC and
that from different size QCs. (1,1,1), (2,1,1),
(2,21), (3,1,1), and (2,2,2) are the quantized exci-
ton energy levels in a 6.3-nm QC.

tunneling, Coulomb coupling, and so on, can be
neglected due to a deep potential depth and the
small exciton Bohr radius. Therefore, we claim
the first observation of the dipole-forbidden en-
ergy transfer QCs via the optical near field.
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A Plasmon Waveguide for Optical
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To increase data transmission rates and capacity
in future optical transmission systems, we pro-
posed nanometer-scale photonic integrated cir-
cuits that are composed of sub-100-nm scale dots
and wires.' Since coupling these devices with con-
ventional external devices requires a nanometer-
scale waveguide for far/near-field conversion, we
propose a plasmon waveguide [see Fig. 1(a)]. The
main part consists of a Si wedge and a metal core
waveguide. Incoming light is first transformed
into the two-dimensional (2-D) surface plasmon
(SP) mode on the F1 side [see Fig. 1(c)]. The per-
formance required for this type of waveguide in-
cludes: (A) high conversion efficiency, (B) a sub-
100-nm beam width for efficient coupling of the
converted optical near-field to sub-100-nm dots,
(C) a wavelength-order propagation length to
avoid direct coupling of the far-field light to the
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2-D Surface ,—--— —
Plasmon Plateau

Metal Si

Propagating
FF light
(c)

CMP5 Fig. 1. (a) A plasmon waveguide. The
x- and y-axes are perpendicular and parallel to
the plateau axis, respectively. (b) Cross-section
along the xz-plane in (a). (c) Cross-section along
the yz-plane in (a).
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CMP5 Fig. 2. (a) and (b) Scanning electron
microscope images of the metal-coated Si wedge.
(c) Schematic of the experimental set-up used for
the collection mode near-field microscope.

nanometer-scale dots. Next, the scattering cou-
pling converts the 2-D SP mode into the 1-D TM-
plasmon mode at the edge between F1 and the
plateau.? Third, the TM-plasmon mode propa-
gates along the plateau. This propagation occurs
because the metal film deposited on the plateau is
thicker than that on the other faces due to the nor-
mal evaporation process. Consequently, the
plateau acts as a metal core waveaguide. Since this
waveguide does not have a cutoff,” the beam width
decreases with the core diameter, to as narrow as
1 nm. Finally, the TM-plasmon mode is converted
to the optical near-field.

Using (100)-oriented Si with a thickness of 10
pm, the plasmon waveguide was fabricated by
anisotropic etching [Figs. 2(a) and 2(b)]. lllumi-
nating (A = 830 nm) the F1 face of the waveguide
(plateau width 150 nm), we measured the spatial
distribution of the electric-field intensity
throughout the plateau [Fig. 2(c)]. TE and T™M
polarization indicate that the incident light po-
larization is parallel to the x- and y-axis, respec-
tively. A fiber probe P with aperture diameter D,
of 60 nm was used.

Figures 3(a) and 3(b) show the observed elec-
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CMP5 Fig. 3. Electric-field distribution on
the Si wedge plateau. (a) TM polarization. (b) TE
polarization. The images are 5 X 3 pm. (c) Cross-
sectional profiles along A-A’ (closed circles) and
B-B’ (open circles) (c) Cross-sectional profiles
alonga-a’ (closed circles) and b-b’ (open circles).
Transmission was defined as the ratio of the light
power detected by the fiber probe to the input
light power.



tric-field intensity distributions for TM and TE
polarization, respectively. These results indicate
that the propagating mode was excited efficiently
only by TM-polarized incident light. From the
dotted exponential curve in Fig. 3(c) fitted to the
closed circles, the propagation length (the length
after which the intensity decreases by a factor of
€2) was estimated as 2.5 um. This value is com-
parable to the theoretical value for the TM-plas-
mon mode in a cylindrical metal core waveguide
consisting of a gold core (D = 40 nm) and air
cladding at A = 830 nm.” These results confirm
that the observed excitation along the plateau was
TM-plasmon mode. Figure 3(d) shows that the
beam was 150 nm wide. Furthermore, note that
the transmission was 5.0 X 107, which is 10 times
higher than that of a fiber probe with D, = 150
nm.* This efficient excitation of the TM-plasmon
mode is attributed to the scattering coupling at
the edge between F1 and the plateau in Fig. 1(c).
These results meet Requirements A, B, and C.
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In order to increase the data transmission rates
and capacity of optical transmission systems, the
size of photonic devices must be decreased. Thus,
we proposed nanometer-scale photonic inte-
grated circuits (ICs) that are composed of sub-
100-nm scale dots and wires.' Furthermore, we
developed a far/near-field conversion device by
introducing a metallized Si wedge.” The use of
such a conversion device will realize the coupling
of nanometer-scale photonic ICs with external
conventional diffraction-limited photonic de-
vices. Furthermore, since visible photolumines-
cence (PL) of the Si nanocrystals due to the con-
finement effect has reported, Si nanocrystals are
a promising candidate material for a visible light-
emitting device. Due to the indirect-gap band
structure of Si, however, the quantum efficiency is

romerels

A=325nm

CTuK67 Fig.1. Schematic of the experimen-
tal setup used for illumination-collection mode
near-field spectroscopy. Inset: Free-standing Si
nanocrystals.



low. To overcome these difficulties, we propose
using the optical near-field as a carrier for signal
transmission, since it does not have to follow the
wavevector conservation law. Consequently, an
increase in the PL quantum efficiency is expected.

To evaluate the near-field components of the
PL, we compared the PL spectrum using the con-
ventional diffraction-limited optical method
with that obtained using an illumination-collec-
tion mode near-field optical microscope (Fig. 1)
at 10 K. For the near-field measurement, we used
a fiber probe with an aperture diameter of 140
nm. Free-standing Si nanocrystals in the range of
5-10 nm were fabricated by wet etching (10 ml
HF + 30 ml HNO; + 50 ml CH,COOH).

As shown in Fig. 2, the emission peak energy
for the far-field measurement was close to 1.53 eV
(A =800 nm), which corresponds to the lumines-
cence from the luminescence center. Further-
more, the emission peak energy for the near-field
measurement was close to 2.1 eV (A = 530 nm),
which corresponds to the luminescence from the
quantum-confinement state of Si nanocrystals
with a diameter of 2.5 nm.*

Since visible PL in the near-field measurement
was observed only when the fiber probe was in
close proximity to the sample surface (~10 nm),
the spectral shift is believed due to the near-field
coupling of the probe and Si nanocrystals. Figure
3 illustrates the energy diagram of Si nanocrys-
tals.’ The PL from the quantum-confinement
state of Si nanocrystals is subjected to both the
charge transfer (denoted o) and recombination
(denoted B) mechanisms. In the case of free-
standing Si nanocrystals, the charge transfer rate
of  is larger than the decay rate of B.® Conse-
quently, we detect the PL from the luminescence
center (denoted A) in the far-field measurement.
However, the spectral shift of the PL in the near-
field measurement implies that the charge trans-
fer rate of P increases in comparison with that of
o due to the near-field coupling of the Si
nanocrystals and the probe.

. Far-field
2 @1k 7
; S
Q 05 | %’
2 8
3 Near-field 5
o , &

P B TR R ]
040(1\ 500 600 700 800 900
Wavelength [nm]

CTuK67 Fig.2. PL spectrum of Si nanocrys-
tals at 10 K.

QC-Si
Luminescence %—g Probe
center ——

A B Cc

Y Y i y
Ground state

CTuK67 Fig. 3. Three-level-state model for
free-standing Si nanocrystals.* QC-Si: quantum-
confinement state of Si nanocrystals.
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Furthermore, considering the throughput of
the fiber probe (~107?) and the respective peak
PL intensities, the PL intensity for near-field
measurement was 5 times larger than that for far-
field measurement. This implies that the increase
in the quantum efficiency is due to its wavevector
non-conservation.
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ZnO is a promising material for room-tempera-
ture ultraviolet (UV) light-emitting devices due
to its wide band gap (3.37 eV) and large exciton
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binding energy (60 meV). Recently, several
groups have reported room-temperature UV las-
ing from ZnO nanocrystallites.' To evaluate the
optical properties and crystallinity of ZnO
nanocrystallites, the optical properties must be
measured with nanometer-scale resolution.
Using a UV optical near-field technique, we ob-
served size-dependent features of individual ZnO
nanocrystallites.

ZnO nanocrystallites were prepared by oxidiz-
ing Zn deposited by photo-enhanced chemical
vapor deposition (PE-CVD). First, 200-nm-thick
Zn nanocrystallites were grown on a sapphire
(0001) substrate at room temperature by PE-
CVD. Second, the deposited Zn nuclei were oxi-
dized in ambient oxygen at 1 atm and 750°C for
30 min.> The grain sizes were in the range of
30-160 nm [see Fig. 1(a)].

Figure 1(b) shows a far-field PL spectrum at
room temperature. The emission peak energy
corresponds to spontaneous emission from the
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CFF7 Fig. 1. (a) Topographical image of
polycrystalline ZnO. (b) Far-field PL spectra of
polycrystalline ZnO.

free exciton in high-quality ZnO nanocrystal-
lites.? The full width at half maximum (FWHM)
of the PL spectra was about 118 meV, which is
comparable with that of MBE-grown ZnO
nanocrystallites.? These results imply that the ox-
idized Zn was composed of high-quality ZnO
nanocrystallites. Furthermore, since ZnO has a
wurtzite structure, the hexagonal (A,, A,, A;, and
A,) and square (B), B,, B;, and B,) nanocrystal-
lites [see Fig. 1(a)] represent nanocrystallites ori-
ented along the c-axis' and in other directions,
respectively, indicating that fabricated ZnO
nanocrystallites are polycrystalline.

Using a collection-mode near-field micro-
scope, we obtained spatially and spectrally re-

(a)

1.250m
T I T ]' T | T
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2
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c
2
&
P
a
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CFF7 Fig. 2. Monochromatic PL images of
ZnO obtained at A4 of (a) 370 and (b) 380 nm. (c)
Closed and open circles represent cross-sectional
profiles along the dashed lines through spots a,
and b, respectively. (d) Closed and open circles
represent cross-sectional profiles along the
dashed lines through spots a, and b,, respectively.
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CFF7 Fig.3. Ipp [= (I, atAgof 370 nm)/(Ip,
at A4 of 380 nm)] of ZnO nanocrystallites as a
function of spot size. The spot sizes were esti-
mated from the FWHM in Fig. 2(a).

solved PL images. We used a UV fiber probe with
an 80-nm aperture diameter. Figures 2(a) and
2(b) show monochromatic PL images at detec-
tion wavelengths (A,) of 370 * 2.5 and 380 £ 2.5
nm, respectively. The closed and open circles in
Fig. 2(c) represent cross-sectional profiles
through spots a, [Fig. 2(a)] and b, [Fig. 2(b)], re-
spectively. Those in Fig. 2(d) are for spots a, and
b,. Note that the FWHM of spots a, and a, was
155 and 55 nm, respectively, which is comparable
to the grain sizes of ZnO nanocrystallites. This in-
dicates that each emission spot originated from
an individual ZnO nanocrystallite.

Furthermore, the PL intensity (Ip) of spot b,
for A4 = 380 nm was twice that of a, at 370 nm,
whereas that of spot b, for A4 = 380 nm was com-
parable to that of a, at 370 nm. To examine such
size-dependent features in the PL of individual
ZnO nanocrystallites, we compared the Iy, value
for several spots. Figure 3 shows the respective
relative PL intensity Ip; z of ZnO nanocrystallites.
Note that the Iy p is larger for a smaller spot size.
This originates from nanocrystallites with a
higher PL peak energy due to the quantum size
effect in ZnO nanocrystallites. Although this size-
dependent feature of the PL intensity has been
evaluated for an ensemble of nanocrystallites
using a conventional diffraction-limited optical
method,’ our study s the first to evaluate indi-
vidual nanocrystallites using an optical near-field
method.
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Owing to the unique property of optical near fields, -
considerable attention has been devoted to excitation energy
transfer between nanometric quantum dots (QDs) triggered
by the fields and its application to ultra-high speed and
miniaturized photonic devices [1, 2]. Here it becomes
essential to clarify the mechanisms of coherent excitation
transfer and to investigate the possibility of its local
manipulation with optical near fields. We report two
alternative approaches to address these issues, and discuss
the possibility of a coherent collective oscillation as well
as transfer mechanisms. One is based on the effective
interaction picture, where photonic degrees of freedom
are effectively renormalized into the resonant interaction
between QDs, with the help of the projection operator
method. Equations of motion for 3- QD system can be
shown with analytic and numerical results for coherent
dynamics, where optical near-field coupling as the inter-dot
interaction and phonon coupling as the intra- dot interaction
are included (see Fig. 1). This kind of analysis predicts
a typical time scale of phenomena. The other approach
explicitly uses localized photonic degrees of freedom in order
to discuss coherent excitation dynamics of QDs driven by
optical near fields [3]. We consider a one-dimensional N-QD
chain system that is expressed by either a set of bosons
or fermions. The dynamics can be analytically solved
in the boson case, and an initial dipole coherence of a
QD can be transferred to another QD. When excitons of
QDs are fermions, all dipole coherences except the initially
excited QD gradually oscillate collectively if the sign of the
population difference in each QD is set opposite to that
of the corresponding dipole coherence. These phenomena
suggest the possibility of a tiny photonic signal source and
switch. Fig. 1 Two-exciton population dynamics in 3-QD
system. Populations in QD 1 and 2, labeled by P6, are
initially prepared, and final populations in QD 2 and 3,
labeled by P8, are obtained.
[1] K. Kobayashi, T. Kawazoe, S. Sangu, J. Lim, and M. Ohtsu,
Technical Digest in OSA IPR/PS 2001, PThB4, 2001
[2] T. Kawazoe, K. Kobayashi, J. Lim, Y. Narita, and M.
Ohtsu, Phys. Rev. Lett. in press
(3] A. Shojiguchi, K. Kobayashi, K. Kitahara, S. Sangu, and M.
Ohtsu, 3rd Asia-Pacific Workshop on Near Field Optics,
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Near-Field Optical Microscopy and Application to

Nano-Photonics

T. Kawazoe® and M. Ohtsu®>°
? Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of
Technology
® Localized Photon Project, ERATO, Japan Science and Technology Corporation
¢ Near-field Photonics Group, Kanagawa Academy of Science and Technology

Abstract
This paper reviews applications of near-field optical microscopy to depositing nanoscale materials, operating
nano-photonic devices, and developing high-density optical storage systems. First, an UV near-field
photochemical vapor deposition of nanometeric Zn, Al, and ZnO are demonstrated. Second, a concept of
nano-photonic IC is proposed by utilizing the advanced potential of this deposition technology. The optical
switching operation of a single InGaAs quantum dot is shown to be able to be used for nano-photonic devices.
Nano-photonic switching operation utilizing optical near-field interaction is also proposed and related
spectroscopy of CuCl quantum dots are demonstrated. Finally, high-density storage and read-out by optical

near-field is demonstrated.
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Nano Photonic Device and Nano Optical

Process usmg Optlcal Near-Field
Tadashi Kawazoe,' Takashi Yatsui,' and Motoichi Ohtsu®
1Japan Science and Technology Corporation, >Tokyo Institute of Technology

Abstract:

Performances of an optical device and an
optical memory using existing technology are
limited by the diffraction of light. We have
been working on the studies foi the nanometric
optical near-field switch composed of several
quantum dots, as an optical near field has a
potential for a breakthrough- in the limitation.
For realization of the nanometric optical switch,
new switching mechanisms, technologies of
near-field - signal waveguide, and process
technologies of the nanometric optical device are
necessary. We introduce these technologies for
realization of the nanometric optical switch.

1. Introduction:

We have achieved the modern photo science
and technology after the lapses of the particle and
wave model in the 18th century, light quanta
model in the beginning of the 20th century, the
invention of lasers in the 1960s, and industrial
technology of the informational communication
and recording, i.e., photo-electronics and
photonics. However, a technology and applied
science for studies of concentrated light in the
nanometer space that is less than the light
wavelength is absent, so far. It is clear that the
existing optical technology of information
exchange and data storage - will face a
technological constraint due to diffraction limit
and the existing technology will never respond to
the social demand in the 21st century.

We have been working on the study of the
optical near field for the breakthroughs of the
limit of the opto-technology mentioned above.
Realization of nanometric optical near-field
device is the one of our goal. Figure 1 shows
the schematic drawing of our proposed optical

Switching Quantum

Cirouit

Fig.1. Near-field optical device.

near-field nano-photonic device. This device is
composed of several quantum dots, and its in/out
puts and signal propagation among devices are
constructed with nanometric optical waveguide
using plasemon propagation. In this paper, we
introduce the proposal for the switching
mechanism of nano-photonic device and the
nanometric waveguide. Finally, we report the
near-field optical chemical vapor deposition .

'2-1. Near-Field Optical Nanometric Switch:

ey (2,1,1) (222
5 (22.1)
i (1,11 [ZARD)

(LLD

Fig.2. Quantum dots composing the near-field
optical device and their carrier energy structure.

Figure 2 shows a schematic drawings of the
three quantum dots and their enegy levels. In
the cubic shape of the quantum dots, the energy
eigenvalue for the quantized carrier energy level
in a quantum cube with the side length of L are
given by
=E Wz z(n +n, +nz) ()

2t omr

E Rysny,n,

where Ep is the bulk carrier energy, M is the
translational mass of carrier, (n, n, n;) are
quantum numbers (=1, 2, 3,...). The quantized
energy sublevels (2,2,2) in cube 3, (2,1,1) in cube
2, and (1,1,1) in cube 1 resonates with each other.
Under the resonant condition, the coupling
energy of near-field interaction is given by the
following Yukawa-type function;

V(r)=Aexp(_#.r) . “ e (2)
r

Here, r is a separation between two quantum
cubes, 4 is a coupling coefficient [1]. The
values 4 and r should be determined from the
experiment essentially, however, we estimated it
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from the result of the previous work on the
interaction between a Rb atom and the near-field
probe. Assuming that the separation r between
two quantum cubes is equal to 10 nm, the
transition time is about 100 ps which is much
shorter than the few ns carrier lifetime. In
addition, inter sub-level transition is generally
less than.few ps and is much shorter than the
transition time due to near-field coupling. Thus,
almost all the energy of the excitation in the
quantum cube 1 transfer to the lowest carrier
energy level in the neighboring quantum cube 2,
and finally, it transfers to the lowest energy level
in the quantum cube 3. The cubes 1, 2, and 3
are regarded as input, output and control ports for
the switch, respectively.

The schematic drawings of ON and OFF
operations are shown in Fig.3. In the OFF
operation, the input energy escapes to the control
cube, and then the out put signal is obstructed.
In the ON operation, the escape passes to the
control cube are blocked by the excitation of the
control cube, and then the input energy goes
through this cube giving an out put signal.

ontrol trol Light
Off Operation On Operation
Fig.3. Off and on operation of near-field optical
switch.

For realization of the near field optical
switching operation, the energy transfer between
quantum cubes via optical near field is most
important phenomena, and it is also interesting
physically. For verifying the energy transfer via
optical near field, we observed the near-field
luminescence of CuCl quantum cubes embedded
in a NaCl matrix. The thickness of the sample
and the average size of the quantum cubes are
100 pm and 4.3 nm, respectively. The sample
was cleaved just before the experiment of the
near-field spectroscopy in order to keep the
sample surface clean. For the wavelength
separation among the sub-levels, the sample
temperature was set to be 15 K.

Figure 4 (a) shows the experimental result of
the optical near-field luminescence spectroscopy.
He-Cd laser (A=325nm) was used as a light

source. The luminescence spectrum is
broadened by the inhomogenous size distribution
of the quantum cubes. Thus, we can select the
quantum cube size by selecting the wavelength of
the luminescence. The luminescence peaks X
and Y correspond to the luminescence from the
4.6 nm and 6.3 nm quantum cubes, respectively.
Their size ratio is close to 1:42. Then, their
exciton sub-level (1,1,1) in a 4.6nm quantum
cube and (2,1,1) in a 6.3 nm quantum cube
resonate to each other.

@) oy e— Y(6.3nm) ]
—— 2(5.3nm)

Iy
2

LUMINESCENCE INTENSITY (arb. units)
°
=

-0.02 i 1 i - i 1 Y
375 380 385 380 395
WAVELENGTH (nm)

Fig.4. Experimental results of optical near-field
luminescence measurement.

Figures 4 (b) shows the spatial distributions of
the luminescence intensity, i.e. near-field optical
microscope images, for the peaks X and Y in
Fig.4 (a), respectively. These images clearly
establish anti-correlation features in their
intensity distributions, as manifested by the dark
and bright regions surrounded by broken curves.
The average quantum cube size of the sample
was 4.3 nm, and the density of 4.6 nm quantum
cube is much higher than that of 6.3 nm quantum
cube. Thus, it is interpreted that a 4.6-nm
quantum cube, ‘accidentally’ located close to the
6.3-nm quantum cube, can not emit light but
transfers the energy to the 6.3-nm quantum cube.
As a result, in the region where 6.3-nm quantum
cubes are embedded, luminescence intensity from
4.6-nm quantum cubes becomes low, while that
having no embedded 6.3-nm quantum cubes the
luminescence intensity is high. Thus, we can
claim the first observation of the energy transfer
between quantum cubes via optical near-field [2].

2-2. Plasmon Waveguide: ‘
Coupling the photonic devices with external
conventional diffraction-limited photonic devices
require a nanometer-scale optical waveguide for
far/near -field conversion and vise versa. It is
possible for a tapered fiber probe to act as a
converter for conventional near-field optical
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microscopy. The performance required for this
type of waveguide includes:

A. High conversion efficiency.

B. The guide beam width should be less than 100
nm for efficient coupling of the converted optical
near-field to sub-100 nm dots.

C. The guide propagation length should be on the
order of the optical wavelength to avoid direct
coupling of the propagating far-field light to the
nanometer-scale dots.

Fig.5. A plasmon waveguide structure.

Figure 5 shows our plasmon waveguide
scheme. The main part consists of a silicon
dielectric wedge, coated with a thin metal film.
Incoming far-field light, which is polarized
parallel to the y-axis, is first transformed into the
two-dimensional (2-D) surface plasmon mode on
the F1 side. Next, the 2-D surface plasmon
mode is converted into the 1-D TM-plasmon
mode at the edge between F1 and the plateau.
This conversion occurs because of the scattering
coupling at the edge. Third, the TM-plasmon
mode propagates along the plateau in a manner
similar to surface plasmon modes using metal
stripes or edge modes using metal wedges. This
propagation occurs because the metal film
deposited on the plateau is thicker than on the
other faces (F1, F2, and F3) due to the normal
evaporation process. Consequently, the plateau
acts as a metal core waveguide. Finally, the
TM-plasmon mode at the waveguide outlet is
converted to the optical near-field so that it
couples to the nanometer-scale dots, which are
located in close proximity to the outlet.
Advantages of our waveguide are:

a. High conversion efficiency from the 2-D
surface plasmon mode to the 1-D TM-plasmon
mode, due to the scattering coupling at the edge.
b. The beam width decreases (as narrow as 1 nm)
with the core diameter, since this waveguide does

not have a cutoff. This decrease satisfies
Requirement B.

c. The propagation length of the TM-plasmon
mode is sufficiently long as to meet Requirement
C. For example, the propagation length is 2.5
pm (@ | = 830 nm) for a TM-plasmon with a

gold core (diameter D = 40 nm) insulated by air.

(a) Anodic
bonding

(b) Aniso.
efching

(c) Coating

Plateau

Fig.6. Fabrication steps for a plasmon waveguide
and scanning electron microscopic images of the
metal-coated silicon wedge.

The plasmon waveguide was fabricated by the
following steps. A (100) oriented silicon on
insulator (SOI) wafer was bonded to the glass
substrate by anodic bonding [Fig.6(a)]. After
removing the silicon substrate from the SOI
wafer by wet etching, the SiO, layer was
patterned using photolithography. In order to
create specific shapes for the plateau, F1 face,
and edge, the rectangular mask was tilted 30°
with respect to the <110> crystal orientation of
silicon. This avoids any deformation of the
convex corners. The silicon wedge was
fabricated by anisotropic etching [Fig.6(b)].
Maintaining the silicon wedge height at less than
10 pm also keep its propagation loss sufficiently
low. The plateau width was accurately controlled
using the etching time. ~After removing the SiO;
layer, the silicon wedge was coated with a
50-nm-thick gold layer [Fig. 6(c)]. The plateau
width, W, was 150 nm and its length, L, was 80

We examined the dependence of the mode
propagation characteristics of the waveguide.
For this measurement, a fiber probe with aperture
diameter of 60 nm was used, and linearly
polarized light from a laser diode (1 =830 nm, 0.1
mW) was focused onto the F1 face in order to
generate the plasmon wave.

Figures 7(a) and (b) show the observed
electric-field intensity ~distributions on the
wedges with W = 1 pm and 150 nm for TM
polarization. Figures 7(c) and (d) are for TE
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polarization. The closed and open circles-in Figs.
7(e) and (f) show the cross-sectional profiles
along the dashed white lines in Figs. 7(a) (A-A’
and a-a’), (b) (B-B’ and bl-bl’).  Here,
transmission was defined as the ratio of the light
power detected by the fiber probe to the input
light power. From the dotted exponential curve
in Fig. 4(e) fitted to the open circles, the
propagation length was estimated as 2.5 pm for
the 150-nm wedge. This value is comparable to
the theoretical value for TM-plasmon mode in a
cylindrical metal core waveguide with D = 40 nm
and consists of a gold core and air cladding at a
wavelength of 830 nm. From fitting the solid
exponential curve in Fig. 7(e) to the closed
circles, the propagation length for W = 1.0 pm
was estimated as 4.0 um, which is longer than
that for W = 150 nm. This is because, as W
increases, the effective refractive index
approaches to that of surface plasmon at the
planar boundary between gold and air. These
experimental results confirm that the observed
excitation along the plateau was TM-plasmon
mode.

Sum

Sum

Transmission
Transmission

y [um] ]
Fig.7. Experimental results of plasmon propagating
along the waveguide. ‘

Figure 7(f) shows that the full width at half
maximum (FWHM) of the cross-sectional
profiles was 550 nm and 150 nm for W = 1.0 um
and 150 nm, respectively. With minor
improvements to the waveguide, this FWHM
value of 150 nm for W = 150 nm should meet
Requirement B. Furthermore, note that the
transmission was 5.x10° for W = 150 nm, which
is 10 times higher than that of a fiber probe with
Da = 150 nm. This efficient excitation of the

TM-plasmon mode can be attributed to the
scattering coupling at the edge between F1 and
the plateau. This transmission efficiency meets
Requirement A. Finally, the propagation length
estimated above is longer than the incident light
wavelength. This meets Requirement C [3].

2-3.Near-Field Optical Chemical Vapor Deposition:
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Fig.9.Zn dots and Al dots deposited by the near-field
optical chemical vapor deposition.
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For realization of our nanometric near-field
optical switch, it is necessary to prepare the
10-nm size quantum dots with 10-nm accuracy.
The technique of chemical vapor deposition
(CVD) using optical near-field is able to satisfy
this requirement. Figure 8 shows the principle
of the near-field optical CVD. We utilize the
high spatial resolution capability of the optical
near-field to deposit nanometric Zn and Al dots
as shown in Fig.9. The sizes of the deposited
dots are less than 50 nm, and the accuracy of the
deposition position corresponds to the accuracy
of the instrument for the deposition (1nm) [4].
Recently, we found that for near-field optical
CVD (NFO-CVD), the photodissociation can
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take place even in nonresonant conditions, due to
the inherent properties of the optical near-field
[5]. Here, we introduce NFO-CVD of
nanometric Zn dots in nonresonant conditions.

.

Potential Energy

Inter-nuclear Distance

Fig.10. Potential curves of an electron in DEZn
molecular orbitals.

We now discuss the possible mechanisms of
diethylzinc (DEZn) dissociation by the
nonresonant optical near-field. Figure 10 shows
potential curves of an electron in the DEZn
molecular orbital drawn as a function of the
inter-nuclear distance of a C-Zn bond, which is
involved in photodissociation. ~The relevant
energy levels of the molecular vibration mode are
also represented by horizontal lines in each
potential curve. When using a conventional
far-field light, photo-absorption (indicated by a
white arrow in this figure) dissociates DEZn. In
contrast, there are three possible mechanisms of
photodissociation using a nonresonant optical
near-field. The first is the two-photon
absorption process, as indicated by the two
arrows (D in Fig. 10, due to the high energy
density of the optical near-field at the apex of the
high throughput fiber probe. The second is the
transition, shown by amow @ , to the
intermediate energy level (dotted curve) induced
by the fiber probe and successive relaxation to
the dissociative triplet state. Such an induced
transition is due to energy transfer between two
localized dipole oscillators, i.e., the near-field
probe and the DEZn molecules. Similar energy
transfer has been observed between optically
forbidden levels in dye molecules. The third
mechanism involves 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 dashed line and arrow @ in
Fig. 10. Although this transition is prohibited

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 sub-wavelength-size
optical near-field.

Incident Light

Leaked Optical
Far-field Light Near-field

Fig.11. Experimental setup for chemical vapor
deposition using an optical near-field.

Figure 11 shows the experimental setup for
NFO-CVD. Ultra-high 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 Ar' laser was used as a light
source that resonates the absorption band of
DEZn. The fundamental frequencies of Ar' (A=
488 nm) and He-Ne (A= 633 nm) lasers were
used as nonresonant light sources. In order to
investigate the deposition effect of nonresonant
far-field light, a fiber probe without the usual
metal coating, i.e., a bare fiber probe, was used
for the deposition.  Therefore, the optical
far-field was generated by light leaking through
the circumference of the fiber probe, while the
optical near-field was generated at the apex.
During deposition, the partial pressure of DEZn
was 100 mTorr and the total pressure in the
chamber was 3 Torr.

Figure 12 shows the shear-force topographical
images before and after NFO-CVD on the
sapphire substrate with atomic-level steps for A=
244 (a), 488 (b), and 633 (c) nm. For Fig. 12 (a)
(A=244 nm), the laser power was 1.6 pW and the
irradiation time was 60 s. Since the bare fiber
probe also leaked strong far-field light, a Zn layer
that covered the atomic-step structures on a
substrate was deposited. For Fig. 12 (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. A Zn dot less than 50
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nm in diameter appears at the center of the
broken circle on the right-hand side of this figure.
In Fig. 12 (c) (A= 633 nm), the laser power was
240 W and the irradiation time was 300 s.
Despite the higher power and longer irradiation
time, there was no Zn deposition. This shows
that the thermal effect of laser irradiation is
negligible for Zn deposition.
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Fig.12. Wavelength dependence of Zn dots
deposition. (a) 244 nm, (b) 488nm, (c) 633nm.

In Fig. 12 (d), the solid curve is a cross
sectional profile of the Zn dot deposited at 488
nm across the dashed line in Fig. 12(a). The
dashed curve represents the cross sectional
profile of the Zn dot deposited at A= 244 nm,
taken across the dashed line in Fig. 12(b).
These curves confirm that Zn dots with a full
width at a half maximum of 30 nm were
deposited in the region where the optical
near-field is dominant. The dashed curve has
side lobes 4-nm high on both sides of the dot.
These side lobes correspond to the deposition by
the leaked far-field light. The solid curve has no
side lobes; thus, it is clear that the leaked 488-nm
far-field light did not deposit a Zn layer. This
result agrees with previous work - using
conventional optical CVD for Zn deposition with
a far-field light with A= 300 nm. It should be
noted that the 30-nm Zn dot without side lobe
broadening was deposited under a nonresonant
condition, despite the presence of leaked far-field
light.

The experimental results and the suggested
mechanisms described above show numerous
potential advantages, i.e., this technique not only
increases spatial selectivity, but also makes it
possible to use various light sources and gas
sources not previously used in conventional
far-field optical CVD.  Thus, nonresonant

NFO-CVD is a very useful nano-fabrication
technique.

3. Conclusion:

In this paper, we introduced three parts of the
research results for the realization of the
nanometric near-field optical device. It is said
that 1000x1000 matrix switch is necessary by
2015, and the size of the optical switch
composing this device have to be less than few

pm. We have been making efforts to overcome

such difficulties for existing technology by the
optical near field. Since there are not only the
technical inversions but also new physical
phenomena, we have to propel the study
carefully. '
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Plenary 3:

Design, fabrication, and operation of nano-photonic
devices by optical near-field
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This paper reviews the recent progress of application of interactions between optical near-fields
and nanoscale materials(1][2][3]. Photochemical vapor deposition of nanometeric Zn and Al are
realized by using an UV optical near-field. Deposition of nanoscale ZnO is also shown. Optical
near-field technology offers the opportunity of modifying surfaces and developing new nanos-
tructures that may exhibit a quantum effect due to their extremely small size. Utilizing the
very advanced potential of this technology, the concept of nano-photonic IC is proposed. The
optical switching operation of a single InGaAs quantum dot is shown to be able to be used
for nano-photonic devices. Nano-photonic switching operation utilizing optical near-field in-
teraction is also proposed and related spectroscopy of CuCl quantum dots are demonstrated.
Sub-micron sized plasmon waveguide for converting far-field propagating light to optical near-
field is propoposed in order for using as an input port of the nano-photonic IC. Its guiding
characteristics are evaluated.
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This paper reviews the recent progress of application of interactions between optical near-fields and
nanoscale materials. Photochemical vapor deposition of nanometeric Zn and Al are realized by using
an UV optical near-field. Deposition of nanoscale ZnO is also shown. Optical near-field technology
offers the opportunity of modifying surfaces and developing new nanostructures that may exhibit a
quantum effect due to their extremely small size. Utilizing the very advanced potential of this
technology, the concept of nano-photonic IC is proposed. The optical switching operation of a single
InGaAs quantum dot is shown to be able to be used for nano-photonic devices. Nano-photonic
switching operation utilizing optical near-field interaction is also proposed and related spectroscopy of
CuCl quantum dots are demonstrated. Sub-micron sized plasmon waveguide for converting far-field
propagating light to optical near-field is prpoposed in order for using as an input port of the nano-
photonic IC. Its guiding characteristics are evaluated.
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NEW METHODS FOR IMPROVED OPTICAL NEAR FIELD FIBER PROBES
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The metal coated tapered optical near field fiber probes play a central role in the near field optics and
its applications such as microscopy, nanofabrication, high density data storage and spectroscopy [1].

The important issues pertaining the probe performance
are shape and size(diameter) of the aperture, optical
throughput and the light leakage along the taper. We have
devised and applied some new concepts to improve the
characteristics of the optical near field fiber probes. These
are described as follows:

(a) Mercury treatment of gold coated optical near field
fiber probes to overcome the light leakage:

The quality of metal coating on probes directly governs
the extent of light leakage through the pinhole defects.
We have explored a novel approach of mercury treatment
on near field fiber probes [2]. Mercury treatment is
performed by

physically contacting the tip of Au coated chemically
etched double tapered fiber probe onto a

mercury droplet for a short time. Mercury is soluble in
gold and forms a solid solution at ambient temperature.
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Mercury on the gold surface is very mobile and adsorbs fast migrating to different grain boundaries
closing the detrimental porous structure. Different performance aspects like light leakage (Fig.1),
chemical and optical stability, absorption characteristics and damage threshold of such mercury treated
probes are investigated to reveal the beneficial effect of this approach.
(b) Thermal annealing approach for improved Al coated near field fiber probes:

We have studied the aperture formation by thermal annealing of Al coated heat-pulled UV fiber
probes.1500 A Al coating deposited on as fabricated tip completely blocked the laser light from exiting
the tip end. Annealing the probes under ambient conditions at 180°C/12 hours forms Al,O; on Al

coated probe with only Al,O; region at the tip apex as Al at the tip apex is
thin in contrast with that on the lateral sides. On coupling He-Ne laser
light (A =633 nm), the annealed probe yields light output (Fig.2) from tip
apex as oxide layer at the tip is transparent to this light. Probe throughput
as high as 102 was recorded. Such Al,O3 coating on the probe could also

improve mechanical toughness of the probe.

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

[2] H.N. Aiyer, T. Kawazoe, J. Lim, Y. Echigo and M. Ohtsu,

to appear in Nanotechnology.
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A PLASMON WAVEGUIDE
FOR OPTICAL FAR/NEAR-FIELD CONVERSION
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Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, 4259
Nagatsuta, Midori-ku, Yokohama, Kanagawa, Japan 225-8502
Electronic mail: yatsui@ohtsu.jst.go.jp
To realize nanometer-scale photonic devices and integrated circuits [1], coupling them with

external conventional diffraction-limited photonic devices requires a nanometer-scale optical
waveguide for far/near -field conversion. To meet this requirement, a plasmon waveguide (Fig. 1) was
designed and fabricated using a metal-coated silicon wedge structure that converts propagating far-field
light to the optical near-field. Illumination (A = 830 nm) of the waveguide (plateau width 150 nm)
excited a transverse magnetic (TM) -plasmon mode. Use of a near-field optical microscope allowed us

to determine its beam width and propagation length as 150 nm and 2.5 pm, respectively (Fig. 2).
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Fig. 1 A plasmon waveguide. Fig. 2 Cross-sectional profile along A-A’ in the
FF= far-field; NF= near-field. inset. Dotted curves represent the exponential curves
fitted to the experimental values.
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NEAR-FIELD COMPONENTS OF THE PHOTOLUMINESCENCE IN
SILICON NANO-STRUCTURE AND ITS EVALUATION
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For realization nanometer-scale photonic devices and integrated circuits (ICs) [1], a promising
candidate material is a Si nanocrystal, from which visible photoluminescence (PL) due to the
confinement effect has been reported [2]. However, due to the indirect-gap band structure of Si, the
quantum efficiency is low. To overcome this difficulty, we propose the use of optical near-field as a
carrier for signal transmission, which does not have to follow the wavevector conservation law,.
Consequently, the increase in the PL quantum efficiency is expected.

As a Si nano-structure, a sharpened Si with an apex diameter of 10 nm was fabricated (Fig. 1). We
evaluated near-field components of the PL from the apex. The PL signals were detected by the
Illumination-Collection mode near-field optical microscope. The He-Cd laser light of 325 nm
wavelength was employed to excite the Si.

As shown in Fig. 2, the PL spectra was obtained by the near-field detection. Note that the emission
peak energy was close to the value of 2.1 eV, which corresponds to the luminescence from nanocrystal
Si state with a diameter of 4 nm calculated from the effective mass approximation. This implies the
increase in the quantum efficiency due to its the wavevector non-conservation.
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Fig. 1 Sharpened Si. Fig. 2 PL spectrum from the sharpened Si.

Separation between fiber and Si of (2) 10 nm and (b) 30 um
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Optical near-field interaction and its application to a nano-device

K. Kobayashi ", S. Sangu ", T. Kawazoe , A. Shojiguchi %, and M. Ohtsu l?‘ 9
1) ERATO/JST, 2) ICU, 3) Tokyo Inst. Technology; kkoba@ohtsu.jst.go.jp

We have proposed anoptical nano-switch using quantum dots (QDs) and optical near fields, and
estimated a typical switching time from phenomenological equations of motion as well as observation
of excitation energy transfer (EET) between QDs'?. Theory is now required so that coherence and
dephasing, i.e., the essence of optical near-field problems, can be properly handled in order to consider
higher speed and new frameworks of nano-devices. In this paper we report such a theoretical approach.

Three-QD system as shown in Fig. 1 is considered. It corresponds to a fundamental block of the
nano-switch proposed '. Optical near-field coupling between resonant levels as the interdot interaction
produces coherence of such levels. We assume it as the Yukawa coupling on the basis of our previous
study. As the intradot interaction, phonon coupling is included, which is responsible for relaxation and
dephasing of the levels. Equations of motion, for investigating dynamic properties of the system, can
be written in the following form:

oM <e>”’;;ff>=§[ﬁ,zw>m<t>]. ©

Here M ( { ) is an operator describing coherence of the resonant states, or excited and ground states,

A

and W, ( t) denotes the probability corresponding Dot 1 Dot 2

RN

to M (f) Total Hamiltonian of the system is . E3

designated as H that consists of the unperturbed E2 |- v
part for each QD and phonon, the optical near-field / /

coupling, and the phonon coupling. Using Eq. (1),
we can discuss the differences in the results
obtained from the previous study, especially the
speeds of switching and EET that are shown to be
proportional to the optical near-field coupling. In T
this context, thorough investigation including the / Dot 3
coherence and dephasing processes should be E3

conducted in future.

E2 4
Fig. 1. Energy levels of the three-QD system e1 F

; K. Kobéyashi et al., IPR/PS 2001, PThB4 —1 (2001). . N
T. Kawazoe et al.,, CLEO/PR 2001, I-194 (2001); K. Kobayashi et al., ibid, I-192 (2001).
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INTER-QUANTUM DOT ENERGY TRANSFER VIA
OPTICAL NEAR-FIELD INTERACTION
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Optical near fields provide us a promising technique to realize miniaturization and higher speed of
photonic devices, overcommg the diffraction limit of light. So far, we have proposed an optical nano-
switch using quantum dots in which resonant energy transfer occurs via optical near-field interaction®.
Irreversibility of signal has been guaranteed by non-radiative transition due to coupling between an
exciton in a quantum dot and lattice vibration of each quantum dot. In this paper we analyze the energy
transfer between quantum dots by means of quantum mechanical treatment instead of
phenomenological one, in which the coupling of a quantum dot to heat bath is included.

Figure 1 shows a model of two-quantum dot system. Under the Born-Markov approximation®, density
matrix of the system can be derived where the ratio of relaxation constant y (average contribution of
coupling of all vibrational level g,) to optical near-field potential U is an important factor determining
dynamical properties for such a system. In Fig. 2, state-filling time is plotted as a function of the ratio
#2U, which is the time constant for filling an exciton to the £, level in the Dot 2. The shortest state-
filling time can be achieved when the near-field potential is comparable to the strength of coupling to
heat bath, i.e., #2U~1. According to our estimation, the potential U is on the order of 10 4&V, thus, the
actual state-filling time is expected to be about 100 psec. The result shows that quite high-speed device
could be achieved by using quantum dots and optical near-filed interaction.
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Fig. 1: Model of two-quantum dot system
with coupling to heat bath.
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Fig. 2: State-filling time of exciton
population at E; level in the Dot 2.

K. Kobéyashi, et al., CLEO/PR2001 Tech. Dig. (2001) I-192.
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Excitation transfer by optical near-field interaction:
localized photon picture
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From the effective interaction viewpoint, optical near-field interaction among quantum dots (QDs)
has been discussed and applied to a nanometric photonic device [1]. An alternative but equivalent
localized photon picture, however, is still adequate for deep understanding of a variety of optical near-
field phenomena and new insights, as well as in comparison with conventional electromagnetic field
approaches. In this paper we report a formulation based on such a localized photon picture to discuss
time evolution of dipole correlation in a QDs system: whether one can retain a dipole excitation in a
QD localized or transport it to another QDs via localized photons.

We consider a system consisting of N two-level QDs closely configured in a ring and interacting with
optical near field. Localized photons are introduced so that the optical near field is expanded in terms
of a basis, whose functions are localized in QDs and can allow hopping only between the nearest
neighbors. In addition usual dipole coupling is assumed as intradot interaction.

Figure 1 shows one of the results, where we investigate the correlation function between the dipole
moment of the site » at time ¢ and the one at the site 1 at # =0. It predicts that one can keep the
excitation at the site 1 as shown in Fig. 1(a), while one can transfer it to an arbitrary site as shown in
Fig. 1(b), controlling the initial conditions. The hopping strength is found to be one of the key
variables.

Correlation a1 Wei0,e=1,v=3 Correlation Hpl, W=10,e=1,V=6.82
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Fig. 1. Time evolution of dipole correlation. (a) localized case and (b) delocalized case.
From the results we expect a new equilibrium state that cannot be achieved in a propagating photon-
matter system. Moreover the control of the excitation transfer discussed above may open the way to a

novel functional device on a nanometer scale.

[1] K. Kobayashi et al., Technical Digest in OSA IPR/PS 2001, PThB4 (2001).
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DIPOLE FORBIDDEN ENERGY TRANSFER VIA OPTICAL NEAR-FIELD INTERACTION
BETWEEN CUPROUS CHLORIDE QUANTM CUBES
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Pnterdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, 4259
Nagatsuta Midori-ku, Yokohama 226-8502, Japan

JASCO Corporation, 2967-5, Ishikawa-cho, Hachioji, Tokyo, 192-8537, Japan

We report, for the first time, the evidence of optical near-field energy transfer among CuCl
quantum cubes (QCs) using an ultra high-resolution near-field optical spectroscopic microscope whose
spatial resolution is less than 50 nm in near UV region at 15 K.

The sample was high-density CuCl QCs embedded in a NaCl matrix.! Quantized exciton energy
levels (1,1,1) in 4.6-nm QCs and (2,1,1) in 6.3-nm QCs are resonant to each other. Since the energy
level (2,1,1) is the dipole forbidden level, the possibility of energy transfer via optical far field is
negligible The carrier tunneling between QCs is also negligible due to the deep potential depth of 4
eV in this system However, the energy transfer becomes possible by a resonant optical near-field
interaction” in close proximity region, because the point transition dipole approximation is not effective
due to the size effect of QCs, as shown in Fig.1.

The (2,1,1) excitons transferring via optical near field from 4.6-nm QCs relax to the lowest energy
level (1,1,1) in the 6.3-nm QCs. Therefore, spatial distributions of the luminescence intensities from
4.6-nm and 6.3-nm QCs can be observed selectively by their wavelength difference. The measured
optical near-field images clearly established anti-correlation features, as shown in Fig.2. On the other
hand, the spatial distributions of luminescence intensities form the other sized QCs did not show any
correlation features. Thus, we regarded the anti-correlation features as the evidence of the energy
transfer via optlcal near field. While the possibilities of such dipole forbidden energy transfer have
been pointed out,’ our results is the first direct observation of the dipole forbidden energy transfer via
optical near-field.

1) N. Sakakura and Y. Masumoto, Phys. Rev. B 56, 4051 (1997).
2) K. Kobayashi, S. Sangu, H. Ito, and M. Ohtsu, Phys. Rev. A 63, 013806 (2000).
2) K. Mukai, S. Abe, and H. Sumi, J. Phys. Chem. B 103, 6096 (1999).
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Fig.1. Quantized energy levels in QCs. Fig.2. Near-Field luminescence images of QCs.
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3 High-Resolution
and High-Throughput Probes

M. Ohtsu and K. Sawada

The basis of the near-field optical microscope (NOM) is short-range electro-
magnetism between two antennas, a probe antenna and a sample antenna,
which are much smaller than the wavelength of the driving field [1,2]. It
is apparent that fabricating and manipulating small antennas are the most -
important factors in the successful development of NOM. One of the most
realistic and commonly used methods for preparating a small antenna is
sharpening an optical fiber to a very small apex. By employing the scanning
technique already established in a scanning tunneling microscope (STM) and
an atomic force microscope (AFM), the antenna at the apex of a sharpened
fiber works as a probe on a sample surface under precise distance control.

A conventional optical fiber is sharpened by chemical etching in buffered
hydrofluoric acid. An apex (diameter d = 2a), which is the antenna of the
fiber probe, can easily be made small, and a minimum apex size of only a
few nanometers has already been achieved. In NOM, only the apex works
as an antenna, which interacts electromagnetically with the sample. The ta-
pered part has a simple conical shape, and the cone angle 4 is clearly defined.
The apex radius and the cone angle can be varied by controlling the etching
conditions. The exterior surface of the probe is coated with opaque metal,
such as aluminum or gold, to avoid the illumination of excitatory light or
the detection of the background signal through the sidewall of the tapered
part. The very end of the metal coating is removed to allow the sharpened
glass part, including the apex, to protrude. The small aperture with a di-
ameter of dy (also called the foot diameter) makes an important contribu-
tion, as will be discussed later. We call the protruded glass part and the
metal-coated part the tapered core and the metallized tapered core, respec-
tively.

The metallized tapered core is regarded as a metal-clad (metallic) wave-
guide through which excitation or signal light passes. Since the metallic wave-
guide has a complex loss mechanism, e.g., the existence of a cutoff diameter
and absorption by the metal cladding, optimization of the structure of the
waveguide is essential.

The important components for optimizing of the probe are summarized
as follows:
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Fig. 3.1. Schematics of typical fiber probes

1. The apex size should be the same as the characteristic size of the sample
to be investigated. _ .

2. The smaller the cone angle, the smaller the undesirable background signal
due to the dipole coupling between the sample and the tapered part.

3. The coupling can also be eliminated more efficiently by combining a metal
aperture with a glass tapered part.

4. By proper metallization of the apex, the signal intensity is much enhanced
compared with that from a bare glass apex.

Following these optimization criteria, high-quality fiber probes have been
fabricated [1,2]. Using them, a near-field optical image of a single string of de-
oxyribonucleic acid (DNA) has been obtained by a collection mode operated
under a constant-distance mode with the optical near-field intensity as the
feedback signal [3]. As shown by Fig. 3.2, the observed width of the narrowest
string is around 4 nm, even though the pixel size is as large as 2x 2 nm. To our
knowledge, this is the first and only successful optical observation of a single
string of DNA by purely optical means and with such high resolving capa-
bility. This high resolution is attributed to the special care taken during the
preparation of the sample and probe. The probe efficiently picks up the high
spatial Fourier frequency component of the scattered near-field and simulta-
neously rejects the lower components effectively. With further improvement
in the system, including a scanner and other mechanical component, it will be
possible to observe the double-stranded or double helix of DNA by purely op-
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4nm

Fig. 3.2. Collection-mode optical near-field image obtained under a pixel size of
2 X 2 nm

tical means. Because the control is optical, it is easier to extend the operation
into liquid or fluid environments which opens up the possibility of directly
manipulating the DNA structure or investigating individual segments of the
double helix structure itself [4].

The improvement of the sensitivity by a metal probe is frequently em-
ployed in a near-field plasmon microscope since it can easily be realized
by using metal or metal-coated glass fiber probes for STM. In collection-
mode NOM, however, when the protrusion part is completely metallized, the
transmission intensity of the signal light into the fiber is generally decreased.
Therefore, the thickness of the metal film, which also influences the resonant
behavior of the plasmon probe, is an important design factor.

A serious problem of the fiber probe is its low throughput. The essential
cause of low throughput is the guiding loss along (or inside) the metallized
tapered core. To study this loss mechanism and to realize high throughput
probes, we focus our discussion on the characteristics of the tapered core.
Since the nanometric protruded part at the top of the fiber probe does not
contribute to this loss, this section treats only the fiber probe without a
protruded part, i.e., a flat apertured probe. Its cross-sectional profile is shown
in Fig. 3.1d, for which the foot diameter df of the protruded probe in Fig. 3.1c
can be called an aperture diameter.

As an example, the throughput of the probe of Fig. 3.1d decreases rapidly
with decreasing probe size [1,2]. To increase the throughput, i.e., to generate
a strong optical near-field under illumination-mode operation and to realize
high collection efficiency in collection-mode operation, this section describes
the possible excitation of the plasmon mode in the metallized tapered core.
We also demonstrate highly efficient excitation of the optical near-field on a
probe. Further, we demonstrate double- and triple-tapered probes fabricated
to increase the throughput by shortening the tapered core.
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3.1 Excitation of a HE-Plasmon Mode

3.1.1 Mode Analysis

Mode analysis has been carried out by approximating a tapered core as a
cylindrical core with a metal cladding. The result shows that this core can
guide the light, even if its diameter is smaller than half the wavelength. It
also shows that the cutoff core diameter of the HE;; mode is as small as
30 nm, whereas that of the EH;; mode is 450 nm [5]. It means that only the
HE;; mode can excite the optical near field efficiently when the apex size
of the probe is in the sub-100 nm range. It is also found that the equivalent
refractive index of the HE;; mode approaches that of a surface plasmon which
is between those of glass and gold. This means that the origin of the HE;;
mode in a metallized core is the surface plasmon. Thus, we call the HE;;
mode the HE-plasmon mode from now on. However, the HE-plasmon mode
is not easily excited in a conventional core because its coupling efficiency
with the lowest order optical fiber guided mode is very low due to mode
mismatching between the HE{; and HE-plasmon modes at the foot of the
tapered core.

3.1.2 Edged Probes for Exciting a HE-Plasmon Mode

An effective way of exciting the HE-plasmon mode is to use the coupling of
the plasmon by scattering at the edge of the metal [5]. If the tapered core
has a sharp edge at its foot, part of the guided light inside the single-mode
fiber can be scattered at this edge and converted to the HE-plasmon mode
[6]. We call the probe with such a core an edged probe.

Figure 3.3 shows scanning electron micrographs of a fabricated edged
probe with a flat aperture at the top (the aperture diameter d¢ is 500 nm).
An arrow R in Fig. 3.3a represents the direction parallel to the surface from
which a part of the core was removed. The z and y axes are the directions
normal and parallel to the arrow R, respectively. Figure 3.3b,c represents the
profile of the tapered core buried in a gold metallic film. Part of the foot of
the core was removed to form a sharp edge; the height of the removed part
was 1.5 pum. This probe was fabricated by selective chemical etching [7] and
by using a focused ion beam (FIB).

Probes with an aperture diameter d¢ as small as 30 nm have been real-
ized by these steps. Figure 3.4 shows the throughput of these probes. This
figure confirms the realization of high throughput by the edged probe. We
compared the output light power of the edged and the conventional fiber
probes. Figure 3.5a,b shows the measured spatial distributions of the EH;;
and HE-plasmon mode powers for an edged probe with df = 500 nm, re-
spectively. They agree with the calculated results. As a reference, the spatial
distribution for an axially symmetrical fiber probe with d¢ = 500 nm was also
measured. It had a double-peaked profile corresponding to the EH;; mode,
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Metallic film

Removed

Edge of the removed core

Fig. 3.3. Scanning electron micrographs of an edged probe with a flat aperture at
the top. a Top view. b Side view. An arrow R in a represents the direction parallel
to the surface from which a part of the core was removed. The z and y axes are
the directions normal and parallel to the arrow R, respectively
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Fig. 3.4. Measured relation between the aperture diameter d¢ and the throughput
of the edged probe

and the positions of the peaks moved when the direction of the incident light
polarization was varied. These results indicate that the edge at the foot of the
tapered core successfully excites the HE-plasmon mode and the excitatory
efficiency depends on the direction of the incident light polarization.

To check whether the output light power on the aperture was enhanced
due to the edged structure, its spatial distributions on the probes with and
without the edge were compared for d¢ = 100 nm. Note that the EH;; mode
is not guided inside the probe with df = 100 nm because it is smaller than
its cutoff diameter (450 nm). The cross-sectional profiles of the measured
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a b

750 nm 750 nm

- -
750 nm 750 nm
Fig. 3.5. Spatial distribution of the output light power on top of an edged probe
with d¢f = 500 nm. a The EH;; mode. b The HE-plasmon mode

light power distributions for edged probes are ten times larger than those of
probes without an edge. The full width at half maximum is 150 nm, which
is comparable to that of the HE-plasmon mode (=120 nm) for df = 100 nm
estimated by mode analysis. These results indicate effective excitation of the
HE-plasmon mode by the edge at the foot of the tapered core.

3.2 Multiple-Tapered Probes

Note that an increase of throughput is possible by tailoring the probe struc-
ture. Since the guiding loss in the core is due to loss in the metal cladding,
the easiest way to decrease the loss is to shorten the length of the tapered

core.

3.2.1 Double-Tapered Probe

Chemical etching is a powerful technique for shortening the enormous absorp-
tion region because it enables reliable design and fabrication of an optimum
structure for the tapered core. First, we demonstrate the strong dependence
of throughput on the cone angle 6 and hence the resultant length ! of a ta-
pered core. For probes with different cone angles, throughput is evaluated for
a wide range of aperture diameters (80 < dy < 900 nm). On the basis of these
results, we optimize the shape of the probe taking into account the experi-
mental utilities [8]; for example, by increasing the length of the tapered core,
we can avoid contact between the cladding and the bumpy surface structure
of the sample.

We briefly describe the fabrication technique of the probe by a selective
etching process. The cone angle 6 can be controlled by buffering the etching
solution, which is adjusted by the volume ratio X of NH4F maintaining that
of HF to H,0 at 1 : 1. Here, the composition of the solution is expressed
as X : 1: 1. To evaluate the dependence of throughput on the cone angle,
two types of probes were prepared using a one-step etching technique with a
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Fig. 3.6. Measured relations between the aperture diameter d¢ and the throughput
for probe A with a single tapered core whose cone angle is 20° (open circles),
probe B with a single tapered core whose cone angle is 50° (open triangles), and a
double-tapered probe (closed circles)

solution of X = 10 (probe A) and X = 2.7 (probe B). The cone angle # and
the length [ of the tapered core of probe A were 20° and 6 pum, respectively,
and those of probe B were 50° and 2.5 pm.

Using a sputter coating method, the exterior surface of the etched core was
coated with a gold film 200 nm thick, which is seven times the skin depth at a
wavelength of 633 nm. The selective resin coating (SRC) method is employed
to fabricate a small aperture. Acrylic resin dissolved in an organic solvent is
coated as a guard layer over the sides of the tapered part, leaving the top of
the tapered core free of the acrylic resin. Here, the surface tension of the resin
is used. On removing the gold film from the top of the core with the commonly
used KI-I; etching solution, a small protruding type aperture (with the foot
or aperture diameter dg, c.f. Fig. 3.1) is fabricated. The aperture diameter d¢
can be varied by controlling the etching time in the KI-I, etching solution
and the coating condition which can be adjusted by changing the cladding
diameter and the viscosity of the resin solution.

To estimate the throughput, the light from a He-Ne laser (633-nm wave-
length) of 130 pyW power is coupled into the fiber probe with a coupling
efficiency of 60%. The far-field light ejected from the aperture is collected
with a 0.4 NA objective. The output light power is measured with an optical
power meter. The geometric size of the aperture is estimated with a scanning
electron microscope after the throughput measurement.

Figure 3.6 shows the measured value of the throughput as a function of
the aperture diameter d¢ for probes A (open circles) and B (open triangles) of
different cone angles. For the diameter d¢ that is larger than the wavelength
of He-Ne laser light in glass (A ~ 400 nm), the throughput of probes A
and B are almost the same when the aperture diameters are the same. This
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Fig. 3.7. Scanning electron micrograph of a double-tapered core prior to metal
coating

means that the efficiency of delivering light into the region d¢ > A; is not so
strongly dependent on the cone angle 6 and the length [ of the tapered core,
which is 5 pm long at most. On the other hand, in the region df < A. the
difference between the two types of probes is remarkable due to the influence
of the metal coating. For di = 200 nm, the throughput of probe A is ten times
lower than that of probe B. Although the throughput depends on the spatial
mode characteristics of the tapered core, the difference in the guiding lengths
between probes A and B can also contribute considerably to the throughput.
The guiding lengths of the core diameters of 400 nm (= ;) and 200 nm
(= dg) are 570 nm for probe A and 210 nm for probe B, respectively. It is
theoretically estimated that, in the EH;; mode, the absorption of light by
the coated metallic film is drastically influenced in the region where the core
diameter is smaller than \.. In such a strong loss region, a difference in the
guiding length of as much as 360 nm results in a decline of throughput by
an order. We can conclude that, to increase throughput, it is reasonable to
shorten the strong loss region in the tapered core by increasing the cone angle.

However, a short tapered core with a large cone angle leads to contact
between its cladding and the bumpy surface of the sample during the actual
scanning operation. To avoid this inconvenience, it is necessary to lengthen
the tapered core while maintaining high throughput. For this purpose, we
successfully developed a two-step etching process for fabricating a double-
tapered probe with high reproducibility. As shown in the scanning electron
micrograph of Fig. 3.7, the resultant cone angle is about 90°. The fabrication
technique for the aperture is the same as that described above. Again, we
measured the throughput of some of the fabricated double-tapered probes
with df = 200 nm. The results are also plotted in Fig. 3.6 (closed circles).
Throughput ten times higher than that of probe A (open circles) is achieved.
This comparison implies that one of the most important factors in deter-
mining throughput is the length of the loss region in the narrow tapered
core.
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Fig. 3.8. Cross-sectional as diagram of the simulation model. Sample 1: h, =
3.6 pm, a; = 0.2 pm. Sample 2: h; = 0.9 um, a; = 0.2 pm. Sample 3: h, = 2.0 Hm,
as = 1.0 um, hy = 0.4 pm, ag = 0.2 pm

In double-tapered probes, realization of apertures smaller than 100 nm
is not feasible due to its large cone angle. However, due to the limitations
in measurement sensitivity, high throughput is more crucial than realizing a
very small aperture for weak signal detection in the advanced spectroscopy
of semiconductors.

Recently, with the progress of computational work, numerical analysis
has come to be recognized as a powerful tool for deep understanding of the
electromagnetic field in a tapered waveguide and in the vicinity of an aperture
and for the systematic design of highly efficient probes. The finite-difference
time-domain (FDTD) method [9-11] is one of the most promising methods for
these purposes because it can be easily applied to actual three-dimensional
problems. We have reported an FDTD simulation for the double-tapered
structure in [12], in which spatial resolution beyond that of a conventional
NOM is successfully reproduced by simulation.

Here, we show an FDTD simulation, which corresponds to the experi-
mental configuration in [8]. Figure 3.8 illustrates the FDTD geometry of the
probe model. A fiber probe with a double- or single-tapered structure collects
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luminescence (A = 1 pm) from a quantum dot (z-directed dipole radiation)
buried A/40 beneath the semiconductor surface. The radiation caught by the
aperture with a diameter of A\/5 propagates in the tapered part clad with a
perfectly conducting metal. The signal intensity is evaluated by calculating
the light power finally coupled to the ordinary waveguide (optical fiber) re-
gion. The simulation box consists of a 120 x 120 x 360 grid in the z, y, and z
directions. The space step is A/40. The calculation is done for three types of
probes whose dimensions are summarized in the Fig. 3.8 caption. Sample 1
is a single-tapered probe. Sample 2 is a single-tapered probe which has a
shorter tip length than that of sample 1. Sample 3 is a double-tapered probe
whose cone angle at the tip is the same as that of sample 2. The calculation
shows that the ratio of signal intensity for samples 1-3 is 1 : 32 : 100. It is
clear that a large cone angle contributes to high collection ability since this
structure minimizes the length of the cutoff region. In addition, the double-
tapered probe makes the coupling of light into the normal waveguide more
efficient than that of the single-tapered probe with the same cone angle. The
collection efficiency and spatial resolution of the double-tapered probe in [13]
are also reproduced by this FDTD simulation.

3.2.2 Triple-Tapered Probe

We have demonstrated above that by using a double-tapered structure in
the probe, throughput can be increased more than ten times. However, a
remaining problem of the double-tapered probe is the deterioration of reso-
lution by the larger apex diameter of the double-tapered core due to its large
cone angle. To solve this problem, the triple-tapered probe shown in Fig. 3.9
was proposed and fabricated [14]. The lowest right of this figure shows the

Cladding  Core
h =

The third taper (2) By FIB

The second taper
The first taper

(3) Chemical etchmg

: 1 (4) Au coating
\_ 92/2
(5) By FIB
q

Fig. 3.9. Schematic of fabricating a triple-tapered probe with an aperature at a
flat top
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result of the fabrication which has a very sharp third taper at the top of the
double-tapered core. Due to this sharp taper, generation and localization of
a very high spatial Fourier frequency component of the optical near field are
expected. Its fabrication consists of five steps.

1. chemical etching to sharpen the core and to reduce the cladding diameter;

2. irradiating the FIB to form a very sharp tapered core on a flat floor,
which is used as the third taper;

3. chemical etching to form the first and second tapers at the foot of the
third taper;

4. coating a gold film; and

5. removing a gold film from the top of the third taper to form an aperture.

Chemical etchings for steps 1 and 3 are the established techniques. Step 5
was used to form a flat aperture to compare the throughput with other aper-
tured probes described in previous sections. However, it is also possible to
maintain the top of the third taper after removing the gold film by using a
KI-I, etching solution to produce a protruded triple-tapered probe, which
can realize very high resolution while maintaining high throughput.

Figure 3.10 shows a scanning electron micrograph of the results of step 2
obtained by using a Ga+ ion beam of 30-nm diameter. Figure 3.10b shows a
scanning electron micrograph of the triple-tapered core formed by step 3. A
schematic of the triple-tapered core is given by the inset of Fig. 3.9, where 6
and 03 represent the cone angles of the second and third tapers, respectively.
The length of the third taper is represented by L. Although Fig. 3.10b shows
02 = 150°, the value of 63 realized by this step can be controlled within the
range of 90-150° with an error of £5°. Figure 3.10c is a magnified picture
of the third taper of §; = 30° and L = 350 nm with a fabrication error of
3° and 30 nm, respectively. It also shows the nanometric apex diameter of
the third taper. Figure 3.10d,e shows the side and magnified top views of the
probe, respectively, fabricated by steps 4 and 5. The value of df is 60 nm,
and the gold film is 300 nm thick.

Figure 3.11 shows the measured results of the dependence of throughput
on ds. Closed circles, open circles, and open triangles represent the values
for the conventional probe, the edged probe, and the triple-tapered probe,
respectively. It is confirmed by this figure that the triple-tapered metallized
fiber probe has a throughput 1000 times higher than that of the conventional
probe for 60 nm < d¢ < 100 nm. In other words, a throughput as high as
1 x 10™%-1 x 10~2 has been realized across the above range of values for dj.

Realization of such an extremely high throughput can be attributed to
several causes.

1. The overall profile of the first and the second tapers is similar to a convex
lens, which enables focusing the guided light from the fiber at the foot of

the third taper.
2. The third taper is much shorter than the total length of the conventional

fiber probe, which reduces the guiding loss.



72 M. Ohtsu and K. Sawada

a

Fig. 3.10. Scanning electron micrographs of a triple-tapered probe. a Results of
step 2 obtained by using a 30-nm diameter Ga+ ion beam. b, ¢ Profile of the
triple-tapered core formed by step 3 and a magnified image of the third-taper. d,
e Side view and magnified top view of the probe produced by steps 4 and 5

3. Figure 3.10 also shows that the relation between d; and the throughput of
the triple-tapered probe is similar to that of the edged probe for 80 nm <
di < 300 nm. This similarity reveals the possible excitation of the HE-
plasmon mode, even in the triple-tapered probe. This is attributed to
the edge formed between the second and third tapers due to the drastic
change of the cone angle.

Figure 3.12 shows the measured cross-sectional profile of the spatial distribu-
tion of the output light power on the planar aperture (df = 60 nm) at the top
of the triple-tapered probe. Its full width at half maximum is 160 nm which
is the convolution between the aperture diameter (60 nm) and the size of
the probe used for the measurement. A remarkably sharp peak at the center
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Fig. 3.11. Measured relations between the aperture diameter df and throughput.
Closed circles, open circles, and open triangles represent the values for the conven-
tional probe, the edged probe, and the triple-tapered probe, respectively
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Fig. 3.12. Measured cross-sectional profile of the spatial distribution of the output
light power on the planar aperture of the triple-tapered probe with df = 60 nm

of this curve is attributed to localization of the optical near-field due to the
third taper on the top of the core.
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Optical Data Recording in 2030s (2)

The Sub-Terabyte Optical Memory Committee of OITDA organized a workshop for
discussing the future of data recording and the expected developments by 2030s, as a part
of the Sub-Terabyte Optical Memory Symposium held in November last year. The purpose of
the workshop was to consider and make projections on the memory market and technolo-
gies that will be available in 2030s; in other words, the market and the technologies that are
a generation ahead of what is considered by the Sub-Terabyte Optical Memory Project
currently undertaken by the committee. Since no projections on the development of either
the industry or the technology had been previously carried out in earnest with regard to
optical memory in 2030s, the discussions at the workshop were promoted by inviting experts
in the field of memory as lecturers and encouraging the presenters to present bold and
original predictions.

Contained in this issue is the presentation given by one of the lecturers, Professor
Motoichi Ohtsu of Tokyo Institute of Technology, who is asked to summarize his presenta-
tion while also giving due consideration to the discussions that followed his presentation.

Optical Recording by Optical Near Field
By Motoichi Ohtsu

1. Introduction

This paper discusses the technological prospects of optical data recording in the year
2030 and is based on an assumption that there would be no drastic changes in the social
and/or economic structures in the years to come. Since the subject matter is broad, full of
uncertainties and beyond what the author can make substantiated predictions about, much
of the discussions below are the author's subjective conjectures.

Fig. 1 shows two types of electromagnetic fields generated from an oscillating electric
dipole. The fields are respectively indicated by electric lines of force. One forms a closed
loop, representing a propagating wave extending to a far field. The other is what is called
the near-field component, which is generated from the positive electric charge of the dipole
and terminated at the negative electric charge. This component is localized around an
electric dipole and does not propagate. (Continued)
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When a light is irradiated onto a nano-scale substance, a number of dipoles are
induced within the substance and two types of lights, i.e., electromagnetic fields, are gener-
ated, as was illustrated in Fig. 1. Of the two, the optical near field is localized on the sur-
face of the nano scale substance; and the thickness of its energy distribution is about the
same as that of the nano scale substance. Therefore, by using this light instead of the con-
ventional propagating light, it is possible to achieve nano technology. This is a technology
of a scale less than wavelength of light (i.e., below diffraction limit), which is also called
nano-photonics. In other words, this is a technology that surpasses the long-held principle
of diffraction limit proposed by Newton.

ky

r Near field component
(Localized)

=

o2
}\%@
e

Far field component
(Propagate)
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Near field compone:nt
(Localized)

Fig. 1. Two Kinds of Electric Lines of Force of Electromagnetic Field
Generated by Oscillating Electric Dipole

As shown in Fig. 2, this technology is achieved by using the optical near field, which exhibi-
ts a totally different kind of spatial form from that of the conventional propagating light.
The discovery of optical near field is epochal enough to bring about a paradigm shift, just as
the transition from ships to airplanes and from vacuum tubes to transistors had done in the
past.

Conventionally, the trials to improve optical recording density have always struggled
with the optical diffraction limit. Efforts have been made to shorten the wavelength of the
light source since 1980s. Meanwhile, according to the technology roadmap depicting the
future technological trends in optical recording, a recording density of 1 Tb/in? will become
necessary by 2010. This required density, which is already several tens of times larger than
the diffraction limit value of optical technology, is expected to increase additional several
digits by 2030. Optical recording using optical near field is proved to be theoretically
capable of achieving a recording density of 100 Tb/in? which is adequate for meeting the
predicted requirements of the society in 2030.
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Such a promising future of optical recording owes much to the improved performance
of the probe used for generating the optical near field. Nevertheless, the question still
remains whether an optical disk memory with such a high recording density will be actually
realized for consumer use. In trying to answer this question, it is again important to re-
member that the development of nano-photonics is substantial enough to eventually cause
a paradigm shift as is mentioned in the previous paragraph.

Measurable and processable size (nm)
800 200

, Conventional
200 optical technology

Quantum dot laser

B Photonic crystal : R !
J UV laser [

Elimination of concepts such as cavity resonator,

waveguide, interference

® Possible without laser

Optical wavelength (nm)

Requires nano-fabrication technology processing

Fig. 2. Paradigm Shift Provoked by Nano-photonics

2. Form of Optical Data Recording Using Optical Near Field

In an optical disk memory system using the optical near field, the data are recorded,
read and deleted by the optical near field generated at the tip of a probe. It is possible to
achieve very high recording densities under this system, since the densities are determined
by the size of the near-field optical energy distribution, or in other words, the size of the
probe tip. Since the beginning of 1980s, the R & D by the author has achieved a steady
improvement in the efficiency of the probe, the key device for generating the optical near
field, as shown in Fig. 3, particularly in the years since 1997. This improved efficiency is a
development that has made it possible to realistically envision the eventual development of
practical technology for optical recording.

In order to construct a practical optical disk memory system, however, it is necessary
to develop hardware for integrating the memory into the application to be provided to the
users. The development of such hardware involves the intricately related problems of the

recording media and the recording/reading head device and its drive system.
(Continued on Page 5)
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Fig. 3. Progress of Optical Near-Field Generation Efficiency of Fiber Probe (by M. Ohtsu)
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(Continued from Page 3)

The Nano-photonics Technical Group of OITDA has been examining these problems for the
past five years. One of the promising solutions is to employ a silicon protrusion for the
optical near-field generation device, as shown in Fig. 4, and to incorporate this two-dimen-

- sional array into the contact-type recording/reading head. So far, recording and reading
has been performed on the phase-change media; and a mark length of 110 nm was success-
fully recorded and read without any need for tracking or other adjustments. The develop-
ment is presently continued with a focus on the improvement of detailed parts, in order to
achieve successful recording of 26 nm mark length and reading-on a CNR of 40 dB or more.
The target density to be attained by 2010 is set at 1 Tb/in%. The practical optical-disk memo-
ry system using the optical near field is expected to be either a sealed type or a removable
package type. Both are to be eventually developed as ROM, WORM, and finally as RAM.

3. Towards 2030

Although it is very likely that 1 Tb/in? will be achieved by 2010, the recording density
by 2030 remains uncertain. To be noted here is again the fact that the nano-photonics con-
notes a paradigm shift in optical technology. The past examples of scientific and techno-
logical developments indicate that a very long period is required between the occurrence of
a paradigm shift and a full practical application of the developed performance. In the case
of DRAM, for example, while the invention of the transistor, which was the element techno-
logy for DRAM, did undoubtedly bring about a paradigm shift, it took another 20 years be-
fore IBM finally succeeded in incorporating 1 kb DRAM into its large-scale computer. Since
then, owing to the advancement in system technology, the DRAM capacity continued to in-
crease to the present level, at a pace dubbed “4-fold in 3 years."

The same applies to optical technology. The invention of the laser in 1960 had pro-
voked a paradigm shift. In the few months immediately after the invention, various propos-
als were made with regard to laser applications. However, it was not until 20 years later, or
1980s, that an optical-disk memory system for consumer use was finally introduced to the
market. Likewise, while the proposal for the optical fiber amplifier had been originally
made in 1960s, its introduction for practical use was not realized for another 30 years, until
1990s.

Given such large time lags, it can be safely said that the nano-photonics is sufficiently
capable of offering a performance level that is adequate for meeting the needs of the
society in 2030. Whether the nano-photonics will be actually developed for practical uses
largely depends not so much on the course of technological development, but on the spirits
of those involved-that is, on the determination on the part of researchers and technical
experts. As was the case with airplanes and transistors, when a new concept or a technol-
ogy is developed or discovered, it is inevitably exposed to various criticisms. This applied
to the researches in the nano-photonics. Continuous effort and perseverance of the re-
searchers however, has led to the progress illustrated in Fig. 3. The idea that “the fiber
probes are inefficient” is considered highly outdated today. Presently, the main issue is on
how to decrease the energy density of near-field optical energy at the tip of the fiber in
order to prevent the nonlinear optical phenomenon.

123



OITDA Newsletter 2002.1.25 No.17

It is therefore very important for those involved in the research to reject the criticisms and
concentrate on the realization of practical application of the nano-photonics by 2030. It
must be remembered that a number of new developments for practical application in the
optical technology had been nothing but a result of the efforts of those who dared to work
on what was considered “farfetched” at the time. The buried structure of semiconductor
laser served as a starting point that led to the development of stable operation devices,
while the development of long-wavelength semiconductor laser enabled practical application
of long-distance optical-fiber communication. Moreover, it was the fiber production by VAD
method that brought about the practical use of low-loss fibers.

Fig. 5 compares the progress of the nano-photonics with that of DRAM and optical
technology. It is evident from the figure that the data recording technology using optical
near field is still very new at this point. The very fact that this new technology is already
regarded as a promising candidate for achieving 1 Tb/in? by 2010 suggests that this partic-
ular technology possesses superior qualities compared to others. Some of the researches
conducted in relation to nano-photonics may seem “farfetched” at times. However, by ad-
vancing towards such “farfetched” goals and by developing various element technologies
and combining them with software technology, the nano-photonics should be able to meet
the needs of the society in 2030.
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Fig. 5. Chronological Comparison of Nano-photonics,
DRAM Technology, and Optical Technology
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As shown in Fig. 4, the form of the optical near-field memory system resembles that of HDD.
From this, it can be safely predicted that the new data recording technology to be developed
in the future will be a combination of the HDD technology and/or the existing optical-disk
memory technology with the nano-photonics. The very reason that the nano-photonics will
provoke a paradigm shift in optical technology lies in the fact that this new technology is
also applicable to a variety of fields other than optical data recording. Nano-photonics
covers almost all fields of optical technology and encompasses the possibility of achieving
nano optical technology. As is presented in Fig. 6, the rise of this possibility is exemplified
by the ongoing development and attempts to integrate nano photonic devices to meet the
needs of the optical communication system of 2015. These nano-photonic integrated cir-
cuits are applicable also to the conventional semiconductor memory, as well as to the solid
memory such as optical memory cards. Finally, the nano-photonics has the potential of
even transforming the memory devices into a totally new form that is totally different from
the conventional ones that require disk rotation or tape winding.
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Fig. 6. Present Status of Nano-photonic Integrated Circuit Development
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4, Conclusion

It is virtually impossible to discuss optical technology of 2030s. The discussions
above are mostly the author's subjective conjectures, and the issue boils down to the
strength of determination of those concerned in the development in the relevant fields.
Assuming that it really is a matter of determination of the researchers, what is especially
important is to eliminate all the obstacles that might get in the way of putting that determi-
nation into practice and to work on new developments. Since the R & D environment after
a successful industrial application of an existing technology is apt to be influenced by the
resulting industrial environment, it becomes necessary to establish anew an infrastructure
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to promote R & D in yet another novel field. Moreover, new researchers must be welcome
to replace the previous researchers. There are probably no senior engineers who have the
experience of having taken a class on nano-photonics at college. Furthermore, it is addi-
tionally important to focus the researches between now and 2030 on the items in which
Japan will be able to continue to maintain the lead over other countries. There is ample
past evidence pointing to the likely possibility of other countries catching up with Japan in
the case of relatively easy technologies.

From a scientific point of view, proposals have been made for nano technology appli-
cations such as STM and atom manipulation as possible future recording technologies.
The author, however, is quite skeptical that these technologies would ever be realized in
earnest. These proposals lack discussions on the efficiency and reliability of data recording
as a system for consumer use. “Linearity,” “room temperature,” “atmospheric,” “solid-state”
are some of the key terms that must be addressed and satisfied by the technology that is
entitled to survive and whose economic factors deserve consideration.

InterOpto ' 02

OITDA is presently preparing for the InterOpto (International Optoelectronics Exhibi-
tion) '02 to be held at Makuhari Messe (International Exhibition Hall, Nippon Convention
Center, Chiba, Japan) from July 16 to 19 this year.

InterOpto, at which the latest optoelectonic industry and technology from throughout
Japan and the world are exhibited, is the largest international optoelectronics trade fair and
an excellent opportunity for exchanging technological developments, catching business
chances, and having one's company known to the world. The products exhibited at
InterOpto include: materials, optical devices and modules, optical equipment and instru-
ments, industry-concerned equipment, as well as services and software. Exhibitors include
corporate members representing optoelectronic R & D, technology, sales and other related
departments, as well as the members of relevant public organizations.

The call for participation in InterOpto '02 was closed on March 8. OITDA is presently
reviewing and confirming each of the received applications, which have exceeded the
scheduled number of exhibitors (300 companies) and booths (700).

For more information, contact;

InterOpto SECRETARIAT, OITDA
1-20-10, Sekiguchi, Bunkyo-ku, Tokyo 112-0014, Japan
Tel: +81-3-5225-6431 Fax: +81-3-5225-6431
http://www.oitda.or.jp

For more information on the Newsletter contact :
KEIRIN  This work was subsidized by takano@outda.or.]p

n Keirin Association
0 the Japa, ) Optoelectronic Industry and Technology Development Association
thraugh its Promotion funds 1-20-10, Sekiguchi, Bunkyo-ku, Tokyo 112-0014, Japan
from KEIRIN RACE. Tel: +81-3—-5225-6431 =~ Fax: +81-3—5225-6435
URL: http://www.oitda.or.jp

126



S

T/7F =20 XD EESKFEAN

X # T —

Introduction to Near-Field Optics for Nano-Photonics

Motoichi OHTSU

Present and past of near field optics are reviewed. Electric dipole interaction model is presented
to give a basic concept of optical near-field. For more general discussions, classical, semiclassical,

and quantum theories are described.

Key words: optical near-field, dipole, probe, microscopy, nano-photonics
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A novel optical coherence tomography system without any moving parts for depth scanning was proposed and demonstrated.
It was accomplished using two optical frequency comb generators, as broad-band spectrum generators, instead of moving parts

for depth scanning. A high scanning speed of more than 12.5 km/s and also a high repetition rate of 500 kHz were achieved in
a long scan range of 25 mm. The resolution was about 100 «m.

KEYWORDS: optical coherence tomography, optical frequency comb generator, phase modulator, sidebands, scan range, scan-

ning speed, repetition rate

A high scanning speed and a high repetition rate were re-
quired in order to reduce the image blur due to the motion arti-
fact of a living object! and to realize a high image acquisition
rate.? To date, some mechanical methods have been used for
depth scanning in conventional optical coherence tomogra-
phy (OCT). The conventional stage methods have a scanning
speed of 160 mm/s.>"® The method using a galvanometer with
a reflector on a lever arm enabling small angular rotation has
a repetition rate of 100 Hz and a scanning speed limited to
30 cm/s. The methods using a spinning mirror pair or a spin-
ning glass cube have achieved a scanning speed of 20 m/s with
a repetition rate of 400 Hz in the depth range of 3 mm. !V
The method using the fiber wrapped around a piezoelectric
transducer (PZT) has a scanning speed of about 3 m/s and
a repetition rate of 1200 Hz.2!%!3 The method using a gal-
vanometer with a reflector on a lever arm based on a grating,
a successful method used in obtaining the first in vivo OCT
images of an organic system based on the catheter-endoscope
has a scanning speed of 6 m/s and a repetition rate of 2kHz
in the range of 3mm.!¥ However, these methods can be af-
fected by the perturbation of the external environment and of
the equipment itself because of the presence of moving parts.
Maintenance of the mechanical parts is also required. The
scan range of conventional systems is limited to only 3 mm in
usual.

Our system has a high scanning speed of 12.5km/s and a
high repetition rate of 500kHz in the scan range of 25 mm,
which are several tens, to several hundreds times higher than
those of the conventional system. Moreover, our system is
mechanically stable because it contains no moving parts, and
does not need any mechanical maintenance. It also pro-
vides flexibility for controlling the depth scanning speed and
the repetition rate depending on the application by modifi-
cation of the parameters such as modulation frequency and
difference frequency. These advantages could be achieved by
adopting two optical frequency comb generators (OFCGs).

The OFCG consists of an electro-optic (EO) phase modu-
lator inside a Fabry-Perot (FP) cavity!> as shown in Fig. 1.
The basic concept to convert continuous light waves into sub-
picosecond optical pulses has been proposed in 1972 by T.
Kobayashi.'® We have improved the span of the comb since

*E-mail address: lee@ae.titech.ac.jp

In frequency domain

I —{f—
q_,) Oscillator
f

; | Output
Mirror

In time domain

Input

r
L

Mirror

Electro-optic
Phase modulator

Fig. 1. Optical frequency comb generator, and its output in frequency do-
main and time domain.

1991.5' The modulator is driven by the microwave sig-
nal, the modulation frequency of which is a harmonic of the
free spectral range (FSR) of the FP cavity. The output of an
OFCG is a broad-band ultrashort pulse train with frequency
sidebands of wide span. The output waveform is a Loren-
zian pulse train having a repetition rate twice the modulation
frequency. The pulse width!®!” Az is
1

2FfuB’
where F is finesse of the FP cavity, B is the modulation index
of the single-propagation (traveling) EO modulator, and fi,
is the modulation frequency. In our case, At ~ 356fs was
achieved when F = 400, f;, = 6.2 GHz, and 8 = 0.18x rad.

The basic structures of a conventional OCT and an OCT us-
ing two OFCGs are shown in Figs. 2(a) and 2(b), respectively.
The movement of the reference mirror shifts the frequency of
the input beam by Av in the conventional OCT shown in Fig.
2(a). The frequency shift Av is

2
Av =2y, @)
c

At

0]

where v is the optical frequency, v is the movement speed of
the reference mirror, and c is the velocity of light.

However, in the OCT using two OFCGs shown in Fig. 2(b),
OFCG]1 in the object arm and OFCG?2 in the reference arm,
instead of the movement of the reference mirror, are modu-
lated by the frequency of fn, and fi, + Af, respectively. The
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Actuator
Velocity
Object
I ez Mirror
Beam
Splitter
LD S
Scanner
PD
£ +Af Frequency
m shifter
Mirror

Laser

Fig. 2. Basic configuration of a conventional OCT and an OCT with two
OFCGs. (a) Conventional OCT. (b) OCT with two OFCGs.

frequency shift Av in OCT with two OFCGs is

Av = ﬁv + Const., 3)
Jm
where Af is the frequency difference between two OFCGs.
OFCG1 and OFCG2 generate constant periodical pulse trains
of different time durations, respectively. The time delay of
the reference pulse train sweeps the path difference of two
arms. The pulse trains in both arms interfere with each other
when the delay is equal to the equivalent time interval cor-
responding to the path difference, or when their difference is
smaller than the time coherence. In conventional OCTs, the
movement distance and the repetition speed of the reference
mirror limit the scan range and repetition rate, respectively.
However, it is possible to achieve a very long scan range and
fast repetition rate in our system because they depend on the
modulation frequency and frequency difference between two
OFCGs.
The scan range of depth scan in our system is defined as:

¢

R = . 4)
2 fm
The equivalent scanning speed for depth in our system vj is
c
v, = RAf = —Af. &)
2 fm

The theoretical calculation of the equivalent scanning speed is
shown in Fig. 3. In practice, there is a limit to the equivalent
scanning speed due to overlap between neighboring sidebands
in neighboring combs. Therefore, the maximum theoretical
scanning speed v, vy is
) < ¢ 6
lsMux_ZNsv (6)

where N, is the total number of sidebands included in one
span of the comb. It is calculated as about 200 km/s when
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Fig. 3. Scanning speed proportional to frequency difference. :

N, >~ 800 (from span of 5-6 THz and modulation frequency
of 6.2 GHz in our case). The repetition rate vg is

Af = g < }—fv"l %)

S
The theoretical maximum repetition rate is about 7.5 MHz
when N; >~ 800.

The scan of a glass plate, as an object, in the depth
direction was demonstrated using the setup shown in Fig.
2(b), but we did not use a frequency shifter and beam scan-
ner because we were interested in demonstrating only the
principle of our OCT this time. The light source was an
Nd-YAG laser with a wavelength of 1319nm, an output
power of 100 mW, and a linewidth of < 10kHz. The OFCG
used in this experiment was the monolithic type consist-
ing of a monolithic FP cavity!” inside a microwave res-
onator. The monolithic cavity is a lithium niobate crystal
(1 x 1.2 x 22.4 mm?®) with high-reflection coating mirrors, of
a planar mirror (reflectivity R = 99.6%) and a convex mirror
(radius of curvature = 5 mm, reflectivity R = 99.6%). The
output of OFCG had a finesse of 400, modulation index of
0.187 rad, and span of 6 THz.

The output from OFCG1, an object beam, was reflected on
a glass plate of an object and interfered with the reference
beam for OFCG2. In the meantime, the modulated signals of
OFCGI1 and OFCG2 were mixed in a double balanced mixer
(DBM) and supplied as a trigger signal to an oscilloscope.
OFCGI and OFCG2 were modulated by the frequencies of
6.20233 GHz and 6.202319 GHz, respectively. The frequency
difference Af was 11 kHz, corresponding to a 275 m/s-depth
scanning speed.

In Fig. 4, the positive peak-to-peak signal is the scan range
and is about 25 mm. The positive-peak-to-negative-peak sig-
nal is the optical path difference between the front and back
reflection waves. It is about 1.32mm and is determined by
the thickness of the glass plate. Considering as an incidence
angle of about 45° to the glass plate, the measured thickness
of the plate was about 1 mm as shown in Fig. 4. This agreed
with the result of direct measurement. Since this experiment
is based on homodyne detection without a frequency shifter,
the signal is very sensitive to the phase of light. Therefore,
the signal shows positive and negative polarities as shown in
Fig. 4, however the polarity is not important in our system.
In our case, the depth resolution was equal to the pulse width
and measured about 100 um. It agreed well with the result
calculated using eq. (1).

The corresponding equivalent scanning speeds by the vari-
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ation of the frequency difference are shown in Fig. 5. As ex-
pected from the calculation using eq. (5), the scanning speed
was proportional to the frequency difference. However, the
resolution and signal-to-noise ratio were degraded for a fre-
quency difference of more than 100 kHz because the detected
beat signal was beyond the bandwidth of the photodetector
used. The bandwidth of the photodetector in this experiment
was about 3 MHz, while the condition of detection bandwidth
B should be

B> Af—, ®

32mm (AL/2 in vacuum)
100um

. N
25mm/90us

Signal

it

Trigger
Signal

Fig. 4. Measurement of the thickness of a glass plate; AL is the optical
path difference.

Scan speed Signal

25m/s 000 le———--
@ Af=1kHz - it

250m/s
@ Af=10kHz

2,500m/s
@ Af=100kHz

12,500m/s
@ Af=500kHz

Fig. 5. Measurement signal for different scanning speeds.
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where Af is the frequency difference, and N is the total num-
ber of sidebands in a comb span. In order to detect the beat
signal when the frequency difference is higher than 100kHz,
a photodetector with a bandwidth higher than 50 MHz is nec-
essary.

A high scanning speed of more than 12.5km/s and also a
high repetition rate of 500 kHz were achieved in a long scan
range of 25 mm. The resolution was about 100 um. In order
to increase the scanning speed and improve the resolution,
it is necessary to consider some improvements as follows:
First, to increase the scanning speed, it is more important
to increase the signal-to-noise ratio before using a detector
of higher bandwidth. For increasing the S/N ratio, a higher-
power laser, and an optical amplifier can be used to increase
the optical power. Another method is to use higher-efficiency
OFCGs. The conversion efficiency of a conventional OFCG
is less than 1%, but it can be increased to 30%.'%'9 Second,
to improve the resolution, the signal can be processed using
an optical filter and/or an electrical filter. On the other hand,
the expanded-span-type OFCG?? can be used. Thereby, the
span of OFC can be increased to more than 30 THz, and the
resolution can be improved to below 10 pm.

The authors would like to thank Professor F. Keilmann,
Max-Planck-Inst fur Festkorperforschung, for discussions
about dual-source interferometers, and Dr. A. Zvyagin,
University of Western Australia, for discussions about optical
coherence tomography.
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