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In order to realize the ultimate status of light and matter,
M. Ohtsu tries to control spatial and temporal properties of
light. The former corresponds to the research of photon scanning
tunneling microscopy ( photon STM ) and its application to nano-
fabrication which can open new era of nano-photonics. The latter
corresponds to developing laser frequency/phase controlling
technology. It should be pointed out that the photon STM is
closely related to the quantum optics, atom manipulation, high
density optical storage, biochemistry, and so on. And by this
relationship with a variety of field, photon STM and near-field
photonics exhibit rapid progresses. Further research will be done
to realize novel nanometric materials and devices by using nano-
structural optical probes of photon STM.

A "PHOTON CONTROL" project of Kanagawa Academy of Science
and Technology (KAST)(*), directed by Ohtsu is also engaged in
the research subjects described above. Twelve research staffs
including three visiting scientists from industries and three
visiting fellows from Sweden, Italy, and France have obtained
several results on photon STM and laser frequency/phase control.
Their details are be reviewed in this issue of the COLLECTED

PAPERS.
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(*) Address:
Photon Control Project,
Kanagawa Academy of Science and Technology,
KSP East, Rm 408, 3-2-1 sakado, Takatsu-ku,
Kawasaki-shi, Kanagawa 213, Japan
Phone: +81-44-819-2071

Fax: +81-44-819-2072
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Progress of High-Resolution Photon Scanning
Tunneling Microscopy Due to a
Nanometric Fiber Probe

Motoichi Ohtsu, Senior Member, IEEE

(Invited Paper)

Abstract—The present status of a photon scanning tunneling
microscope (PSTM) and its application are reviewed. In order
to realize a nanometric apertured fiber probe, a highly repro-
ducible chemical etching process was developed to realize a
sharpened fiber with the cone angle and tip diameter as small
as 14° and 3 nm, respectively. The possibility of tailoring the
shapes of the sharpened fibers was presented. Chemical etching
and nanometric photolithography were developed to fabricate a
metallic aperture with a diameter of 30 nm (or even smaller)
on the sharpened fiber tip. Imaging experiments with biological
specimens were carried out by operating the PSTM in the
collection mode and illumination mode geometries. Dependencies
of these images on the polarization state of the incident light
were found, and a resolution of 10 nm or even smaller was
achieved. Nondestructive inspection of dielectric optical waveg-
uides with subwavelength resolution was proposed by presenting
the diagnosed results of a proton-exchanged LiTaOz waveguide.
Possibilities of diagnosing nanometric active photonic devices
were also demonstrated through imaging experiments of semi-
conductor quantum dots. Experiments on fluorescence detection
from dye-doped nanometric polystyrene spheres confirmed the
enhanced efficiency of coupling of the fluorescence to the fiber
tip, and this was attributed to the spatially inhomogeneous
spontaneous emission due to the short-range electromagnetic
interaction between the sphere and probe tip. To demonstrate
the possibilities of nanometric fabricdtion, high density optical
storage, especially the photon-mode storage, was demonstrated
to realize a stored circular pit of 100 nin diameter on an organic
thin film. As an ultimate goal of fabrication to explore the future
technology of atomic-level material processing, an atom guide
using a hollow fiber and atom trapping by the illumination
mode PSTM were proposed to control the thermal motion of
freely flying atoms in vacuum. The concept of a virtual photon
based on an intuitive modeling of the localized evanescent light
was introduced to provide a semiclassical theory of the PSTM.
Transfer functions of the PSTM were calculated by using this
model, which agreed qualitatively with the experimental results.

I. INTRODUCTION

ESPITE the common use of optical microscopes for di-
agnosing photonic and electronic devices, rapid progress
of their high integration requires drastic improvements in the
performance of the optical microscope. A photon scanning
tunneling microscope (PSTM) has been developed recently
Manuscript received December 24, 1994.
The author is with the Interdisciplinary Graduate School of Science and
Engineering, Tokyo Institute of Technology, Yokohama 226, Japan, and the
“Photon Control” Project, Kanagawa Academy of Science and Technology,

Kawasaki 213, Japan.
IEEE Log Number 9412276.

to break through this diffraction-limit of the resolution of
the conventional optical microscopes in order to achieve
nanometric resolution.

The PSTM can be considered as one member of the scan-
ning probe microscope (SPM) family because a scanning probe
is used to scatter or generate an evanescent light. One may
think that the principle of operation of a PSTM is different
from that of other SPM’s, such as a scanning tunneling
microscope (STM) and an atomic force microscope (AFM)
because the PSTM measures the evanescent light while, e.g.,
STM and AFM measure the tunneled electrons and atomic
forces, respectively. However, as will be described in Section
VII, the principle of operation of the PSTM can be described
in the common framework of other SPM’s.

The PSTM has several advantages, such as operation capa-
bilities in different environments (including air, liquid, etc.);
possibilities of observing nonconductive materials and of mea-
suring optical spectral properties; and so on. Furthermore, it
can also be used for nanometric fabrication and manipulation.
Because of these advantages, studies on the PSTM have been
progressing rapidly in recent years.

Since the proposal of PSTM about 60 years ago [1], experi-
ments have been carried out by using microwaves [2]. Exper-
iments in the optical region started in the 1980’s by several
groups including the author’s [3]. Theoretical investigations
based on the electromagnetic theory have also been developed
[4]. The principal reason for the success in the optical region
after a half-century delay could be the development of the
nanometric probe fabrication technologies. Thus, the PSTM
study could be characterized as a novel field of optics and
photonics which is supported by nanofabrication technology.
Additional reasons could be the techniques used for scanning
the probe and of processing the images which were transferred
from those of other SPM’s developed in the 1980’s.

The PSTM can be considered as one of the applications
of the optical fiber sensor-based systems because the most
reliable PSTM probe is fabricated from an optical fiber.
However, it can also be considered as an exotic fiber sensor be-
cause it deals with the nonpropagating evanescent light while
conventional fiber sensors deal with propagating lights. Even
though the PSTM is an exotic fiber sensor, it can introduce a
new field of fiber sensors because future technologies require
high resolution in measurement and fabrication.

0733-8724/95$04.00 © 1995 IEEE
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Fig. 1. Configurations of the two modes of operation of the photon scanning
tunneling microscope (PSTM): (a) collection mode (C-mode); (b) illumination
mode (I-mode).

Listed below are possibly the most essential problems
to be solved for the growing field of PSTM study, which
are especially indispensable for contribution to optical fiber
sensors, photonics, and quantum optics.

1) Fabrication of high-performance probes, and improve-
ment in the resolution of imaging by using these probes.

2) Studies of novel physical phenomena, e.g., quantum
optical phenomena, which can be found by improving the
resolution of imaging experiments.

3) Atom manipulation.

4) Processing and fabrication of nanometric photonic de-
vices, and exploration of novel materials for these devices.

5) Development of theory.

This paper reviews the current status, and presents a future
outlook of the PSTM study by describing mainly the results
of recent studies related to above-mentioned problems. The
next section describes the principle of operation of the PSTM.
Section III reviews the fabrication technologies of probe.
Section IV describes the PSTM system, and demonstrates the
results of imaging experiments, in which the observations of
quantum optical phenomena are included. Section V reviews
the experimental results of high-density optical storage—an
apt example of nanometric fabrication. In Section VI, the
control of thermal motion of gaseous atoms in vacuum is pro-
posed, and calculated results will be given. A novel theoretical
model of the PSTM will be presented in Section VII. Section
VIII gives the summary and future outlook.

II. PRINCIPLE OF OPERATION

The basic parts of the PSTM are shown in Fig. 1(a) and (b).
Fig. 1(a) represents the configuration of the collection mode
(C-mode), in which a nanometric sample is irradiated by a
propagating light to generate an evanescent light whose power
is localized on the surfaces of the sample and the substrate.
Although the evanescent light is generated irrespective of
the incident angle of the propagating light [5], it is most
convenient if the light is incident into the substrate surface
under the condition of total reflection because the evanescent
light is selectively generated suppressing the transmitted and
scattered lights. Generated evanescent light is then scattered
by the probe, and the detected power of the scattered light
is displayed as a function of the position of the scanned
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Fig. 2. The schematic explanation of the reflection-resonance-type PSTM,
in which the magnitude of frequency shift, due to the phase change of the
optical cavity with a subwavelength aperture used as a probe, is measured by
the heterodyne detection method. Laser 1: Reference laser. Laser 2: The laser
which is phase-locked to the optical cavity.

probe to represent a three-dimensional distribution of the
evanescent light power, which provides information about
three-dimensional characteristics of the sample. Since the
resolution is limited by the volume of the scattered light, i.e.,
the size and shape of the probe tip, a high-resolution beyond
the diffraction-limited value can be realized when the probe
tip is smaller than the optical wavelength.

Fig. 1(b) represents the configuration of the illumination
mode (I-mode), where the evanescent light is generated from
the subwavelength aperture at the probe tip to shine the sample.
The evanescent light is then scattered by the sample to be
detected and displayed as the function of the position of the
scanned probe. The resolution is also determined by the size
and shape of the probe tip.

The advantages of the C-mode are that the polarization
state of the incident propagating light can be adjusted, and
the rapid decrease of the evanescent light power normal to
the surface can be used to control the sample-probe separation
by maintaining the detected light power constant (see Figs. 18
and 20).

The advantages of the I-mode are that the sample can
be selectively illuminated to realize the high contrast of
imaging of the sample, and that it can be used for nanometric
fabrication and atom manipulation (refer to Sections V and VI,
respectively). However, the problems are: the polarization state
of the evanescent light depends on the aperture structure in a
complicated manner, and an additional auxiliary servo-control
loop is required to control the sample-probe separation (refer
to Section IV-A).

It should be noted that the detected light power is low and
decreases with decreasing the size of the probe tip, which
means that the detection sensitivity is not compatible with
the resolution. In order to improve the detection sensitivity,
a method of measuring the phase change of the lightwave
has been proposed instead of measuring the light power.
Fig. 2 explains schematically the principle of operation, which
is called a reflection-resonance-type PSTM [6]. Here, the
evanescent light generated from the subwavelength aperture
on a small optical cavity facet is scattered by the sample.
Due to this scattering, the complex optical impedance of the
cavity facet varies slightly, which shifts the cavity resonance
frequency. Even though this frequency shift is small, it can
be measured by the heterodyne detection method between a
reference laser and the laser which is phase-locked to the



1202

cavity. The magnitude of the frequency shift obtained as
the function of the position of the scanned optical cavity
represents the three-dimensional image of the sample surface.
Since frequency shift as low as 4 x 10~* Hz has been
detected by the heterodyne-type phase locking technique [7],
this method could be more sensitive than the power detection
method. Theoretical estimation confirmed that the shot-noise-
limited lateral resolution of 1/400 times the wavelength can
be expected, and preliminary experiments for confirming the
cavity resonant frequency shift has been carried out [6], [8].

A similar experiment has also been carried out in the
microwave frequency region by using an interferometer to
achieve a resolution of 1/4000 times the wavelength [9]. A
future problem to be solved is to fabricate high finesse cavities
with subwavelength aperture.

The PSTM has also been called a scanning near-field optical
microscope (SNOM) because the probe is scanned in the near-
field region of the sample surface to scatter the evanescent
light. However, this microscope is called a PSTM in this
paper because physically essential features of the PSTM can
be understood by discussing it in the same framework of other
SPM’s as will be claimed in Section VII

III. FABRICATION OF PROBES

Several methods have been proposed to fabricate the probe,
which is the most essential device of the PSTM. The fabrica-
tion methods are, for example, pulling heated glass capillaries
[10] and sharpening quartz rods or optical fibers by chemical
etching [11], [12]. However, they have not yet achieved
sufficiently high reproducibility and, moreover, the tip diam-
eter of the fabricated probe has not been small enough for
resolving the nanometric-scale structure of the sample. To
solve these problems, a selective etching method widely used
in semiconductor VLSI chip fabrication was applied to sharpen
a single-mode fiber by using a buffered hydrofluoric (HF) acid
as an etching solution [13]. Subsections A and B describe the
processes of sharpening the fiber and forming a subwavelength
aperture, respectively. Subsection C reviews fabrication and
performance of other novel fiber probes.

A. Sharpening the Fiber

A fiber can be sharpened by utilizing the difference in the
etching rates between the core and cladding in a selective
etching solution of a buffered HF acid. Advantages of this
method are high reproducibility, mass production, capability
of tailoring the shape of the resulting fiber by controlling
etching condition, and so on—and are hence compatible to
industrialization.

A buffered HF acid with composition of 40% (weight%)
NH4F, 50%HF, and HoO was used for etching. Here, NH 4F
was used to decrease the dissolution rate of the GeOs-doped
core, which is explained as follows: the chemical reaction
of SiO, in the cladding with HF in water solution produces
H2SiFg, and that of GeO; in the core produces HoGeFg. As the
next step, they react with NH3, ionized from NH4F to produce
(NF4)2SiFg and (NH4),GeFg, respectively. The difference in
the solubility of the (NHy4)2SiFg and (NH 4);GeFg generated

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 13, NO. 7, JULY 1995

in the etching solution leads to the difference in the etching
rate between the core and cladding. Therefore, by adjusting
the composition of the etching solution, doping ratio of GeOs,
and the etching time, sharpened fibers with various cone angles
and tip diameters can be realized.

Although the above discussion attributed the reason for
sharpening the fiber only to the difference in etching rates be-
tween the GeO2-doped silica core and the pure silica cladding,
it is still uncertain why the fiber with uniformly GeO2-doped
core was sharpened and nanometric tip diameter was realized.
One of the other reasons may be the existence of a binding
energy distribution of the Si-O-Ge network along the core
radius, resulting from the residual stress which is generated by
the rapid cooling during the fiber fabrication processes [14].
During this etching process, polar materials such as H2O could
change the dissolution rate along the core radius. However,
since it has not yet been made. clear whether the nanometric
silica maintains characteristics of amorphous (see Subsection
A-3-b), more intensive studies on properties of nanometric
silica could be required.

Several experimental results are reviewed below (details
have been reported in [15] and [16]).

1) One-step etching: Since the buffering condition was
controlled by varying the volume ratio X of NH4F, the
composition of the used etching solution will be identified by
the value of X in this paper, while maintaining the volume
ratio of HF to H,O at 1: 1. The solution temperature was
maintained at 22 + 1°C. By introducing the fiber into this
solution, the core was selectively sharpened. A typical SEM
(scanning electron microscope) micrograph of a fiber having
23 mol% GeOy-doped core after etching in X = 10 for a
duration of 120 min is shown by Fig. 3(a). The tip diameter,
i.e., the curvature diameter of the fiber tip can be estimated
to be around 3 nm from Fig. 3(b), which is even smaller than
that of the conventional pyramid tips attached to cantilevers
used in the AFM; and the cone angle is around 20°. Although
it has been reported that the cone angle 8; depended only on
the doping ratio [17], we found that #; depended also on X,
especially in the case of the fiber with the highly GeO2-doped
core. This dependency is shown by Fig. 4 for several fibers of
different doping ratios. It should be noted that the values of 6,
for curves A, C, and D can be larger than 180° for X < 1.6.
This means that the core is etched at a rate faster than that of
the cladding, resulting in a fiber with concave facets. However,
with increasing value of X, 6; decreases, and for X > 4, 6, is
almost constant and it is independent of slight fluetuations in
the composition of solution as §; will be determined by doping
ratio. The minimum of #;, as small as 14°, was realized for
the case of curve E. In the following discussions, the core of
our fibers has a doping ratio around 23 mol%.

Finally, it is worth mentioning that we have succeeded in
reaiizing identical nanometric tips (see [16], Fig. 2) by etching
a dual-core fiber, i.e., two cores in a common cladding.

2) Two-step etching: As seen from Fig. 3(a), the cladding
face has a diameter of 90 pm, in contrast to the length of
sharpened core of about 10 pm. Due to this large difference, in
practical situations of scanning a sample with this probe, there
are chances for the sample to be hit by the large cladding face,
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Fig. 3. (a) An SEM micrograph of the fiber sharpened by the one-step
etching with cladding diameter of 90 pm. (b) A magnified SEM micrograph of
the fiber tip. The original tip with the diameter of 3 nm, coated with 7-nm-thick
Pt/Pd, is covered by contamination C¢ with the thickness of 22 nm.

and hence damage caused to the sample. In order to overcome
this difficulty, a two-step etching process was proposed: in the
first step, the cladding diameter is reduced; in the second step,
the core is sharpened by the method discussed above. In the
first step, an etching solution, with X being 1.7, was used in or-
der to have equal etching rates for the cladding and the core. It
was found that the reduction rate of the cladding diameter was
0.95 pm/min for the fiber with 23 mol% GeO»-doped core.
The second step involves the sharpening of the core by
the one-step etching method described in Subsection A-1,
with values of X being greater than 3. Due to this step, an
additional decrease of the cladding diameter by about 20 pm
was introduced, with fluctuations of final cladding diameters
etched under the same condition being as small as 1.5 pym.
Fig. 5 shows the SEM micrograph of the sharpened fiber with
a cladding diameter of 7.9 pm, which was reduced from
the original value of 125 pm. However, when reducing the
diameter of cladding, one should remember to maintain the
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Fig. 4. Dependence of cone angle 6, of the sharpened fiber on the volume
ratio X of NH4F. Curves A, B, C, and D are the results for fibers with a
GeO2-doped silica cores with ratios of 23, 14, 8.5, and 3.6 mol%, respectively.
Curve E represents the result for the fiber with 22 mol%GeO2-doped silica
core and 2.1 mol% F-doped silica cladding.

Fig. 5. An SEM image of the fiber sharpened by the two-step etching. The
cladding diameter has been decreased to 7.9 pm.

optical transmission loss at a minimum; the cladding diameter
has to be at least twice the core diameter.

Apart from solving practical problems while scanning, the
two-step etching makes the fiber flexible due to the reduced
cladding diameter, and hence it can be very easily used as a
cantilever in AFM, which is used in the I-mode PSTM for
servo-control.

3) Fabrication of other sharpened fibers: Next, fabrication
processes of a pencil-type fiber and a flattened-top fiber are
reviewed.

a) A pencil-type fiber: The sharpened fibers described in
Sections I-A-1 and I-A-2 have a discontinuous step at the
boundary between the core and cladding. This could lead to
the problem of improper coating of metallic film around this
boundary when used for fabricating subwavelength apertures
(refer to Section III-B).

In order to solve this, a pencil-type fiber has been fabricated
by a four-step etching, explained schematically in Fig. 6 [18].
In this process, the first step tapers off the cladding. Here,
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Fig. 6. Schematic explanation of the four-step etching process for fabricating
a pencil-type fiber.
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(a) An SEM micrograph of the pencil type fiber. (b) A magnified
SEM micrograph of (a).

Fig. 7.

to avoid etching of the cladding by the vapor of the etching
solution, a layer of silicon oil was spread over the etching
solution. In the next step, by etching in HF acid alone, the
core is etched faster, with the result of a dip in the core. The
third step simultaneously makes the ends of core and tapered
cladding flat. Here, the value of X need not be accurately
adjusted, as the requirement is only to etch away the cladding
peaks on either sides of the core valley. The fourth step
sharpens the core by the same process as in Section A-1.
Fig. 7(a) and (b) shows the SEM image of the pencil-
type fiber and its magnified image, respectively. Here, the tip
diameter is smaller than 10 nm.
b) A flattened-top fiber: Next, we discuss the fabrication
of a fiber with a nanometric flat top by a three-step etching
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Fig. 8. (a) An SEM micrograph of a flattened-top filter. (b) Variation of tip
diameter and shape as a function of etching time. Closed circles, squares, and
triangles represent rounded, flattened, and intermediate shapes of the fiber
tips, respectively.

method. Although this type of fiber has been previously
fabricated by the heating and pulling method [19], the present
etching method can realize higher reproducibility and smaller
size.

This is fabricated by a further etching of a sharpened fiber
fabricated by two-step etching as discussed in Subsection A-
2 for about 2 min in 10 times diluted solution of X = 10.
The result is shown in Fig. 8(a), and it has a trapezoidal top
in contrast to Figs. 3(b) or 7(b) which have a triangular top.
By this method, a trapezoidal cross section as small as 15-20
nm could be realized [20]. The flattened-top fibers could be
advantageously used for fabricating a subwavelength aperture
by coating a gold film on sides of the trapezoid and for fixing
dye molecules on the top to realize a super-tip (refer to Section
II1-C).

It has been found that the cross-sectional shape of the top
of the fiber varied between trapezoidal and triangular shapes
almost cyclically, and this variation is shown in Fig. 8(b).
The origin of such a pseudoperiodic variation is not found
straightforwardly from the knowledge of the etching process
of bulky amorphous silica glass. Since the nanometric top of
the fiber core is composed only of several hundreds of atoms,
it may have different properties from that of bulk amorphous
material, and further studies of nanometric properties of glass
are required.
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Gold

Fig. 9. An SEM micrograph of the gold-coated probe with the protruded
fiber tip.

Apart from the success in the development of etching tech-
niques for fabricating sharpened fibers of various shapes out of
a special expensive fiber with high GeO2-doped core, we have
recently succeeded in developing modified etching techniques
suitable for commercially available multimode fibers having
relatively low GeO,-doped core. Furthermore, we have found
that our etching technique (Section I-A) can be successfully
applied also to sharpen Ert-doped fibers used as optical
amplifiers, and hence this can be expected to be used as a
functional probe with optical gain.

B. Fabrication of a Subwavelength Aperture

A subwavelength aperture must be fabricated at the top
of the sharpened fiber developed by techniques inSsection
III-A in order to suppress scattering (C-mode) or generation
(I-mode) of low spatial-Fourier frequency components of the
evanescent light. In this subsection, we discuss two methods
of fabrication of such subwavelength apertures at the top of
the sharpened fiber. In either method, the initial common step
is that of coating the sharpened fiber with a metallic film
of sufficient thickness to block unwanted light. We used a
skin-thick layer of gold for optical attenuation of 30 nm, and
the thickness of the coat was around 150 nm. For stronger
adhesion of the coated gold film to the fiber, it is necessary to
coat a chromium film of several nanometer thickness prior to
the coating of the gold film. The second common step involves
coating of a guard layer, such as a coat of acryl resin or
photoresist discussed in Subsections B-1 and B-2, respectively

1) Chemical etching by KIl/I; solution: In this method,
first, the metal-coated fiber was dipped into an acryl resin
solution having low viscosity so that the topmost portion of
the fiber is free of resin coat with only gold film exposed.
When this fiber is next etched in an etching solution to etch
gold, only the top of the fiber could protrude out of the cold
film as shown in the SEM micrograph of Fig. 9. The etching
is done by commonly used KI/I solution, which is a 50-200
times diluted form of the solution with the weight fraction
of KI: Io: H;O = 20: 1: 400 and the etching times varied
between a few minutes and 15 min at room temperature.
Although, as seen from Fig. 9, the diameter at the foot of
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Fig. 10. The relation between the fiber—prism separation z and the measured
dithering amplitude, which represents the magnitude of the shearing force.

the protruded fiber is found to be 30 nm, its real value could
be even smaller as it is buried in the contamination at the
stage of SEM observation. The effective aperture diameter
governing the resolution can be even smaller because the high
spatial-Fourier frequency components of the evanescent light
are preferably scattered (C-mode) or generated (I-mode) at
the protruded fiber tip.

2) Nanometric photolithography: This method is based on
photolithography, and it consists of four steps: 1) coating of
photoresist on a gold-coated fiber; 2) removal of photoresist
from only the top of the fiber by exposure to evanescent light
and development; 3) removal of gold film by KI/I; etching
method described above; and 4) removal of remaining pho-
toresist film (refer to Figs. 11 and 12, which give results of the
second and fourth steps). Although this method of fabricating
a nanoaperture seems to be a little elaborate compared to
that of Ssection III-B-1, this is the first demonstration of
the possibility of performing three-dimensional nanometric
photolithography, and it is also possible to control accurately
the protruded region having a gold coat.

Next, we will describe the first and second steps in de-
tail, as they were developed especially for performing three-
dimensional nanometric photolithography. In the first step, a
droplet of the photoresist generated at the top of a syringe
was made to touch the top of the gold-coated fiber. When the
syringe was lifted up, leaving the droplet on the top, a bell-
shaped layer of photoresist following the contour of sharpened
fiber or just a block of photoresist is formed depending on the
cladding diameter. In order to realize a proper bell shape, it is
essential to have an optimum cladding diameter of around 25
pm, which could be easily fabricated by the two-step etching.
The thickness of the coated photoresist was about 100 nm
(reproducibility was confirmed to be sufficiently high).

Next, to selectively expose the top of the sharpened fiber
with a bell-shaped photoresist layer, an evanescent light was
employed. The evanescent light was generated on the flat
surface of a prism by irradiating the He-Cd laser light of
wavelength 422 nm under the condition of total reflection.
Here, it was essential to control accurately the separation
between the top of the fiber and the prism surface for achieving
high reproducibility of the size of exposed volume. A shearing
force was monitored by the method described in Section
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Fig. 11. SEM micrographs of the photoresist (a) before and (b) after the
exposure/development.

Fig. 12. An SEM micrograph of the probe fabricated by the method of
nanometric photolithography.

IV-A, and was used for this control. Fig. 10 shows the
relation between the fiber—prism separation and the measured
magnitude of the shearing force, from which it is found that
a magnitude of the shearing force changes rapidly when the
fiber—prism separation is smaller than 10 nm. The separation
was fixed to be 5 nm by using this rapid decrease for high-
gain servo-control of the position of the fiber. The He—Cd laser
power incident into the prism was 25 mW, and exposure time
was 130 ms.

Fig. 11(a) and (b) represents the SEM micrographs of
the surface of the photoresist before and after the expo-
sure/development, respectively. Comparison between the two
views shows that the area with a diameter smaller than 200 nm
was selectively exposed. Fig. 12 shows the SEM micrograph
of the final result, showing the root of the protruded fiber to
have a diameter smaller than 50 nm.

This novel photolithography could be significant in the sense
that nanometric fabrication is possible by inducing photochem-
ical reaction of a few tens of molecules of photoresist confined
in the three-dimensionally nanometric dimension even if the
evanescent light is two-dimensional. Thus, it can be claimed
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Fig. 13. An optical microscopic image of the fluorescence from the Rho-
damine 6G dye droplet fixed on the flattened-top fiber (left) and its schematic
explanation (right).

that this method demonstrated the possibility of fabricating op-
tically the three-dimensional nanometric materials, and can be
used for future fabrication technology of nanometric devices.

Finally, considering the minimum diameter fabricated by
either of these methods, the governing principal factor could be
the clustering of gold atoms at the stage of coating. Although
the diameters of these clustered grains were about 10 and
30 nm for the cases of a conventional vacuum evaporation
unit (Fig. 9) and sputter (Fig. 12), respectively, this diameter
can be decreased to several nanometer if, e.g., more advanced
vapor deposition techniques are used. However, it should be
noted that the aperture diameter observed by the SEM gives
only an auxiliary measure to estimate an near-field optically
effective diameter of the aperture. For accurate estimation
of the effective diameter, one should measure the spatial
distribution of the evanescent light power generated at the top
of the sharpened fiber.

C. Other Novel Probes

Several varieties of novel probes have been proposed by
other groups. Some of them have been called “super-tip”
because they can convert optical signal to other physical
signals or vice versa [21]. As a first example, a cleaved
edge of a GaAs crystal was used for a light-emitting probe
by forming a Schottky contact consisting of GaAs as the
semiconductor and aluminum as the metallic contact on the
two adjacent cleaved faces [22]. Its advantage is that the
opto-electronic conversion can be integrated into the probe
itself. The second example is a pH sensor fabricated by in-
corporating fluorescelnamine into an acrylamide-methylenebis
(acrylamide) copolymer which was attached covalently to a
silanized fiber tip surface by photoinitiated polymerization
[23]. Its advantage is short response time of around several
milliseconds due to the small size. Further developments in
fabrication technologies are still required as the former is still
two-dimensional in its shape, while the latter is about 1 ym in
size. Hence, it is necessary to improve the spatial resolution
by reducing the sizes of these probes.

As an example of such a super-tip, Fig. 13 shows the optical
microscopic image of the fluorescence from the Rhodamine
6G dye droplet fixed on the flattened-top fiber with the 1-ym
diameter of the upper side of the cross-sectional trapezoid.
Although the size of this preliminary super-tip is still as large
as optical wavelength, further reduction in the size can be
expected, which can be used as a nanometric light source to
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Fig. 14. The experimental setup of the C-mode PSTM.

study, e.g., the cavity quantum electrodynamic phenomena to
be described in Section IV-B-2.

In another variation of novel probes, a small particle sus-
pended in a solution trapped by a focused laser beam can act
as a probe [24]. It can be advantageously used to observe, e.g.,
biological samples in water without damaging their surfaces
because the optical force pressing the particle to the sample
surface is even smaller than the atomic force. However, an
essential disadvantage is that control of the particle position
becomes more difficult with decreasing the size of the particle,
because it is trapped by using conventional far-field optics
which is not compatible with the near-field optical microscope.

IV. IMAGING EXPERIMENTS

A. System

Generally, a typical C-mode PSTM system is as shown in
Fig. 14, with a light source which in this case is a semiconduc-
tor laser of wavelength 780 nm and a maximum output power
of 30 mW for the possibility of doing amplitude modulation
and hence conduct phase sensitive detection. Either the sample
mounted on the prism or the sharpened fiber probe is placed
on an XYZ piezo-scanner. The picked up light reaches a
photodetector to be converted to an electrical signal, and the
remaining scanning control and the image processing unit are
the same as that for an SPM.

Fig. 15 shows the variation of detected power as a function
of z for different cone angles of the probe plotted in a semi-
log scale, from which it is found that the typical detected light
power is several picowatts because the prism—probe separation
is usually fixed to be about 10 nm. Curve A of Fig. 16
shows the power spectral density of the relative intensity noise
associated with such a low optical power detection by the C-
mode PSTM, where the laser power incident into the prism
was 10 mW. The line B is the reference level representing
the relative intensity noise of —40 dB, which corresponds to
the error variance of 1 nm?/Hz for measuring the prism—probe
separation, i.e., normal resolution of 1 nm at 1 Hz bandwidth of
the measurement. It was confirmed that magnitudes of electric
noises and laser power fluctuations were lower than the value
of curve A.

On the other hand, line C represents the estimated shot
noise level of photodetection, which corresponds to the normal
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Fig. 15. The detected evanescent light powers as a function of the
prism-probe separation. A semiconductor laser of 780 nm wavelength and
of 30 mW output power was used as a light source. Five families of results
were obtained by using fibers sharpened by one-step etching without coating
the metallic film. Their cone angles are 100° (A), 45° (B), 34° (C), 25°
(D), and 20° (E).
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Fig. 16. The power spectral density of the relative intensity noise associated
with the C-mode PSTM, where the laser power incident into the prism was 10
mW. A: Measured value. B: Reference level representing the relative intensity
noise of —40 dB, which corresponds to the error variance of 1 nm?/Hz for
measuring the prism/probe separation. C: Estimated shot noise level.

resolution of 3 x 1073 nm at 1 Hz bandwidth by referring
to curve B. Although it is assumed that the photon energy
of the evanescent light is equal to that of the conventional
propagating light for estimating the shot noise level, it may
not be sufficient to consider only the zero-point fluctuations
of the light field for this estimation. Instead, the magnitude
of zero-point fluctuations of a small number of elementary
excitations should be estimated because the shot noise is
generated at the point where the evanescent light field and
the optically induced polarizations couple between each other
at the sample surface. In this sense, it should be noted that
the specific noise is included in the evanescent light detection,
which is different from the noise properties of detecting the
conventional propagating light.

It is found (by comparing curves A and C) that the principal
noise source at the Fourier frequency f lower than 10 Hz
was the acoustic vibration and thermal drift of the fiber, while
that for f > 10 Hz is the shot noise. Curve A shows that
the acoustic vibration and thermal drift limited the normal
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resolution at f = 1 Hz to be 0.1 nm at 1 Hz bandwidth.
Careful acoustic shield and temperature control are required
to improve the normal resolution.

The sample should be carefully fixed on the substrate to
avoid unwanted scattered light sources. Although one of the
advantageous properties of the PSTM is the capability of ob-
serving the sample in air, one should carefully avoid attractive
force due to the electric charges on dielectric surfaces, water
capillary effect due to water molecules in the gap between the
sample and probe, and so on. Processes of fixing biological
samples on the substrate could be almost the same as the ones
used for the AFM measurements. Although the PSTM can
also be operated in water, positioning of the probe should be
carefully controlled, otherwise it will be disturbed by surface
tension of the water and Brownian motions of water molecules.

In the case of the C-mode operation, sample—probe sep-
aration can be controlled by utilizing the rapid decrease of
the detected evanescent light power. However, such an opto-
electric servo-control is not possible in the I-mode. In order to
overcome this difficulty, an auxiliary method of controlling
the sample—probe separation has been used in the I-mode
by monitoring the shearing force, i.e., a lateral atomic force
between the sample and the probe [25]. In order to do this,
the probe is dithered laterally at its resonant frequency, and
the dither vibrations are detected by shining laser light on
the probe, and measuring the scattered light power through
synchronous detection. When the sample—probe separation
is made to be smaller than 10 nm, the dithering amplitude
decreases rapidly as shown in Fig. 10. Thus, the sample—probe
separation can be controlled accurately for maintaining the
shearing force constant.

An alternative method of detecting the atomic force between
the sample and probe is required when imaging fragile samples
such as biological specimens, as they could be easily damaged
by the laterally dithered probe. One such method is shown
in Fig. 17(a), that is, the probe fabricated by the two-step
etching is scanned by tilting its axis as small as 5°. The
magnitude of deflection of the tilted probe due to the atomic
force can be easily measured by detecting the scattered laser
power. The reason for this tilted probe being sensitive to the
atomic force is due to its decreased cladding diameter, which
causes it to bend easily. Fig. 17(b) shows the dependence of
measured atomic force on the sample—probe separation. Since
this force exists in the vicinity of the sample surface, very
high gain can be obtained for servo-control. One problem is
the coupling between the X - and Y-components of deflection
characteristics due to axially symmetric shape and spring
constant of the fiber, resulting in fluctuations of the probe
along the Y -axis, while it is scanned along the X-axis of the
sample surface.

B. Experimental Results

1) Biological specimens: Biology could be the field in
which optical microscopes have been popularly used for a
long time. Among the most significant biological specimens,
thicknesses of cell walls, sizes of functional polymers such
as ion channels, sizes of intracellular connecting elements,
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Fig. 17. (a) Schematic explanation of detecting an atomic force between the
sample surface and fiber probe tip with decreased cladding diameter, whose
axis was tilted about 5°. (b) Dependence of measured atomic force on the
sample—probe separation z.

diameters of actin filaments, and so on are in the order of
nanometers and have been preliminarily observed by using
a differential contrast video microscope, SEM or TEM, and
AFM. Since observations by optical methods could provide
unique information about these specimens, it is significant to
obtain the images of several nanometric biological specimens
by the PSTM. As a first step, we have obtained the images of
bacteriophage T4 with a spherical head of 100 nm diameter
and cylindrical tail of 10 nm diameter [26]. As a second step,
we used the following two biological specimens as samples
for more advanced imaging experiments of the C-mode and
I-mode PSTM, respectively.

a) Flagellar filaments of salmonella: This has been
known as a representative example of a molecular motor.
Fig. 18(a) shows the transmission electron micrograph of
stretched straight filaments [27]. From this figure, the diameter
of the filament can be found to be 25 nm. In order to do the
imaging by the C-mode PSTM, the filaments were fixed on a
glass plate. A fiber sharpened by the two-step etching, having
a subwavelength aperture fabricated by the method of Section
III-B, was used as a probe. Although the aperture diameter
observed by SEM was 30 nm, it should be smaller than this
value because of the effect of the contamination on the surface
of the protruded fiber. The sample—probe separation was fixed
at 15 nm. Fig. 18(b) and (c) shows the images taken by the
C-mode PSTM of the same filaments randomly oriented on
the glass substrate for s- and p-polarizations of the incident
laser beam of wavelength 488 nm, respectively. In the two
views, the direction of laser beam propagation was from
the upper left to the lower right, and it can be seen that the
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Fig. 18. (a) Image of linear flagellar filament of salmonella taken by a
transmission electron microscope. Gray-scale optical images of the same
filaments taken by the C-mode PSTM under the irradiation of (b) s- and
(c) p-polarized lights. Scanning areas are 5 yem X 5 jem. Arrows represent the
directions of propagation of the incident light used to irradiate the sample.

filaments oriented perpendicular to this direction are seen with
higher contrast. Furthermore, a comparison between these two
figures shows that higher resolution was obtained for the case
of s-polarized light.

The reason for this dependency of resolution of imaging on
the state of polarization of incident light can be explained with
the help of the schematic shown in Fig. 19(a) and (b). Here,
the evanescent light is interpreted or considered as the field
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Fig. 19. Schematic explanation of directions of polarizations induced by the
incident light. The broken curves represent the electric lines of force of the
evanescent light. (a) s-polarization. (b) p-polarization.
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Fig. 20. (a) Magnified gray-scale optical image of a part of the filament by
scanning the probe tip with 20 nm incremental step. (b) Cross-sectional profile
of the detected signal intensity across the line indicated by arrows in (a).

mediating the short-range electromagnetic interaction between
the polarizations which are induced by the incident light on
the surface. In the case of s-polarization, the direction of the
induced polarizations are parallel to that of the filament axis, as
shown by Fig. 19(a), because the direction of the electric field
vector is parallel to the filament axis. Then the electric lines
of forces of the evanescent light bridging the neighborhood
polarizations are also parallel to the filament axis. Thus, when
the probe tip is scanned perpendicular to the filament axis,
these electric lines of forces can be reoriented to the probe
tip mainly from the filament. On the other hand, Fig. 19(b)
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Fig. 21. Gray-scale optical images of neuron cells and branching axons taken simultaneously by the (a) I-mode PSTM and (b) the shearing force microscope,
respectively. Scanning areas are 50 gm x 50 pm. The symbols Cc and Az represent the section of neuron cell and branching axon, respectively.

shows that the electric field of the p-polarized incident light
can induce the polarizations which are not parallel to the
filament axis. As a result, the electric lines of forces can be
reoriented to the probe tip not only from the filament but
also from its vicinity. Hence, due to this difference in the
spatial distributions of reoriented electric lines of force of
the evanescent light, the s-polarization could realize higher
resolution.

Fig. 20(a) shows the magnified image of the part of a
filament with a cross-sectional profile of the detected signal
intensity across the line shown in this figure. The width at
half-maximum of this profile is found to be 50 nm. Here,
the increment during scanning was 20 nm. By considering
these numerical values, a comparison to the width of the
filament found from Fig. 18(a) could give a rough estimation
of resolution to be smaller than 10 nm, which is smaller than
the aperture diameter estimated using the SEM. The origin of
such a high resolution could be that the evanescent light was
preferably scattered at the top of the protruded fiber, as was
pointed out in Section III-B.

Furthermore, it has been found that the resolution de-
teriorated with increasing the sample—probe separation and
increasing aperture dimension. These dependencies agree qual-
itatively with the characteristics of transfer function of the de-
tection efficiency of the evanescent light, i.e., the dependency
of the detection efficiency on the spatial-Fourier frequency,
estimated by using a virtual photon model to be discussed in
Section VIIL.

One of the major significances of this imaging is that the
resolution as high as 10 nm (or even smaller) was achieved by
using only a narrow-bandwidth opto-electrical servo-control
of the sample-probe separation without using an auxiliary
method such as shearing force. The principal reason for this
success. is due to the use of an aperture as small as 30 nm
(or even smaller) fabricated on the sharpened fiber in a very
reproducible manner. Such a high resolution has never been
reported, to the author’s knowledge, in the literature published
previously for the C-mode PSTM. Although it has not been
straightforward to observe this specimen by using an AFM
without injuring its fragile surface, a clear image was obtained
by using the C-mode PSTM.

b) Subcellular structures of neurons: We have imaged
subcellular structures of neurons obtained from the hippocam-
pus region of the brain of a wistar rat [29] by I-mode PSTM
employing aperture fabricated from metal-coated flattened-top
fiber (Section III-A-3) operated with shear force feedback
control (Section III-B-2). The neuron samples have been
nonspecifically labeled with tracing blue and gold colloid
particles of diameter 23 nm, and the illumination wavelength
was 488 nm.

Fig. 21(a) and (b) shows the respective PSTM and topo-
graphic images observed simultaneously, with C'c showing a
section of neuron cell and Az indicating branching axon. In
spite of the correspondence of structures in (a) and (b), the
resolution and contrast of topographic image is very poor due
to larger tip diameter resulting from metal coat and larger
thickness of the biological sample. Furthermore, labeling of
the sample with dye has very much enhanced the contrast of
PSTM images.

Fig. 22(a) shows a magnified image of a branching axon
shown by Fig. 21(a). Bundles of microtubules can be seen
that lie parallel to each other. From a cross-sectional profile
of the detected signal intensity shown by Fig. 22(b), at the
narrowest part, the width at half-maximum was found to be
25 nm. This value is almost the same as the diameter of
the microtubules estimated from SEM or TEM observation
of extracted microtubules from branching axon. In our obser-
vations, the probe was scanned with 12-nm incremental steps.
An origin of such a very high resolution could be attributed to
the edge effect of the circular boundary between the flattened
top of the fiber and the coated gold film, as has been pointed
out qualitatively [29]. One of the major significances of this
imaging was the capability of high resolution, as high as that
of AFM, in imaging the microtubules lying under the protein
sheath of the branching axon, without removing the sheaths as
has been done for making observations by AFM or TEM.

2) Photonic devices and related materials: High-resolu-
tion diagnostic techniques for photonic devices could be of
more demand in the future because of their growing compact
sizes and improved performances. Results of diagnosing
photonic devices and their related materials are reviewed
in the following subsections.

11
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Fig. 22. (a) Magnified gray-scale optical image of a branching axon of
Fig. 21(a), in which several microtubules can be seen. Scanning area is

1 pm X 1 pm. (b) Cross-sectional profile of the detected signal intensity
across the central part of the microtubules indicated by arrows in (a).

a) A Dielectric optical waveguide: This is a representa-
tive example of passive photonic devices. For their material
analyses, mass spectroscopy using secondary ion-mass spec-
troscopy (SIMS) has been popularly used. For evaluating the
propagation loss, a cutback method, a scattering method, an
interferometric method, and a method using a TV camera
have been conventionally employed [30]. The problems of
these methods are that the resolution could not go beyond
the diffraction-limit even though the maximum measurable
size could be as large as several centimeters (or even larger).
Furthermore, the diagnostics using SIMS and the cutback
method are destructive inspections. The C-mode PSTM can
realize a nondestructive and high-resolution inspection if the
evanescent light generated on the waveguide surface is picked
up while guiding the light through the waveguide. A prelimi-
nary experiment has been reported by Tsai et al. [31].

Fig. 23(a) shows the profile of the guided mode of a Y-
branched single-mode waveguide with the stripe width of 3.8
pm made of a proton-exchanged LiTaOj crystal, which was
observed by the C-mode PSTM by guiding light of wavelength
680 nm [32]. The probe with relatively large aperture could
be used for these measurements because such a waveguide
is much larger than the optical wavelength. However, the
problem was that the probe was attracted toward the sample
surface and thus deformed due to the attractive force induced
by the electric charges stored on the ferroelectric LiTaO3
surface. In order to reduce the effect of this attraction, the
probe was dithered laterally as was the case for detecting
the shearing force. By this operation, a small elliptic bright
spot of diameter 500 nm along the major axis of the ellipse
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Fig. 23. (a) Gray-scale optical image of the profile of the guided mode of a
proton-exchanged Y-branched LiTaO3 single-mode waveguide with the stripe
width of 3.8 um, which was observed by the C-mode PSTM. (b) Gray-scale
optical image of the measured elliptic bright spot of diameter 500 nm along
the major axis of the ellipse, which was attributed to the scattered guided
light in the vicinity of surface.

was found in the near-field region, as is shown by Fig. 23(b).
This can be attributed to the scattering of the guided light in
the vicinity of the surface which could be originating from
the spatial inhomogeneity of the exchanged proton density or
contamination on the surface. Thus, the capability of finding
subwavelength scattering sources can improve the accuracy in
designing the mask for forming the guiding layer so that the
guiding loss of the waveguides can be decreased.
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(100) GaAs substrate I

Fig. 24. (a) Schematic illustration of the shape of two-dimensional array of GaAs quantum dots with the base diameter of 750 nm grown on an SiO2/GaAs
substrate. (b) Gray-scale optical image of quantum dots measured by the I-mode PSTM (left: scanning area is 3 ym X 3 pm) and its magnified image

(right: scanning area is 1 pgm X 1 um).

Guided power variation along the waveguide axis was
also measured at the Y-branching region, and the variation
rate was estimated as —1.2 x 10~! dB/um, which agreed
with the calculated result using the beam propagation method
(BPM) by assuming steplike lateral profile of refractive index
of the guided layer. This measurement could be significant
for the possibility of obtaining experimental results of the
high resolution of conducting two-dimensional nondestructive
inspection for the first time.

b) A semiconductor quantum dot: This is an example of
a submicron device used for fabricating active photonic de-
vices such as semiconductor lasers [33]. Fig. 24(a) shows a
schematic illustration of the shape of two-dimensional array of
GaAs quantum dots with the base diameter of 750 nm grown
on an SiO,/GaAs substrate. Since the size of each dot is of
subwavelength dimension, only the optical spectral properties
integrated over several dots have been measured so far, which
could average out the quantum size properties of an individ-
ual dot. However, it can be expected that a high-resolution
measurement by the PSTM will overcome this difficulty.

Fig. 24(b) shows the image of quantum dots measured by
the I-mode PSTM, with simultaneous use of shear force to
control the sample-probe separation. Because of the large size
of the quantum dot, an aperture as large as 100 nm could be
used to obtain an individual image of the dot. Since the sample
is opaque at 680 nm wavelength of the light source, the light

reflected from the sample surface was detected. Here, a high
contrast was obtained due to the difference in reflectivities
between GaAs and SiO. For this reflection measurement, the
evanescent light illuminating the sample got scattered on its
surface and was picked up again by the apertured probe. The
light power transmitted through the aperture was measured
at the end of the fiber by using a fiber-beam splitter. Here,
the transmission occurring through the aperture twice could
be advantageous in the sense that the contribution of the low
spatial-Fourier frequency components of the detected light are
reduced effectively; hence, images with higher contrast could
be obtained as compared to that from a single transmission
through the aperture.

The next step could be to measure the photoluminescence
spectral profile from each quantum dot. For this, the sam-
ple should be cooled down in order to avoid the spectral
broadening or decrease of quantum efficiency. Although this
measurement has never been carried out, spectral profiles
emitted from excitons in the GaAs/AlGaAs single quantum
well with 2.3 nm thickness have been observed at a temper-
ature of 2K [34]. The sample was irradiated by pumping the
light through the aperture with the diameter as large as 100
nm, and the sharp emission spectral profiles from different
emission sites with different potential energies were separately
measured. Furthermore, the diffusion length of the exciton and
the fluctuation magnitude of the quantum well thickness were
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estimated. As a related experiment, emission from the quantum
wire has been detected at low temperature [35].
c¢) Fluorescence detection from dye molecules: Fluores-

cence from dye molecules has also been detected. Especially,
the fluorescence from a single dye molecule was detected,
and molecular orientation was estimated by irradiating the
pumping light through the aperture with the diameter as large
as 100 nm [36]. The quenching process of this fluorescence and
reversible variation of fluorescence intensity with time interval
of several tens of seconds were also measured. Furthermore,
 the effect of metallic film coated around the aperture on the
fluorescence lifetime was also studied with the time scale of
several nanoseconds [37], [38].

It can be expected that the fluorescence spectroscopy of
a single dye molecule by the PSTM described above is
widely applied, such as labeling biological samples. This is
because the fluorescence spectral profiles, the lifetimes, and
the quantum efficiencies of the dye molecules depend strongly
on their surroundings. However, the principal problem in
fluorescence detection from the single dye molecule could
be its sensitivity. A solution to this problem could be the
development of a novel probe for the I-mode operation that
has high efficiency of guiding the light to the aperture while
suppressing the heat induced by thermal dissipation.

On the other hand, increase in detection sensitivity can
be expected by considering the coupling between the sample
and probe due to the short-range electromagnetic interaction.
From the viewpoint of such a coupling, an experiment was
carried out to study the increase in detection efficiency, which
is schematically explained by Fig. 25(a). Polystyrene spheres
doped with Rohdamine dye molecules of 110 nm diameter
were used as the sample. An argon ion laser (wavelength
488 nm) was used for excitation, and the fluorescence emitted
from the sphere at the wavelength of 560 nm was detected
by the C-mode PSTM using a sharpened fiber fabricated by
two-step etching [39]. As shown by Fig. 25(b), an image of
the fluorescence intensity distribution with the diameter of
180 nm was obtained. Such a subwavelength resolution has
not been obtained by conventional far-field detection with a
fluorescent microscope in which the fluorescence was emitted
homogeneously into the free space.

The origin of such a high resolution could be attributed to
the short-range electromagnetic interaction between the sphere
and the probe. As a result of this interaction, the spatial mode
for emitting the fluorescence can be considered to be modified
from that of the free space. As a consequence of this, the
emitted fluorescence becomes spatially inhomogeneous so as
to be coupled to the probe with higher efficiency. In order to
confirm this selective coupling to the probe, the experimentally
realized coupling efficiency was estimated by using experi-
mental parameters such as the power density of the argon ion
laser, quantum efficiencies of emission from the dye molecules
and of the photomultiplier, and was found to be (2-5) x 10~3.
On the other hand, the efficiency calculated by considering the
geometrical solid angle of the probe with respect to the sphere
was 0.1/4r, assuming the spontaneous emission to be spatially
homogeneous. Thus, total calculated coupling efficiency is
given by (0.1/47)y, where -y represents the coupling efficiency
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Fig. 25. (a) Experimental setup of the C-mode PSTM for detecting the
fluorescence from dye-doped spheres of 110 nm diameter. (b) Gray-scale
optical image of fluorescence intensity distribution.

of the homogeneously propagating fluorescent light to the fiber
with nanometric tip, i.e., to a cutoff optical waveguide. Since
the value of v is much smaller than unity, this geometrically
calculated efficiency is much smaller than the experimentally
estimated efficiency. This large difference in efficiency can
prove the modification of spatial mode, and also explain the
realization of subwavelength resolution.

Modification of spontaneous emission probability, similar
to the presently observed phenomenon, has been observed in
a closed optical cavity with the size of optical wavelength. As
compared to such a study of cavity quantum electrodynamics,
the present experiment corresponds to the observation of the
quantum optical phenomenon with subwavelength dimension.

As other examples of spectroscopy of condensed matters,
emission spectrum of a ruby under the condition of applying
the mechanical stress [40] and Raman spectrum of diamond
[41] have been observed. Furthermore, detection of surface
plasmon propagation on a metallic film [42], and improvement
of resolution by utilizing the surface plasmon [43], have also
been reported.

V. NANOMETRIC FABRICATION

As an example of realizing photonic devices with nanomet-
ric dimension, experiments on high density optical storage by
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utilizing the surface on structural changes of the medium under
illumination by evanescent light in I-mode PSTM have been
carried out.

Thermal-mode optical storage has already been carried out
for magneto-optical storage medium of Pt/Co by heating its
surface by the evanescent light from the probe [44]. A pit
diameter of 60 nm was obtained. It corresponded to a storage
density of 45 Gb/in2, which is about 20 times that of the
conventional optical memory.

In our experiments, photon-mode optical storage on the
Langmuir-Blodgett (LB) film of amphiphilic azobenzene
derivative has been carried out by local photochemical reaction
with the evanescent light in order to transform its molecular
structure [45]. In this case, as is shown by Fig. 26(a), the
trans-isomer of this molecule is transformed into the cis-
isomer under irradiation of the ultraviolet light, and this
photochemical transformation corresponds to formation of
optical memory. This is an erasable memory because the cis-
isomer can be transformed back to the trans-isomer by heating
or irradiating with visible light. Since the optical absorption
at wavelength 360 nm of the cis-isomer is about half that for
the trans-isomer, measurement of the difference in absorption
by the PSTM corresponds to reading the memory.

An argon laser of wavelength 360 nm was used for writing
and reading. The I-mode PSTM was used for reading the
stored memory by measuring the evanescent light power
transmitted through the thin film. The thickness of the film
was 180 nm, and the evanescent light power used for storage
was 30 nW. The difference in the evanescent light powers
absorbed by the trans- and cis-isomers was 0.3 nW, and was
measured while reading the written memory. Fig. 26(b) shows
the image of the stored circular pit with 100 nm diameter
read by the I-mode PSTM. Further, Fig. 26(c) shows the
image of a stripe with 100 nm width which was stored by
scanning the probe along one direction. This result implies
that the present method of storage can also be used for
fabricating a nanometric fine grating. Further significance
of this method is that it demonstrated the possibility of
inducing nanometric photochemical reaction by the evanescent
light.

A problem with this material is its low sensitivity of
photochemical reaction, and hence that a writing time longer
than that of the thermal-mode storage was required. It limited
the minimum size of the pit due to thermal drift of the probe. In
order to decrease this size, it becomes necessary to develop a
novel probe tip which is less sensitive to the optical damage by
the high power laser light and has high throughput efficiency
of generating evanescent light. Furthermore, it is necessary to
find more sensitive storage media or to develop methods for
more sensitive detection of absorption difference.

As will be described in Section VII-B, the evanescent
light emitted from the subwavelength aperture couples most
efficiently when the sample dimensions are equivalent to the
aperture size, which corresponds to momentum conservation in
the exchange of evanescent photon. Thus, it is most effective
for decreasing the storage time to use a granular storage
medium with a smaller grain size. Since the surface of the LB
film is homogeneous, it is rather difficult to expect such an
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Fig. 26. (a) Molecular structures of amphiphilic azobenzene derivative. (b)
Gray-scale optical image of stored circular pit. The circle at the center of
this figure represents the part of cis-isomer with the diameter of 100 nm. (c)
Gray-scale optical image of stored stripe with width 100 nm.

efficient coupling of the evanescent light. In order to improve
this coupling, a preliminary layer of polystyrene spheres of 42
nm diameter was closely packed on a glass plate to form a
two-dimensional array as shown by the SEM micrograph in
Fig. 27. The deposition was done by a temperature/humidity-
controlled evaporation method. The evanescent light from the
aperture of the probe tip can be coupled more efficiently to the
LB film formed on the array, and hence promises an optical
storage with increased sensitivity and higher density.

Although the technology of the high-density optical storage
by the PSTM is still at the initial stage, a very high density
(as high as about 1 Tb/in2) can be expected in the future, with
due improvements in the size of the probe tip and new storage
media.
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Fig. 27. The SEM micrograph of a two-dimensional array of polystyrene
spheres of 42 nm. diameter, which were fixed on a glass plate by the
temperature/humditiy-controlled evaporation method.

VI. MANIPULATION AND TRAPPING OF ATOMS

One of the ultimate goals of the nanometric fabrication
technique described in Section V could be the handling of
atoms. By using light pressure of evanescent light, it is possible
to control thermal motions of atoms which fly freely in
vacuum. An atomic mirror used for the experiments of atom
optics to reflect atomic beam has been proposed by using
two-dimensional evanescent light on a glass substrate [46].
Trapping of atoms has also been proposed by using the evanes-
cent light on the surface of a small spherical optical cavity in
order to realize the atomic gallery around the cavity [47].

For improving the spatial accuracy of trapping and control-
ling atoms, it is essential to decrease the degrees of freedom of
the thermal motion of atoms. To do this, the spatially tailored
evanescent lights are required and we have proposed an atom
guide using a hollow fiber shown schematically in Fig. 28(a)
[48]. In this case, a cylindrical potential barrier can be formed
by the gradient force of the evanescent light generated on the
inner wall of the hollow fiber. By this potential barrier, the
atoms incident into the hollow fiber can be guided through it
without getting attached to the inner wall. Although the use of
a glass capillary with homogeneous distribution of refractive
index has been proposed [49], [50], it is more effective to
use a bundle of eccentric-core fibers in order to concentrate
the power density of the guided light and thus, to realize a
sufficiently high potential barrier [51]. Furthermore, it is found
to be more effective to use a hollow fiber with a doughnut-
shaped core due to its technical readiness of fabrication [48].

As an example of the atom guide using this hollow fiber
with a doughnut-shaped core, we consider the case of rubidium
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Fig. 28. (a) Schematic explanation of guiding atoms through a hollow fiber
by using the gradient force of the evanescent light on the inner wall. (b) Profile
of the potential barrier to guide rubidium(Rb) atoms by the evanescent light
of wavelength 780 nm. It was assumed that the laser power incident into the
doughnut-shaped core of the fiber was 1 mW and the blue-detuning of the
laser from the Rb resonance frequency was fixed to be three times that of the
natural linewidth of the Rb.

(Rb) atoms being guided by its resonant light with 780 nm
wavelength which can be obtained from a GaAs laser, and
calculated the potential barrier. Here, the inner diameter and
core thickness of the hollow fiber were assumed to be 7
and 3.8 um, respectively, to realize sufficiently high potential
barrier. The LPg; mode is the guided mode of the lowest-
order for this hollow fiber, and two more higher-order modes
(LP1; and LP22 modes) can be also guided. A calculated
profile of the potential barrier is shown by Fig. 28(b), where
it was assumed that the principal contribution to this barrier
is from the LPg; mode, and that the laser power incident into
the doughnut-shaped core was 1 mW. It was also assumed
that the blue-detuning of the laser form the Rb resonance
frequency was optimized, i.e., fixed to be three times the
natural linewidth of the Rb. It is seen from this figure that
the potential barrier is several mK, which is represented by
the equivalent temperature of kinetic energy of atomic thermal
motion in vacuum. Since this barrier is sufficiently high to trap
the atoms in a collimated atomic beam or the cold atoms in a
magneto-optical trap [52], it is expected that one-dimensional
control of atomic motion is possible.

To further decrease the degrees of freedom of the trapped
atomic motion, use of evanescent light from the probe tip of the
I-mode PSTM has been proposed [53], that is, the resonance
interaction of an atom with localized evanescent light can
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Fig. 29. Schematic explanation of trapping atoms by using the evanescent
light at the fiber tip of the I-mode PSTM.

exhibit several specific features which cannot be obtained by
using ordinary propagating light. First, an atom scattering an
evanescent photon into a propagating photon via resonance
absorption and spontaneous emission receives extremely large
recoil momentum parallel to the probe surface. Second, the
atom feels strong gradient force normal to the probe surface
due to the rapid decrease of the field intensity in the near-
field region. These features result in a mechanical interaction
between the atom and the probe, which is analogous to the
interatomic van der Waals force. A novel technique of trapping
atoms can be thus realized by using the localized evanescent
light on the probe tip of the I-mode PSTM.

As a simple consideration of the possibility of trapping
atoms, let us assume that the evanescent light at the probe
tip is red-tuned from the atomic resonance, as is shown
in Fig. 29. An atom coming into the evanescent light reso-
nantly absorbs the counterpropagating photon due to positive
Doppler shift against the red-detuning, and spontaneously
emits a propagating photon. By this process, the atom is
recoiled strongly in the direction parallel to the probe surface
according to the Heisenberg’s uncertainty principle, since
the momentum of the absorbed evanescent photon is much
larger than the momentum of the emitted propagating photon.
This acts as a cooling force until the momentum of the
atom becomes comparable to the recoil mementum. Because
of the spatial variation of the field momentum along the
curvature of the probe, the cooling force accompanies the
centrifugal component, which could be compensated for by
the strong gradient force [54] in the near-field region where
the field intensity decreases exponentially. The balance of
the centrifugal component of scattering force and gradient
attractive force produces a potential valley along the probe
surface. The atom will move back and forth in this potential
valley like a pinball in the optical standing wave. The trapping
condition will be achieved when the cooled atomic motion is
reversed by each recoil, and such scattering occurs several
times per passage at the proximity of the probe tip. This
condition determines the optimum curvature diameter of the
probe tip and equivalent temperature of the trapped atoms.

As an example, for the case of the Rb, the trapping condition
is satisfied by a probe tip with the curvature diameter of
about 30 nm, and the equivalent temperature of the trapped
atom will be about 80 upK, where the red-detuning was
fixed to be the optimized value, i.e., 10 MHz. The atoms
cooled by the technique of laser cooling are sufficiently
cold so that they can be trapped by this trapping method.
As a preliminary experiment of confirming large momentum
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transfer from evanescent light to atoms, Doppler-free pump-
probe laser spectroscopy of Rb has been carried out [55].

This trapping corresponds to realizing the atomic quantum
dot because of the zero degree of freedom of the trapped
atomic motion. As an alternative method of realizing the
atomic quantum dot, the trapping by the evanescent light
generated on a nanometric dip on the dielectric surface has
been also proposed [56].

This section demonstrated the possibilities of decreasing
the degree of freedom of atomic thermal motion to one or
zero. If such a controlled atom is transferred to the surface
of a cold crystal, it can be fixed on certain positions of the
crystal surface, by which novel methods of an atomic-level
crystal growth and fabrication of an atomic-level memory
devices are expected. For applications to crystal growth and
device fabrication, it is advantageous to increase the number
of atomic species that can be trapped by the present method.
This is possible if one can prepare coherent light resonant
to relevant atom, e.g., the wavelengths of the lights required
for trapping Si, Ga, and Pb are 252 nm, 403 nm, and 368
nm, respectively. This in turn implies that the coherent lights
of visible and ultraviolet regions are required, which can
be realized by nonlinear optical frequency conversions of
compact semiconductor lasers [57].

VII. THEORETICAL APPROACH

A. Virtual Photon Model

The theories of near-field optics are concerned with meso-
scopic phenomena in which electromagnetic fields are coupled
strongly to their sources. Thus, a major problem to be solved
is how to find the source distribution as well as how to solve
the field equations. In fact, difficulties in solving Maxwell’s
equation as a boundary problem for a nanometric sample-probe
system of PSTM have been discussed, and electromagnetic
theories based on a self-consistent approach have been de-
veloped [58], [59]. In general, theoretical models based on
experimental results play important roles in the theory of
mesoscopic phenomena, since complicated many-body inter-
actions are involved. Based on these backgrounds, we have
proposed an intuitive model describing the evanescent light
localized on the sample surface instead of solving Maxwell’s
equation [53]. In this section, we review a qualitative analysis
of near-field optics and a semiquantitative theory based on the
intuitive model of localized evanescent light.

To start the discussion, it is assumed that the fundamental
process of PSTM is described in terms of quasi-static short-
range interaction between nanometric objects irradiated by
propagating light. This assumption leads to a local theory
describing the evanescent light by reducing the whole system
to a simple model.

Now, in order to construct the simplest model, we introduce
the concept of virtual photons with a nanometric Compton
wavelength described in terms of Yukawa function [53]. The
Compton wavelength, or the effective mass of virtual photons,
is the essential parameter characterizing the interaction, and is
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determined by the size of the nanometric particle which is the
source of the evanescent light.

The virtual photons exhibit the characteristics of quasi-
particles, which helps us understand how the PSTM process
is similar to other SPM’s such as STM and AFM. Among
them, the surface plasmon near-field microscope (SPNM) [43],
[60] has been a representative example of quasi-particle near-
field picture with the localized electromagnetic interaction
described in terms of surface plasmon. In contrast the SPNM,
in which energy is really transferred to the plasmon mode due
to resonance, the photon-surface coupling in PSTM occurs
instantaneously; and, e.g., in the case of the C-mode PSTM,
the energy is transferred into reflected or transmitted photons.
Thus, the assumed quasi-particle is virtual in the sense that
the coupling process is out of dispersion relations and no real
IeSONance OcCCurs.

Realization of nanometric resolution demonstrated in Sec-
tion IV-B-1. confirms that the sample—probe interaction has a
much smaller range of action than the optical wavelength. This
implies that the interaction is considered to be mediated by a
highly localized evanescent light according to the Heisenberg’s
uncertainty principle. That is, an electromagnetic field with
extraordinarily large wave vector is involved in the PSTM
since the resolution is determined by the shortest wavelength
available in the measurement.

It is natural to describe the near-field optical problem in
terms of the quasi-static short-range interaction via evanescent
photons. Here, the term ‘“quasi-static” is used in the sense
that the propagation or retardation effects can be neglected
because the sample—probe separations are much smaller than
the wavelength of the propagating light. It is well known that
such quasi-static short-range interaction is simply described
by using a Yukawa function, ¢(r) oc exp (—r/A.;)/r, where
Ac is the Compton wavelength characterizing the interaction
range. Here, it is proposed that the localized evanescent
light is described by the Yukawa function. This implies that
the theory is based on the meodified Helmholtz equation,
{V% — (1/X:)*}¢ = 0, which is the spatial reduction of the
Klein-Gordon equation describing the field of particles with
the mass of m = #/cA;, where % and c are the Planck’s
constant divided by 27 and the speed of light in vacuum,
respectively. This mass can be considered as the effective mass
of the virtual photons resulting from the coupling between the
electromagnetic field and the excitation on the sample surface.

In order to demonstrate the validity of the virtual photon
model, it was applied to a calculation of evanescent light
behind a subwavelength metallic circular aperture irradiated by
the propagating light with the wavelength A, as schematically
explained by Fig. 30(a). By assuming the Compton wave-
length of the virtual photons equal to the aperture radius, the
intensity distribution in the near-field region was estimated
as a Hamiltonian obtained by integrating the Yukawa function
over the aperture. Fig. 30(b) shows the calculated profile of the
intensity distribution, which agrees well with the numerical
results given by Leviatan based on the boundary problem
(Fig. 11 of [61]). The peaks at the edges of the aperture and
the bump at the center in this distribution originated from the
gradient term | V1|2 and mass term |1|2/A2 of the integrated
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Fig. 30. Application of the Yukawa function model for calculating the
intensity distribution of the evanescent light generated behind the metallic
subwavelength aperture with the radius 7o, which is irradiated by the prop-
agating light with the wavelength 7o = A/150. (a) Schematic explanation of
the coordinate system on the aperture with the radius rg. (b) Calculated profile
of intensity distribution of the evanescent light. Two peaks (A; and As), and
a bump ( B) on this profile originated from the gradient term and mass term
of the integrated Yukawa function, respectively.

Yukawa function 1), respectively. It should be noted that these
features are very similar to the field distribution obtained by
the electromagnetic theory for the TM and TE incident lights,
respectively.

The origin of the difficulty in dealing with near-field optical
problems is due to the fact that the interaction, or the source,
of electromagnetic field is of fundamental importance. There
are several ways of avoiding explicit use of interactions in the
electromagnetic theory, otherwise one has to solve complicated
inhomogeneous differential equations. In the conventional
theory based on the macroscopic Maxwell’s equation, in-
teractions, except for magnetic interaction, are replaced by
dielectric constant in a medium and by boundary condition on
a surface. On the other hand, the concept of effective mass has
been popular in the field theory which simplifies complicated
interactions of particles with the medium.

The identity of nanometric evanescent light can be con-
sidered as a quasi-static or Coulomb-like interaction between
electric polarizations induced on the sample surface by the
incident or the reflected propagating light. In this sense, the
evanescent light correlates a pair of incident and reflected
lightwaves at one position on the surface with that at the
other position. This implies that the evanescent light represents
the propagator similar to the two particle-Green’s function,
which integrates the many-body interaction on the surface.
This picture is consistent with the quantum theory of the
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evanescent electromagnetic field near a flat dielectric surface,
developed by Carniglia and Mandel [62].

B. Theoretical Model of a Photon Scanning
Tunneling Microscope

Based on the consideration given in Subsection A, the
fundamental process of PSTM can be modeled as a localized
interaction via evanescent photons between two closely spaced
small dielectric spheres coupled to incoming and outgoing
propagating photons. This requires us to extend the description
of near-field optical propagator to the case of closely spaced
disconnected surfaces, i.c., the propagator connecting electric
polarizations of two closely spaced dielectric spheres. In this
sense, the interaction in PSTM has a close relation to the
van der Waals force which is described by an exchange of
two virtual photons connecting polarizations of two closely
spaced dielectric objects. The difference is that the range
of the PSTM interaction is greater than that of the van der
Waals force because the electric polarization is enhanced by
the incidence of propagating light. It should be noted that it
might be difficult to solve Maxwell’s equation under such a
disconnected boundary condition.

In order to describe the interaction of a nanometric sam-
ple—probe system, the model, together with the virtual photon
picture, makes it possible to interpret the PSTM process as
a particle tunneling through an effective potential barrier.
Similar to the resonant tunneling effect, multiple scattering
processes between two nanometric objects are essential to
produce a considerable increase of the tunneling probability.
This implies that the PSTM process is basically a destructive
measurement of the evanescent light. In the model of the
localized evanescent light using a Yukawa function, such a
many-body interaction is reduced to the effective mass or
Compton wavelength of tunneling photons determined by the
size of the interacting bodies. As a natural consequence of
the reduced many-body interaction, the idea of resonance
in the sample—probe interaction can be introduced; that is,
the evanescent lights on the two objects couple to each
other if their Compton wavelengths are equal. This is due
to the momentum conservation in the exchange of evanescent
photons between the sample and probe tip.

The optical near-field of the nanometric sample—probe sys-
tem can be approximated as a sum of evanescent lights with
several different Compton wavelengths, which may correspond
to spatial-Fourier expansion of optical near-field. This is
also equivalent to approximating the sample—probe system
by a set of small spheres having several different radii.
This simple picture of PSTM leads to natural definitions of
the resolution and pick-up efficiency of evanescent light. As
shown by Fig. 31(a) for the C-mode PSTM, let us consider a
small dielectric sphere of radius ro as a sample placed on a
substrate surface. The surface is described by dielectric spheres
whose radii are equal to the wavelength A(>> o) of incident
propagating light because the evanescent light at total internal
reflection angle is characterized by a decay length of the order
of \. On the other hand, consider a probe tip described by a
set of dielectric spheres approximating its conical shape, as
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Fig. 31. Model of sample-probe interaction in PSTM. Nanometric sample,
probe tip, and substrate shown in (a) are approximated as sets of dielectric
spheres, as shown in (b), around which spatial-Fourier components of the
evanescent lights are localized.

shown by Fig. 31(b). According to the resonance assumption
described above, the resolution of the PSTM depends on
the radius of the sphere at the extremity of the probe tip.
In determining the resolution, the most important point is
considered to be the filtering characteristic of the evanescent
light generated on the substrate surface. Consider the case that
the sample—probe separation is equal to the curvature radius
ro of the probe tip. Then, the tunneling probability of the
evanescent light with Compton wavelength of r¢ is e~1, and
the evanescent lights with shorter Compton wavelengths due to
small bumps on the sample surface are filtered out since their
interaction ranges are much shorter than the sample—probe
separation.

When the probe tip has an obtuse profile with a large
cone angle, the evanescent lights having Compton wavelengths
larger than 7o have a relatively large tunneling probability,
and consequently these evanescent lights give considerable
contributions to the total evanescent light picked up by the
probe. On the other hand, when the probe tip has an acute
profile with a small cone angle, the evanescent lights with
Compton wavelengths larger than r are filtered out because
the corresponding spheres recede more rapidly than the in-
crease in their radius. Thus, these evanescent lights could give
minor contributions to the total evanescent light picked up by
the probe. As a consequence, the PSTM process can be viewed
as a kind of spatial filtering of the optical near-field. Therefore,
the curvature radius and cone angle of the probe tip and,
furthermore, the sample—probe separation could determine the
resolution and the dependency of the pick-up efficiency on
the spatial-Fourier frequency, i.e., the characteristics of the
transfer function of the PSTM system.

In order to estimate the transfer function of the C-mode
PSTM, the tunneling photon current was derived by calculating
the overlap integral of the evanescent lights described by the
Yukawa function, according to the resonance tunneling picture
or the tunneling current descriptions. Since the present model
of PSTM is based on the modified Helmholtz equation, the
calculation is almost similar to those in STM [63].

Fig. 32 shows the calculated results of the transfer function
for several values of curvature radii, cone angles, and sam-
ple—probe separations. These curves exhibit the characteristics
of a bandpass filtering, and the high-frequency cutoff is
determined by the curvature radius of the probe tip (see,
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Fig. 32. Calculated results of the transfer function of the PSTM system with
vertical axis being pick-up efficiency. The horizontal axis represents the spatial
Fourier frequency f.. The curvature radius ro and cone angle 6 of the probe
tip, and the sample—probe separation d are 7o = 5 nm, § = 100°, d = 1
nm (A); 7o = 100 nm, 6 = 100°, d = 1 nm (B); ro = 100 nm, § = 20°,
d=1nm(C); 7o =5nm, § =20°,d=1nm (D); and 1o = 5 nm, § =
20°, d = 10 nm (E), respectively.

for example, curve D) which gives the resolution of the
PSTM. However, it is found by comparing curves A and D
that such cutoff characteristics are not seen clearly in the
case of a larger cone angle. Furthermore, it is also found
by comparing curves D and E that the efficiency decreases
with increasing sample—probe separation, especially at the
high spatial-Fourier frequency region. These characteristics
of the transfer functions give quantitative descriptions of the
discussion given above. Furthermore, it should be noted that
characteristics of the images obtained experimentally, e.g., the
results reviewed in Section IV-B-1 agree qualitatively with
those described by the transfer functions derived here. Thus,
in order to analyze the characteristics of the observed image,
it is essential to find the transfer function of the PSTM system,
which could be more important than paying attention only to
the resolution.

As shown by the example given here, it is straightforward
to calculate the transfer function which in turn corresponds
to the calculation of the tunneling photon current or pick-up
efficiency, since the model describes the interaction between
nanometric objects characterized by a Compton wavelength
determined by their sizes. This fact allows us to calculate
the pick-up efficiency for a sample and probe tip of arbitrary
shapes in the same manner, using spatial-Fourier expansion.
This is an essential feature of the local theory we proposed. A
direct quantitative comparison of the Yukawa function model
to the electromagnetic field theory based on the self-consistent
approach given by Labani et al. [58] and Vigoureux et al. [59]
is now in progress.

VIII. SUMMARY

We have reviewed the present status of the PSTM and its
application, with the main focus on tackling the most essential
problems including fabrication of nanometer-sized fiber probes
and apertures. To realize a nanometric apertured fiber probe
for the PSTM, highly reproducible chemical etching process
was developed to sharpen a fiber with the minimum cone
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angle of 14° and curvature diameter of the fiber tip of 3
nm. Furthermore, by etching, the possibility of controlling the
tip shape of the resulting fibers was also presented. In the
process of fabricating a flattened-top fiber tip, peculiar etching
properties were discovered, which were very different from
those of bulk silica glasses, and we believe this may help
in understanding the fundamental process of sharpening the
fiber to nanometric dimension. In order to fabricate a metallic
aperture at the top of the sharpened fiber, chemical etching
process and three-dimensional nanometric photolithography
were developed to realize aperture diameters as small as 30
nm (or even smaller).

Imaging experiments on biological specimens by the col-
lection and illumination mode geometries were reviewed.
Especially, in the case of the collection mode, dependencies of
the observed images on the polarization state of the incident
light were found, and these were attributed to the difference in
the distribution of electric lines of force of the evanescent light.
From these experimental results, the estimated resolution was
about 10 nm (or even smaller). This value was smaller than the
aperture diameter of the probe tip, because the evanescent light
was preferably scattered at the top of the probe tip protruding
from the metallic film. In the case of the experiments on
illumination mode PSTM using a metal-coated fiber probe
having a flattened top, high-resolution results were obtained.
Such a high resolution was attributed to the edge effect of the
probe tip at the boundary between the glass surface and the
rim of the metallic film.

Possibilities of nondestructively inspecting guiding charac-
teristics of a dielectric optical waveguide were demonstrated
with subwavelength resolution. Furthermore, possibilities of
evaluating the characteristics of the nanometric active photonic
devices were demonstrated through imaging experiments of
semiconductor quantum dots. In experiments of fluorescence
detection from dye-doped polystyrene spheres with the collec-
tion mode PSTM, high-sensitivity and high-resolution results
were obtained. Such results could be explained in terms of
a short-range electromagnetic interaction between the sphere
and probe tip.

In order to demonstrate the possibilities of nanometric
fabrication, high-density optical storage by the illumination
mode PSTM was reviewed. In the case of the photon-mode
storage, a circular pit of diameter 100 nm and a stripe of
width 100 nm were stored on an organic thin film. A method
of increasing the storage density was also proposed. As an
ultimate goal of fabrication, controlling thermal motion of
freely flying atoms in vacuum through interaction with the
evanescent light was reviewed to explore the future technology
of the atomic level material processing. As the promising
methods of such control, an atom guide using a hollow fiber
and atom trapping by the probe under the illumination-mode
PSTM were proposed.

To investigate the principle of PSTM and to analyze the
experimental results, the concept of the virtual photon was
introduced. The proposed concept provides us with a semiclas-
sical theory based on the intuitive modeling of the localized
evanescent light. Calculated results obtained using this model
were presented, and these agreed with those obtained from the
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boundary problems based on the conventional electromagnetic
theories. Transfer functions for characterizing the PSTM were
also derived, which agreed qualitatively with the results of
imaging experiments.

It should be noted that the principle of operation and
application of the PSTM are relevant to a wide range of
fields, such as surface physics, quantum optics, photonics,
bioscience and technology, and chemistry. It can be expected
that the PSTM, as one member of fiber sensors, can be
used not only for a variety of photonic sensing with high
spatial resolution but also opens up the possibility of using
it as a nanometric fabrication tool to produce novel photonic
materials and nanometric devices in the future.

ACKNOWLEDGMENT
The author would like to thank Prof. A. Ikai, Prof. M.

Fujihira (Tokyo Institute of Technology), Prof. Y. Arakawa

(University of Tokyo), Prof. S. Aizawa (Teikyo University),
and Prof. H. Tatsumi (Tokyo Medical and Dental University)
for providing him with organic, semiconductor, and biological
specimens. He also acknowledges Prof. H. Hori (Yamanashi
University) for his collaboration in conducting theoretical
investigation. His thanks also to Dr. H. Tanaka and Dr. T.
Gozen (Mitsubishi Cable Industries) and Dr. S. Miyamoto
(Fujikura Ltd.) for their useful comments on fibers. He is
also indebted to Dr. T. Saiki, Dr. R. Uma Maheswari, Dr. S.
Mononobe, Dr. M. Naya, Dr. H. Ito, Dr. K. Kurihara, Dr. R.
Micheletto (Kanagawa Academy of Science and Technology),
Dr. S. Jiang, M. Kourogi, Y. Toda, T. Matsumoto, and K.
Imai (Tokyo Institute of Technology) for providing him with
figures. He expresses special thanks to Dr. R. Uma Maheswari
for her critical reading and comments on the manuscript.

REFERENCES

[1] E.H. Synge, “A suggested method for extending microscopic resolution
into ultra-microscopic resolution,” Phil. Mag., vol. 6, pp. 356-362, 1928.

[2] E. A. Ash and G. Nicholls, “Super-resolution aperture scanning micro-
scope,” Nature, vol. 237, pp. 510-512, June 1972.

[3] D. W. Pohl, “Some remarks on the history on near-field optics,” in Near
Field Optics, D. W. Pohl and D. Courjon, Eds. Dordrecht: Kluwer,
1993, pp. 1-5.

[4] J. M. Vigoureux, C. Girard, and D. Courjon, “General principles
of scanning tunneling optical microscopy,” Opt. Lett, vol. 14, pp.
1039-1041, Oct. 1989.

[5] E. Wolf and M. Nieto-Vesperinas, “Analyticity of the angular spectrum
amplitude of scattered fields and some of its consequences,” J. Opt. Soc.
Amer., vol. 2, pp. 886889, June 1985.

[6] S. Jiang, K. Nakagawa, and M. Ohtsu, “Reflection-resonance-type
photon scanning tunneling microscope,” Japan. J. Appl. Phys., vol. 33,
pp. L55-L58, Jan. 1994.

[7]1 C.-H. Shin and M. Ohtsu, “Heterodyne optical phase-locked loop by
confocal Fabry—Perot cavity coupled AlGaAs lasers,” [EEE Photon.
Technol. Lett., vol. 2, pp. 297-300, Apr. 1990.

[8] E. Betzig, S. G. Grubb, R. J. Chichester, D. J. DiGiovanni, and J. S.
Weiner, “Fiber laser probe for near-field scanning optical microscopy,”
Appl. Phys. Lett., vol. 63, pp. 3550-3552, Dec. 1993.

[9] M. Fee, S. Chu, and T. W. Hansch, “Scanning electromagnetic transmis-

sion line microscope with sub-wavelength resolution,” Opt. Commun.,

vol. 69, pp. 219-224, Jan. 1989.

K. Liberman, S. Harush, A. Lewis, and R. Kopelman, “A light source

smaller than the optical wavelength,” Science, vol. 247, pp. 59-61,

Jan. 1990.

D. W. Pohl, W. Denk, and M. Lanz, “Optical stethoscopy: Image

recording with resolution A/20,” Appl. Phys. Lett., vol. 44, pp. 651-653,

Apr. 1984.

[10]

[11]

(12]
[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

241

[25]

[26]

[27]

[28]

[29]
[30]

(31]

[32]

[33]

341

[35]

[36]

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 13, NO. 7, JULY 1995

H. Pagnia, J. Radojewski, and N. Sotnik, “Operation conditions of an
optical STM,” Optik, vol. 86, pp. 87-90, Mar. 1990.

T. Pangaribuan, K. Yamada, S. Jiang, H. Ohsawa, and M. Ohtsu,
“Reproducible fabrication technique of nanometric tip diameter fiber
probe for photon scaning tunneling microscope,” Japan. J. Appl. Phys.,
vol. 31, pp. L1302-L1304, Sept. 1992.

F. L. Galeener, “Planar rings in vitreous silica,” J. Non-Crystalline
Solids, vol. 49, pp. 53-62, 1982.

T. Pangaribuan, S. Jiang, and M. Ohtsu, “Two-step etching method for
fabrication of fibre probe for photon scanning tunneling microscope,”
Electron. Lett., vol. 29, pp. 1978-1979, Oct. 1993.

T. Pangaribuan, S. Jiang, and M. Ohtsu, “Highly controllable fabrication
of fiber probe for photon scanning tunneling microscope,” Scanning,
vol. 16, pp. 362-367, Dec. 1994.

M. Kawachi, T. Edahiro, and H. Toba, “Microlens formation on VAD
single-mode fiber ends,” Electron. Lett., vol. 17, pp. 71-72, Jan. 1982.
S. Mononobe, M. Naya, R. Uma Maheswari, T. Saiki, and M. Ohtsu,
“Fabrication technique of pencil-type fiber probes and nanometric aper-
tures for a photon scanning tunneling microscope,” Int. Conf. Near Field
Opt. Related Technol., Bruno, Czech, May 1995, paper NPR-P03.

E. Betzing, A. Lewis, A. Harootunian, M. Isaacson, and E. Kratschmer,
“Near-field scanning optical microscopy (NSOM); Development and
biological applications,” Biophys. J., vol. 49, pp. 269-279, Jan. 1986.
R. Uma Maheswari, S. Mononobe, M. Naya, T. Saiki, and M. Ohtsu,
“Fabrication of a fiber probe with nano-aperture for photon scanning
tunneling microscope,” presented at the OSA Ann. Meet. Dallas, TX,
Oct. 1994, paper ThEEE2.

R. Kopelman, W. Tan, Z.-Y. Shi, and D. Birnbaum, “Near field optical
and exciton imaging, spectroscopy and chemical sensors,” in Near Field
Optics, D. W. Pohl and D. Courjon, Eds. Dordrecht: Kluwer, 1993,
pp- 17-24.

H.-U. Danzebrink and U. C. Fischer, “The concept of an optoelectronic
probe for near field microscopy,” in Near Field Optics, D. W. Pohl and
D. Courjon, Eds. Dordrecht: Kluwer, 1993, pp. 303-308.

W. Tan, Z.-Y. Shi, and R. Kopelman, “Development of submicron
chemical fiber optic sensors,” Anal. Chem., vol. 64, pp. 2985-2990,
Dec. 1992.

S. Kawata, Y. Inoue, and T. Sugiura, “Near-field scanning optical
microscope with a laser trapped probe,” Japan. J. Appl. Phys., vol. 33,
pp. L1725-L1727, Dec. 1994.

E. Betzig, P. L. Finn, and J. S. Weiner, “Combined shear force and
near-field scanning optical microscopy,” Appl. Phys. Lett., vol. 60, pp.
24842486, May 1992.

S. Jiang, H. Ohsawa, K. Yamada, T. Pangaribuan, M. Ohtsu, K. Imai,
and A. Ikai, “Nanometric biosample observation using a photon scanning
tunneling microscope,” Japan. J. Appl. Phys., vol. 31, pp. 2282-2287,
July 1992.

T. Hirano, S. Yamaguchi, K. Oosawa, and S. Aizawa, “Roles of
FliK and FIhB in determination of flagellar hook length in salmonella
typhimurium,” J. Biotechnol., vol. 176, pp. 5439-5449, Sept. 1994.

S. Okabe and N. Hirokawa, “Microtubule dynamics in nerve cells:
Analysis using microinjection of biotinylated tubulin into PC12 cells,”
J. Cell Biol., vol. 107, pp. 651-664, Aug. 1988.

G. P. Collins, “Near-field optical microscopes take a close look at
individual molecules,” Phys. Today, vol. 47, pp. 17-20, May 1994.

A. Miki, Y. Okamura, and S. Yamamoto, “Optical waveguide direc-
tional coupler measurements using a microcomputer-assisted TV camera
system,” J. Lightwave Technol., vol. 7, pp. 1912-1918, Dec. 1989.

D. P. Tsai, H. E. Jackson, R. C. Reddick, S. H. Sharp, and R. J. Warmack
“Photon scanning tunneling microscope study on optical waveguide,”
Appl. Phys. Lett., vol. 56, pp. 1515-1517, Apr. 1990.

Y. Toda and M. Ohtsu, “High spatial resolution diagnostics of optical
waveguides using a photon scanning tunneling microscope,” IEEE
Photon. Technol. Lett., vol. 7, pp. 84-86, 1995.

S. Tukamoto, Y. Nagamune, M. Nishioka, and Y. Arakawa, “Fabrication
of GaAs quantum wires (—10 nm) by metalorganic chemical vapor
selective deposition growth,” Appl. Phys. Lett., vol. 63, pp. 355-357,
July 1993.

H. F. Hess, E. Betzig, T. D. Harris, L. N. Pfeiffer, and K. W. West,
“Near-field spectroscopy of the quantum constituents of a luminescent
system,” Science, vol. 264, pp. 1740-1745, June 1994.

R. D. Grober, T. D. Harris, J. K. Trautman, E. Betzig, W. Wegsheider,
L. Pfeiffer, and K. West, “Optical spectroscopy of a GaAs/AlGaAs
quantum wire structure using near-field scanning optical microscopy,”
Appl. Phys. Lett., vol. 64, pp. 1421-1423, Mar. 1994.

J. K. Trautman, J. J. Macklin, L. E. Brus, and E. Betzig, “Near-field
spectroscopy of single molecules at room temperature,” Nature, vol.
369, pp. 4042, May 1994.

21




OHTSU: HIGH-RESOLUTION PHOTON SCANNING TUNNELING MICROSCOPY

[37] W.P. Ambrose, P. M. Goodwin, J. C. Martin, and R. A. Keller, “Single
molecule detection and photochemistry on' a surface using near-field
optical excitation,” Phys. Rev. Lett., vol. 72, pp. 160-163, Jan. 1994.

[38] X.S. Xie and R. C. Dunn, “Probing single molecule dynamics,” Science,
vol. 265, pp. 361-364, July 1994.

[39] T. Saiki, S. Mononobe, and M. Ohtsu, “Nanometric integration tip:

Enhanced sensitivity of fluorescence detection in Photon STM,” in

Quantum Electron. Laser Sci. Conf., 1995 OSA Tech. Dig. Series, vol.

4 (Opt. Soc. Amer., Washington, DC, 1995), paper QTulJ3.

P. J. Moyer, C. L. Jahncke, M. A. Paesler, R. C. Reddick, and R.

J. Warmack, “Spectroscopy in the evanescent field with an analytical

photon scanning tunneling microscopy,” Phys. Lett. A, vol. 145, pp.

343-347, Apr. 1990.

[41] D. P. Tsai, A. Othonos, M. Woskvits, and D. Uttamachandani, “Raman
spectroscopy using a fiber optic probe with subwavelength aperture,”
Appl. Phys. Lett., vol. 64, pp. 1768-1770, Apr. 1994.

[42] P. Dawson, F. de Fornel, and J.-P. Goudonnet, “Imaging of surface

"~ plasmon propagation and edge interaction using a photon scanning
tunneling microscope,” Phys. Rev. Lett., vol. 72, May 1994.

[43] M. Specht, J. D. Pedarng, W. M. Heckel, and T. W. Hansch, “Scanning
plasmon near-field microscope,” Phys. Rev. Lett., vol. 68, pp. 476479,
Jan. 1992.

[44] E. Betzig, J. K. T:autman, R. Wolfe, E. M. Gyorgy, P. L. Finn, M. H.

Kryder, and C.-H. Chang, “Near-field magneto-optics and high density

data storage,” App'. Phys. Lett., vol. 61, pp. 142-144, July 1992.

S. Jiang, J. Ichihashi, H. Monobe, M. Fujihira, and M. Ohtsu, “Highly

localized photochemical processes in LB films of photochromic material

by using a photon scanning tunneling microscope,” Opt. Commun., vol.

106, pp. 173-177, Mar. 1994.

V. I. Balykin and V. S. Letokhov, “Laser optics of neutral atomic

beams,” Phys. Today, vol. 42, Apr. 1989.

H. Mabuchi and H. ). Kimble, “Atomic galleries for whispering atoms:

Binding atoms in stab'e orbits around an optical resonator,” Opt. Lett.,

vol. 19, pp. 749-751, May 1994.

[48] M. A. OI'Shanii, Yu. B. Ovchinnikov, and V. S. Letokhov, “Laser

guiding of atoms in a hollow optical fiber,” Opt. Commun., vol. 98,

pp. 77-79, Apr. 1993.

S. Marksteiner, C. M. Savage, and P. Zoller, “Coherent atomic wave-

guides from hollow opt. cal fibers: Quantized atomic motion,” Phys. Rev.

A, vol. 50, pp. 2680-2690, Sept. 1994.

[50] W. Jhe, M. Ohtsu, H. Elori, and R. Freiberg, “Atomic waveguide using

evanescent waves near optical fibers,” Japan. J. Appl. Phys., vol. 33,

pp. L1680-L1682, Dec 1994.

H. Ito, K. Sakaki, T. Nakata, W. Jhe, and M. Ohtsu, “Optical potential

for atom guidance in a cylindrical-core hollow fiber,” Opt. Commun.,

vol. 113, 1995, pp. 57-64.

C. Monroe, W. Swann, H. Robinson, and C. Wieman, “Very cold trapped

atoms in a vapor cell,” Phys. Rev. Lett., vol. 65, pp. 1571-1574, Sept.

1990.

H. Hori, S. Jiang, M. Ohtsu, and H. Ohsawa, “A nanometer-resolution

photon scanning tunneling microscope and proposal of single atom

manipulation,” in Tech. Dig. 18th Int. Quantum Electron. Conf., Vienna,

June 1992, pp. 48-49.

[54] J. P. Gordon and A. Ashkin, “Motion of atoms in a radiation trap,”
Phys. Rev. A, vol. 21, pp. 1606-1617, May 1980.

[55] M. Kozuma, S. Jiang, T. Pangaribuan, M. Ohtsu, and H. Hori, “Anal-
ysis and experimental evaluation of a localized evanescent field by

(40]

[45]

(46]

(47

[49]

[51]

[52]

[53]

22

1221

using Yukawa potential,” in Tech. Dig. Quantum Electron. Laser Sci.,
Baltimore, May 1993, pp. 227-228.
[56] J. P. Dowling and J. Gea-Banacloche, “Atomic quantum dots,” in Int.
Quantum Electron. Conf., vol. 9, 1994 OSA Tech. Dig. Series (Opt. Soc.
Amer., Washington DC, May 1994), pp. 185-186.
M. Ohtsu, K. Nakagawa, M. Kourogi, and W. Wang, “Frequency control
of semiconductor lasers,” J. Appl. Phys., vol. 73, pp. R1-R17, June 1993.
B. Labani, C. Girard, D. Courjon, and D. Van Lebeke, “Optical
interaction between a dielectric tip and a nanometric lattice: Implications
for near-field microscopy,” J. Opt. Soc. Amer. B, vol. 7, pp. 936-943,
June 1990.
[59] J. M. Vigoureux, F. Depasse, and C. Girard, “Superresolution of
near-field optical microscopy defined from properties of confined elec-
tromagnetic waves,” Appl. Opt., vol. 31, pp. 3036-3045, June 1992.
U. Ch. Fischer and D. W. Pohl, “Observation of single-particle plasmons
of near field optical microscopy,” Phys. Rev. Lett., vol. 62, pp. 458—461,
Jan. 1989.
Y. Leviatan, “Study of near-zone fields of a small aperture,” J. Appl.
Phys., vol. 60, pp. 1577-1583, Sept. 1986.
[62] C. K. Carniglia and L. Mandel, “Quantization of evanescent electro-
magnetic waves,” Phys. Rev. D, vol. 3, pp. 280-296, Jan. 1971.
[63] C.J. Chen, “Tunneling matrix elements in three-dimensional space: The
derivative rule and the sum rule,” Phys. Rev. B, vol. 42, pp. 8841-8857,
Nov. 1990.

(571
(58]

[60]

[61]

Motoichi Ohtsu (M’88-SM’90) was born in Kana-
gawa, Japan, on October 5, 1950. He received
the B.E., M.E., and Dr.E. degrees in electronics
engineering from the Tokyo Institute of Technology,
Tokyo, Japan, in 1973, 1975, and 1978, respectively.

In 1978 he was appointed a Research Associate,

Tokyo Institute of Technology. From 19%6 to 1987,
while on leave from Tokyo Institute of Technology,
he joined the Crawford Hill Laboratory, AT&T Bell
Laboratories, Holmdel, NJ. In 1991 he became a
Professor at the Tokyo Institute of Technology. Since April 1993, he has
been concurrently the leader of the “Photori Control” project of Kanagawa
Academy of Science and Technology, Kanagawa, Japan. His main fields of
interest are photon scanning tunneling microscopy, its application to nano-
scale photonics and quantum optics, and laser frequency control. He has
written over 130 papers, and has received a number of patents. He is the
author and coauthor of thirteen books, including two in English, entitled
Highly Coherent Semiconductor Lasers (Boston, MA: Artech House, 1992)
and Coherent Quantum Optics and Technology (Dordrecht: Kluwer, 1993).
He has been a tutorial lecturer of the SPIE and OSA.

Dr. Ohtsu has been awarded eight prizes from academic institutions,
including the Issac Koga Gold Medal of URSI in 1984, Japan IBM Science
Award in 1988, and two awards of the Japan Society of Applied Physics in
1982 and 1990. He is a member of the Institute of Electronics, Information
and Communication Engineers of Japan, the Institute of Electrical Engineering
of Japan, the Japan Society of Applied Physics, and the Optical Society of
America.

and in 1982 he became Associate Professor at the

¥



1 March 1995

OPTICS
COMMUNICATIONS

ELSEVIER Optics Communications 115 (1995) 57-64

Optical potential for atom guidance
in a cylindrical-core hollow fiber

Haruhiko Ito?, Keiji Sakaki®, Takeshi Nakata®, Wonho Jhe®, Motoichi Ohtsu®®

2 Kanagawa Academy of Science and Technology, KSP East, 3-2-1 Sakado, Takatsu-ku, Kawasaki 213, Japan
b Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology,
4259, Nagatsuta-cho, Midori-ku, Yokohama 226, Japan
¢ Department of Physics, Seoul National University, Seoul 151-742, South Korea

Received 30 August 1994; revised version received 12 December 1994

Abstract

We describe a practical atomic waveguide using a cylindrical-core hollow fiber. Theoretical analyses of propagating field
modes are presented for a multimode fiber. An evanescent wave leaked out to the hollow region is shown to produce a deep
optical potential enough to guide atoms with low coupling laser power under an optimal blue-detuning determined by fiber
parameters, exciting mode and azimuthal angle. The excitation of an HE;; mode required for stable atomic guidance in the
multimode hollow fiber is experimentally realized with the power-coupling efficiency of more than 10%.

1. Introduction

Atomic waveguides using evanescent waves have been proposed by two groups; one with a hollow fiber
[1] and the other with a combination of eccentric-core fibers [2]. Contrary to the previous proposal using a
Gaussian laser beam propagating inside a hollow fiber to guide atoms [3], these types of atomic waveguide
can reduce strong heating effects on atoms suffered from a copropagating intense laser beam [3], because
the evanescent waves are employed to produce an optical potential for atomic guidance: the evanescent waves
leaked out within one wavelength from the inner core-surface repel the approaching atoms. The realization of
atomic waveguides will promote interesting studies in atom optics, near-field optics and cavity QED. One of our
goals is the nano-scale crystal growth using atom manipulation techniques with lasers [4]. Atomic waveguides
are expected to be useful tools for our purpose. In contrast to the traditional thermal or chemical methods
involving a process treating a large number of atoms at once, the mechanical one using atomic waveguides
enables one even to handle a single atom.

In this paper, we describe a hollow fiber with a thin cylindrical core appropriate for the atomic waveguide
using the evanescent wave. The optimal conditions for atomic guidance are clarifyed through the quantitative
analyses of the optical potential due to the evanescent wave near the inner surface of the hollow fiber assuming
the classical motion of atoms. At first, we analytically write down the dispersion equations for the cylindrical-
core hollow fiber. The light propagation modes are derived from the numerical solutions of the dispersion
equations, featuring a multimode fiber with practical parameters. Since a multimode hollow fiber generally has
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Fig. 1. The diagram of the cylindrical-core hollow fiber. The diameter of the hollow region and the thickness of the cylindrical core
(hatched area) are 2a and d, respectively. The cladding can be taken to be infinite. The refractive indices stepwise change as 1, n; and n»
in order from inside.

a large hollow region and a large numerical aperture so that it can facilitate the coupling of atoms and laser
beams to the fiber, the use of the multimode fiber is convenient for a demonstration of the atomic waveguide.
Secondly, we discuss the repulsive optical potential to guide Rb atoms in the case of the excitation of an HE;,
mode which is the fundamental one for the hollow fiber. The dependences of the potential barrier on coupling
power, frequency detuning and azimuthal angle are investigated. Lastly, we show laser excitation of the several
propagating modes for the multimode hollow fiber. The selected excitations of the modes are carried out by
adjusting the incident angle.

The evanescent wave yields the intense gradient force due to the exponential decay of the field. The depth
of the optical potential originating from the gradient force depends on the field intensity. The core thickness
of the present hollow fiber is only a few um and the power density in the core is dense with several mW
coupling power, with the result that the optical potential can be deep enough to overcome comparative atomic
transverse kinetic energy. A well-collimated atomic beam is appropriate as the source of the atoms injected into
the proposed atomic waveguide. The attachment of a funneled device will be useful for pouring atoms into the
facet of the hollow fiber [5].

2. Light propagation characteristics of a cylindrical-core hollow fiber

The light propagation modes of the cylindrical-core hollow fiber are analyzed similarly to that of a concentric-
core fiber based on Maxwell equations expressed in terms of the cylindrical coordinate system (r, 6, z). Fig. |
shows the step-index hollow fiber. The diameter of the vacuum hollow region and the thickness of the cylindrical
core are 2a and d, respectively. We assume that the cladding is much thicker than both the hollow region and
the cylindrical core. The refractive indices of the cylindrical core and the cladding are n; and n,, respectively.

We consider the electromagnetic field propagating along the z-axis in the cylindrical core.

E(r,0,z,t) = Eo(r,0) exp(iwt — iBz) , (n
H(r,0,z,t) = Ho(r,8) exp(iwt —iBz) , (2)

where w and B are the angular frequency and the propagation constant, respectively, Eq = (E,, Ey, E.) and
Ho = (H,, Hy, H.). The longitudinal component E. follows the Maxwell equation [6],
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where k and n are the wave number and the refractive index, respectively. The similar equation is written for
H,. The solution satisfying Eq. (3) is given by

+ (K*n® - B*)E, =0, (3)

E,(r,0) =Al,(vr) sin(mé + ¢) (r<a),
= [BJu(ur) + CNp(ur)] sin(mé + ¢) (a<r<b),
=DK,,(wr) sin(mf + ¢) (r>b), (4)

where J,, and N,, are the Bessel functions of the first and the second kind of order m, respectively, /n and K,
are the modified Bessel functions of the first and the second kind of order m, respectively, ¢ is an arbitrary
phase constant and b = a+d. The constants A, B, C and D should be determined by the continuous conditions
for the tangential components Eg, E,, Hg and H, at the boundaries r = a and b. The quantity u = 1/ k2n? — B2
is a transverse propagation constant, while v = \/B? —k? and w = /2 — k2n22 are transverse attenuation
constants. We obtain the similar solution of the longitudinal magnetic component H, by replacing sin(mé + ¢)
by cos(mf + ¢) in Eq. (4). The other components E,, Ep, H, and Hy are derived from the longitudinal ones
E, and H, [6].

We derive the dispersion equations describing the light propagation modes of the cylindrical-core hollow fiber
from the secular equation, which is obtained by applying the boundary conditions to the tangential components
E,, Eg, H, and Hy [6]. After the long but straightforward calculations, we get the next equation;

2

[TE] [TM] + [ : (B’") (— + i) (ulz + ;15) [ (@) N (120) — I () Ny ()]

k w2 v?

P (B Y (L
ab w2 \u?2 2 \u2 w?

x [Jm(ua)Nm’(ua) — Jo! (ua) Npy(ua) ) [ (ub) Ny’ (ub) — ' (ub) Ny (ub) )
a(l 1)2[< 1 I/ (va) )
—_— =4+ — N,,, (ua) + - Np(ua) | Jm(ub)

b u2 W2 Im( )
1 1 I/ (va)
- (; () + 5 22D g a))Nm(uw]
2 ! 2
X [(ﬂNm’(ua) + ’I‘Im (va) Nm(ua)>1m(ub) ( ml( a) + llm (Ua)Jm( (l))Nm(llb)]
u )] 1,,,(ua) u v In(va)
b/t IN[[1,, 1 Ky'(wb)
— ;l' ‘u—z + ‘U—z) [(l m (ub) + — w Ko (wh) Nm(ub)>‘lm(“a)
1 ’ _l_Km (Wb)
- (;Jm (ub) + w K, (wh) Jnx(Ub)>Nnx(ua)]
B e o K (40)
X [( u Nu' (ub) + w K, (wb) Nm(“b)>~,m(ua)
712 ’ ny K (Wb) —
- (l—:J,,, (ua) + ;mj,,,(ub))N",(zta)] } =0, (5)

where prime signs express the differentiation with respect to r. The factors [TE] and [TM] are written as

25



26

60 H. Ito et al. / Optics Communications 115 (1995) 57-64

EH 5
HE 4 HE s

A 1 " 1 " L

0.5 0.6 0.7 0.8 0.9 1.0
kyni-n3 [um

Fig. 2. The dispersion curves of the light propagation modes of low orders for A = 780 nm in a cylindrical-core hollow fiber with 2a=7
um, d=3.8 um and An=0.18%. The normalized propagation constant \/ (B*k* — n2)/(n? — n}) is shown as a function of the normalized

wave number k- /nf - n%. The broken line shows the normalized wave number in the present case (ny = 1.45 for a silica fiber). The
coupling modes are indicated by the solid circles; HEy;, TEo;, TMo,, HEz;, EH;; and HE3;. The cutoffs arise at the points where the
normalized propagation constants become zero, namely on the horizontal axis.

(TE] = [iJm'(ua) + %’7”"':(%)1",(:4‘:)} [iNm’(ub) + %%Nm(uw]

- [%Nm'(ua) + %%Nm(ua)] Blm'(ub) + f—v%ww] : (6)
(T™M] = [f:-‘%-lm'(ua) + %II':',((::)) Jm(ua)] [%me,(ub) + %%Nm(“b)]

_ [f;izv,,,'(ua) + %%Nm(ua)] [%%J,,,'(ub) + é%&v—:;Jn.(ub)] : (7

The equations [TE]=0 and [TM]=0 determine TE and TM modes of the zeroth-order. Fig. 2 shows some
dispersion curves of low orders for the silica fiber (n,=1.45) with 2a=7 pm, d=3.8 um and the relative
refractive index difference An= (n? — n3)/(2n})=0.18%. We designed the fiber in order to get the sufficiently
deep optical potential for the guidance of Rb atoms with low-power diode lasers (see the next section). For
the wavelength A = 780 nm of Rb D, line, it becomes multimode and the lowest mode is HE,;, similarly to a
concentric-core fiber [6]. The solid circles in Fig. 2 show the light propagation modes in the present case. We
derive the cutoff frequencies of the propagation modes from the equation

[(lel(ua) + lMN}H(““))Jm(ub) - ('l"JmI(ua) + lMlnx(lﬂz))lvm(ub)]
u v I, (va) u v I, (va)
2 ! 2 ]
x [(ﬁzvm'(ub) + lel/vmwa))J",(ub) - (ﬂjm'(ua) + lMJm(ua)>Nm(ub)]
u v I, (va) u v I, (va)
1 /Bm 271 12
== <—) (‘»7 + _2) [Jm(ua) Ny (ub) — Jm("b)lvm(ua)]2 . (8)
a*\ k ut v

Incidently, the equations obtained by setting zero on the first and the second terms of the left-hand side of
Eq. (8) give the cutoff frequencies of TE and TM modes, respectively. Such cutoffs arise on the horizontal
axis in Fig. 2. For single-mode operation, it is necessary to take smaller values of the parameters a, d and An.
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Fig. 3. The cross-sectional change of the optical potential produced by the evanescent wave for 85Rb atoms under the excitation of the
HE;; mode with A = 780 nm. The potential barrier is shown as a function of the distance from the inner surface in terms of temperature
representing one-dimensional kinetic energy: the coupling power and the blue-detuning are (a) 1 mW and 377 (b) 10 mW and 8r,
respectively. The upper and the lower curves of each figure are obtained for § = 0 and /2 in the case of ¢ = 0, respectively.

3. Optical potential for the guidance of Rb atoms

Next, we consider the optical potential to guide Rb atoms. The atoms approaching the inner surface undergo
the intense gradient force from the evanescent wave. The detuning of the laser frequency above an atomic
resonance, namely the blue-detuning, results in a repulsive force. For two-level atoms, the potential U(r) due
to the gradient force is known as [3]

U(r) =1Rr4 ln(l + 1—1%) . (9)

where 4 = w — wp is the detuning of the laser frequency w from the atomic resonance frequency wo and
I(r) is the field intensity. The saturation intensity /o and the natural linewidth I" are 1.6 mW/cm? and 6.1
MHz for 8Rb D, line, respectively [7]. We evaluate the intensity /(r) by calculating the z component of the
time-averaged Poynting vector S, defined as [8]

S =3(Ex H*) - e, = §(EHj — EgH;) , (10)

where e, is the unit vector in the z direction.

Fig. 3 shows the cross-sectional change of the optical potential expressed in terms of temperature for 85Rb
atoms in the case of the excitation of the HE;; mode with 1 or 10 mW coupling power under each optimal
blue-detuning. We set zero on the arbitrary phase constant ¢. In the present case, the components E,, E.
and Hy become zero at § = 0 and maximum at § = 7/2. The optical potential produced by the evanescent
wave exponentially decreases and hence the effective interaction reigion is several hundred nanometers from
the inner surface as shown in Fig. 3. Heating effects on atoms, which will prevent the clear-cut observation of
guided atoms, can be minimized owing to the wide empty region free from intense laser light. The small index
difference between the core and the cladding results in the large leakage of the laser power to the cladding,
while the large index difference between the core and the vacuum results in the slight leakage to the hollow
region. Provided that the blue-detuning is optimal, however, the millikelvin potential well is produced even with
1 mW coupling power. The 6 dependence of the optical potential shown in Fig. 3 will be discussed later.

4. Results and discussion

We give consideration to the optimal blue-detuning for guiding atoms and the feasibility of the experiment
using a thermal atomic beam. The blue-detuning affects both the range and the height of the potential barrier.
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Fig. 4. The blue-detuning dependence of the optical potential under the excitation of the HEj; mode with A = 780 nm at the distance 100
nm from the inner surface. The horizontal axis is labeled by the blue-detuning 4 divided by the natural linewidth I". The solid and the
broken curves are obtained for 10 and | mW coupling powers, respectively. The upper and the lower curves of each case are obtained for
0 = 0 and 7/2 in the case of ¢ = 0, respectively.
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Fig. 5. The azimuthal change of the potential barrier under the excitation of the HE;; mode with A = 780 nm in the case of the | mW
coupling power and 4 = 37": (a) the periodec change as a function of  at 100 nm away from the inner surface; (b) the spatial ditribution
in the hollow region. The x-y plane is taken as the x-axis corresponds to the direction of 6 = 0.

For a given mode intensity /(r) at the distance r from the inner surface, the height of the barrier becomes
maximum at 4 ~ %1"\/1 (r)/Io. Since the intensity of the evanescent wave exponentially decreases within
several hundred nanometers, it is important to adjust the detuning to the coupled mode power at an appropriate
position inside the hollow region. Unsuitable detunings shorten and lower the potentual barrier. Fig. 4 shows the
optical potential at =100 nm as a function of the blue-detuning 4 normalized by the natural linewidth I" under
the excitation of the HE;; mode with 1 or 10 mW coupling power. For 1 mW excitation, the optical potential
becomes maximum at 4 ~ 3 I". In this case, as shown in Fig. 3a, the depth of the potential is approximately |
mK, which corresponds to the atomic velocity of 30 cm/s. It is possible to make a well-collimated atomic beam
having transverse atomic velocities and transverse velocity distribution less than 5 cm/s such that Doppler-shift
effects can be neglected on the interaction with the evanescent wave. The atomic flux to the hollow fiber with
7 um diameter are estimated as 10° atom/s [9]. With a 10 cm length fiber, atoms bounce several times on the
inner surface so that it causes trivial heating on atoms.
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Fig. 6. The excitation mode patterns in the multimode hollow fiber. The vector modes are grouped into LP modes as shown in (a). By
using a diode laser with A = 780 nm, three LP modes are excited: (b) LPy; made uo of HE;; (c) LP;; made up of TEqi, TMo and
HE,;; (d) LP; made up of EH); and HEj3;. More two LP modes are excited by a HeNe laser with A = 633 nm: (e) LP3; made up of
EH,, and HEy;; (f) LP4; made up of EH3; and HEs).

The HE;, mode approximately has linear polarization in a concentric-core fiber, on the other hand, the
distorsion appears as an inhomogeneous field in the hollow fiber in spite of the small relative refractive index
difference possible to apply the weakly-guiding approximation which leads to linearly polarized modes (LP
modes, see Ref. [8]). As a result, the optical potential periodically changes as a function of the azimuthal angle
@ as shown in Figs. 3 and 4. In the present case, the potential barrier for the HE;, excitation becomes minimum
at #=m/2 and maximum at 6=0. Fig. 5a shows the 8 dependence of the optical potential at the distance 100 nm
from the inner surface under | mW coupling power and the optimal blue-detuning. Fig. 5b shows the spatial
distribution of the optical potential inside the hollow. reigion. The optimal blue-detuning should be determined
such that the potential is maintained to be sufficiently deep for all the value of 4.

The present hollow fiber has six vector modes for the 780 nm wavelength as shown in Fig. 2. The six vector
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modes are rearranged to three LP modes; HE,; to LPy; TEg;, TMy; and HE;, to LP;;; EH,; and HE3; to
LP;,. Fig. 6 shows the mode patterns of these three LP modes excited by a diode laser, including LP3; and
LP4; modes excited by a HeNe laser (633 nm). The LP,; and the LP,; modes have one and two node-lines,
respectively, while the LPyp; mode has no node-line so that it can form the stable potential well with no gap.
Therefore the LPy; mode, namely the HE;; mode, is suitable for the atomic guidance. We have gained the laser
coupling efficiency of more than 10% to the hollow fiber, which is sufficient to produce the millikelvin barrier
with commercial diode lasers.

In summary, we showed the production of the deep optical potential due to the evanescent wave in the
cylindrical-core hollow fiber. The experiment using an atomic beam can be carried out with low-power lasers.
For the efficient atomic guidance, the HE;; mode should be excited.
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High Spatial Resolution Diagnostics
of Optical Waveguides Using a
Photon-Scanning Tunneling Microscope

Yasunori Toda and Motoichi Ohtsu, Senior Member, IEEE

Abstract—We propose a high-resolution diagnostics technique
for optical waveguides using a photon-scanning tunneling micro-
scope (P-STM). This technique has the advantageous capabili-
ties of nondestructive measurement and informative analysis of
guided mode. The capability of this technique was evaluated by
measuring the characteristics of an LiTaO3; waveguide. Scattered
light spot of 500-nm diameter caused by defects was measured,
and a normalized width was estimated to be 3.7 ym. Moreover,
we obtained the power dispersion in }"-branch waveguides, which
were in good agreement with the theoretical plots calculated by
the beam propagation method (BPM).

I. INTRODUCTION

ITH the development of optical communication and

information processing systems using optical waveg-
uides, designs of functional and miniature components are
required for a variety of applications such as local area
network, optical computing and so on. So far, several testing
methods for diagnosing these waveguides, e.g., OCDR, HSD,
and TV camera methods have been reported [l]-[4]. For
future devices with higher integration, the method with higher
resolution should become indispensable.

A method using a photon scanning tunneling microscope
(P-STM method) [5], which has the advantage of high spa-
tial resolution by picking up the evanescent field on the
waveguide surface, enables us to diagnose the waveguide
nondestructively. The following features which are important
for the design and fabrication process of the waveguide can
be characterised by the P-STM method: 1) scattering caused
by deformation and defect of the surface and inhomogeneity
of the composition, 2) intensity profile of a guided mode, and
3) comparison between numerical calculation and measured
results to map the profile of refractive index. In this letter, we
demonstrate the P-STM method with the view of these three
features.

In the case of the waveguide whose upper cladding layer
is air, it is possible to monitor the evanescent field of the
guided mode leaked through the upper boundary layer, i.e., the
guided mode profile can be monitored through the interaction
between the waveguide and the fiber tip via evanescent field.
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Because the size of the fiber tip is much smaller than that of
the object, it can be regarded as a nondestructive measurement.
Both pick-up efficiency of the evanescent photons and the
spatial resolution are determined by the size and the refractive
index of fiber tip [6]. By using the fiber tip with a curvature
radius less than 10 nm which we have fabricated by a chemical
etching method [7], [8], sufficiently high spatial resolution is
expected for diagnosing the waveguides.

II. EXPERIMENTAL SETUP

The experimental setup for P-STM method is shown in
Fig. 1. The light from a diode laser (LD) at 680 nm wavelength
is coupled by a lens (L) to a waveguide (WG). The waveguide
under test is a proton-exchanged Z-cut LiTaO3 waveguide
whose normalized cross-sectional area is 3.8 x 2.7 um® and
operates as a single-mode waveguide for 633 nm wavelength.
The propagation loss measured by the cut-back method is 0.7
dB/cm. Only a transverse magnetic (TM) mode was excited in
the waveguide. The evanescent field in the guide layer can be
picked up by the fiber tip and detected by a photomultiplier
(PM). A piezoelectric transducer (PZT) is used for scanning
the fiber tip.

The dependence of pick up power on the surface-probe
separation is shown in the inset of Fig. 1. Here, the coupled
power to the waveguide is about 1 mW. Since the waveguide is
made of a ferroerectric material, electric charges are induced
on the surface. Thus, a Coulomb force is induced between
the surface of the waveguide and probe, by which the probe
is pulled and deformed. In order to prevent the pulling and
the deformation, the distance between probe and surface is
modulated by dithering PZT. The modulation amplitude and
frequency are 50 nm (peak-to-peak) and 800 Hz, respectively.
A lock-in amplifier (LIA) is used to detect the picked up light
power by synchronising to the modulation signal.

III. EXPERIMENTAL RESULTS

Guided light is scattered due to the deformation and inho-
mogeneity at the proximity of the surface of the waveguide
[9]. These scatterings offer some information about the loss
mechanism of the waveguide. Fig. 2(a) shows the measured
profile of a linear waveguide with scanned area of 15 x 15
pm?. Fig. 2(b) is the magnified image corresponding to one of
these scattering points which is indicated by the white square
in Fig. 2(a), and the scan areais 1 x 1 pum?2. The full width at

1041-1135/95504.00 © 1995 IEEE
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Fig. 1. Experimental setup for P-STM method (LD: diode laser; WG:
waveguide; PZT: piezoelectric transducer; P.M.: photomultiplier; L: conforcal
lens L.LLA.: lock-in amplifier). Inset: The dependance of pick up power on
surface-probe separation while dithering the probe over the core with the LD
power of 1 mW.

half maximum (FWHM) of the power distribution in Fig. 2(b)
is S00 nm, which is the subwavelength value.

To examine the flatness of the surface, we observed the
waveguide by a scanning electron microscope (SEM) and
an atomic force microscope (AFM). As a result, surface
variation was sufficiently small, and we interpret these scat-
terings mainly due to the dust particles in the air and the
inhomogeneity of the composition. In order to investigate the
scattering, we compare the image between the near field and
the far field. Fig. 3(a) and (b) show the measured profiles
for which the surface-probe separations z are z < 50 nm
and z > 500 nm, respectively. In the regions A and B in
Fig. 3(a), there are some bright spots. In the region A’ in
Fig. 3(b) corresponding to the region A, some bright spots
are also observed due to the scatterings. On the other hand, no
bright spots are seen in Fig. 3(b) corresponding to the region
B. This may imply that the intensity of the observed scattering
depends on the solid angular distribution of the light-induced
dipoles, which is determined by the size and the composition
at the proximity of the surface of the waveguide.

One of the important parameters for evaluating the wave-
guide is the normalized width of the waveguide, which can be
estimated from the spatial profile of the guided mode. Fig. 4(a)
shows the measured spatial profile of the guided mode in the
waveguide. The transverse profile of TM mode is shown in
Fig. 4(b) which is obtained by averaging 256 times at every
60 nm along the longitudinal direction (z-axis in Fig. 4(a)).
By approximating parabolic profile of the refractive index, the
evanescent field amplitude can be expressed by a Gaussian
function exp(—z2/20%) + A. where ¢ is standard deviation
[4] and A is a noise magnitude of evanescent field detection
by the P-STM that is evaluated by the dependence of the
detected power on surface-probe separation. The solid curve in
Fig. 4(b) is Gaussian being least-square-fitted to the measured
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(b)

Fig. 2. Measured profile of the waveguide. (a) P-STM image with the
scanned area of 15 x 15 um?. One of the scatterings is indicated by the
white square. (b) Magnified image with the scanned area of 1 x 1 gm?.

(a) (b)
Fig. 3. Scanning profile of propagation mode on the waveguide involved

scattering (15 x 15 g m*). (a) Near field image (probe-surface separation
= <50 nm). (b) Far field image (= > 300 nm).

value, and from this fitting, the normalized width which is
expressed by the 1/¢ of the intensity (2v/20) is evaluated
to be 3.7 pum which is good agreement with the value of 3.8
pum expected at the stage of designing the device. Although the
normalized width can be obtained by various methods, here we
estimate them by the near-field optical sensing method using
the fiber tip, to our knowledge, for the first time. This also
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Fig. 4. (a) Scanning profile of propagation mode (10 x 15 pum?). (b)
Transverse intensity profile in (a).

indicates that the P-STM method enable us to investigate the
propagation constant at the desirable points nondestructively.
One of the advantages of P-STM method is the capability
of two-dimensional imaging of the intensity profile of the
guided mode, which is particularly useful for planar integrated
optical devices (i.e., directional coupler, Y -coupler, etc.). To
demonstrate this capability, we measured another Y -branch
proton-exchanged LiTaO3; waveguide and compared the results
with the numerical calculations to map the refractive index
profile. The beam propagation method (BPM) [11] which is
one of the most powerful methods for the modelling and simu-
lation of optical waveguide devices is used for the calculation.
Fig. 5 shows the measured value on the line A-A’ line in the
inset of this figure, which shows the measured spatial profile
of three continuous regions of Y -branch. The experimental
values were fitted to the exponential function by the least-
square method and the power variation rate is estimated to
be —1.2 x 107! dB/um. For the calculation by BPM, the
models of refractive index distribution were approximated as
a) step-like and b) Gaussian profiles. Both attenuation curves
can be least-square-fitted by the exponential function, and
each power variation rate is estimated to be a) —1.2 x 107}
dB/pm b) —0.30 x 10~! dB/pm, respectively. Compared with
the measured power variation rate, the approximation using
the step-like profile is more accurate than using the Gaussian
profile in the regions around the branch of this sample. These
comparisons have shown that the P-STM method can be
employed to evaluate the profile of refractive index.

IV. CONCLUSION

By using the high resolution P-STM method, LiTaOgs-
waveguide are evaluated by measuring the propagation mode
profile. The measured profile gives us the information about
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Fig. 5. Normalized power variation on the A-A’ line in the inset of this

figure. The solid and broken curves are the calculated power variation by the
approximation as step-like and Gaussian, respectively. Inset: Image profile of
Y -branch waveguide with the area of 13 X 45 yem? for the numerical analysis.

the scattering source and refractive index profile. Some scat-
tering caused by defects are observed with a spatial resolution
higher than 500 nm. From the transverse intensity profile of
guided mode, the normalized width of 3.7 m was obtained.
Compared with the numerical calculation method, this tech-
nique enables us to map the distribution of refractive index for
the calculation. The present technique is more advantageous
for integrated devices with more complicated structures, and
P-STM method is expected to be widely used for various
applications in the future.
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We discuss an atomic waveguide that guides atoms in a similar way a quadrupole mass spectrometer guides
charged particles. A two dimensional guiding potential barrier is produced by repulsive optical dipole forces
caused by evanescent waves from optical fibers. A realization of this new atom optical element is proposed.

KEYWORDS:

There has been much interest and activity in the
manipulation of atoms with laser light” and its applica-
tion to atom optics.? Some recent demonstrations of
atom optical elements include atomic mirror, atomic
lens, atomic diffraction grating, and atomic zone plate.
In many cases, the optical dipole force due to the inten-
sity gradient of near-resonant radiation is employed.
An excellent radiation source with a spatial gradient is
provided by an evanescent wave, since it provides a
short-range repulsive potential that minimizes perturb-
ing effects of the guiding radiation.*?

It would be interesting and useful to guide atoms in
an arbitrary direction, much as an optical fiber guides
laser radiation. A method of guiding atoms through a
hollow optical fiber in the presence of a copropagating
Gaussian laser beam has recently been proposed.”
Also, the possibility of guiding thermal atoms along a
glass surface via specular reflection at grazing inci-
dence has been demonstrated with® and without®
evanescent waves produced by total internal reflection.
However, these methods have both drawbacks and limi-
tations as discussed below.

In this paper, we address the possibility of a new
optical device for atoms-an atomic waveguide-that uses
the evanescent waves present near optical fibers.
Specifically, we consider a waveguide fabricated from
specially prepared optical fibers [Fig. 1(a)] arranged to
provide a quadrupole geometry [Fig. 1(b)] similar to
that of a commercial quadrupole mass spectrometer
that guides charged particles.” For atoms, a two-dimen-
sional guiding potential may be produced by the super-
position of short-range repulsive optical potentials due
to the evanescent waves near the optical fibers. The
proposed method would offer a versatile tool for guid-
ing atoms. It may also overcome practical difficulties as-
sociated with the Gaussian beam/hollow fiber guide,?
such as the fragility of hollow fibers and dipole heating
effects due to the guiding laser beam. It therefore al-
lows an arbitrary guiding geometry, increased atomic
guidance times and distances, decreased minimum
radii of curvature, and inherently small collimation an-
gles.

When laser light is focused and coupled to the cores
of the optical fibers,® evanescent waves with exponen-
tially decaying intensities are produced in the guiding
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region adjacent to the core. If the laser frequency is de-
tuned to the blue of the atomic resonance line, atoms
will be subject to repulsive optical dipole forces. As a
result, they will be pushed away from the high-inten-
sity region near the core of each fiber towards the low-
intensity central region of the waveguide. Conse-
quently, atoms tend to travel through a field-free
region, minimizing heating effects due to radiation
forces. Note that the quadrupole-type atomic

(a)

evanescent wave guiding region

cladding

(b)

atomic waveguide

Fig. 1. (a)For an optical fiber with a core adjacent to its surface, an
evanescent field extends several hundred nanometers out into
space. (b) A combination of such fibers in a quadrupole geometry
may be used as an atomic waveguide.
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waveguide of Fig. 1 is similar to a quadrupole mass
analyzer guiding charged particles along its center axis
in the sense that the latter provides repulsive electric
potentials (although instantaneous and time-varying)
around each cylindrical electrode. However, unlike the
case of a mass analyzer, the optical potential for an
atomic waveguide is not quadratic. Rather, it is ex-
ponential and localized to the vicinity of each fiber and
therefore vanishes near the waveguide center.

Let us now consider the spatial field distribution of
the evanescent waves in the guiding region next to the
core of one of the fibers. Since the calculation of the ex-
act spatial distribution for arbitrary core geometries is
not possible, we will use a simple model for qualitative
analysis. We assume that the core can be approximated
by a rectangular dielectric waveguide, and estimate the
field distribution using the standard methods.*'”¥ We
obtain good estimates for optical modes far from
cutoff, as the fields are then confined to the center of
the core reducing the dependence on the core geo-
metry.

A realistic example is diagrammed in Fig. 2(a),
where we assume a core 6 pm wide and 3 ym deep. Us-
ing typical optical fiber refractive index values at
wavelengths near 800 nm (1.455 and 1.45 for the core
and cladding), we find that the maximum evanescent
field amplitudes are about 14% of the peak core ampli-
tudes. The evanescent wave amplitudes role off only
near the core edges, where they are reduced to 6%.
The numerical results of the amplitude contours of the
evanescent fields around a rectangular core are present-
ed in Fig. 2(b). The transverse field-distribution inside
the atomic waveguide is then obtained by simply add-
ing the fields from each fiber shown in Fig. 2(b). For a
quadrupole geometry as in Fig. 1(b), the evanescent
field amplitude is largest near the cores and smallest
near the corners between fibers, vanishing in the cen-
tral region.

The motion of a two-level atom inside the atomic
waveguide can be determined in the following way. In a
steady state condition, the optical potential energy for
an induced atomic dipole is given by,

S(r) )
1+44%r?)

where A=w—wo—kv, is the effective detuning of the
laser frequency w with respect to the atomic resonance
frequency wp and includes the Doppler shift kv,, with &k
the wave vector of the laser light in the fiber and v, the
longitudinal component of the atomic velocity. S(r)
=I(r)/Ls is the saturation parameter, with I(r) the
evanescent wave intensity at position 7 and I the tran-
sition saturation intensity. I" is the spontaneous decay
rate of the excited state. As can be seen in eq. (1), the
potential is repulsive (attractive) near fibers provided
that A>0 (A<0).

Let the laser frequency be blue-detuned, i.e., A>0.
Then, the evanescent fields near the fibers will produce
a two-dimensional potential barrier with a functional
form similar to the field distribution in Fig. 2(b). This
allows atoms to be guided by successive (specular)
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Fig. 2. (a) A simple example of a rectangular core geometry with
typical refractive index values at 800 nm. (b) The numerical field-
amplitude contours of the evanescent wave. The distance is nor-
mal to the core surface.

reflections from the optical potential barriers. There-
fore, an atomic beam can be entrapped in the central
field-free region, and can cover great distances with lit-
tle broadening and small loss. Moreover, by bending
the atomic waveguide, one may force the atoms to fol-
low complex and arbitrary trajectories.

Now let us estimate the optical guiding potential of
the waveguide. As is clear from Fig. 2(b), the minimum
height of the potential barrier near the corners will de-
termine the maximum possible temperature of the
lateral atomic motion. For rubidium atoms with
L:=~1.8 mW/cm?, we estimate that 100 mW cw power
from a semiconductor laser can produce a maximum
saturation parameter of S(b)=5 X 10° close to the core
and a minimum of about 10° near the corners.” The op-
timum laser frequency detuning is A=~I'(S)"2=10°T.
Then the evanescent field induced optical potential bar-
riers can guide atoms with a maximum transverse mo-
tion temperature of T'=U/kp=~100 mK, which is higher
than that determined by the collimation angle (=>107°
rad) for a thermal atomic beam (300K) in the
waveguide itself (1 m long). A computational simnla-
tion of the atomic trajectories in the waveguide is
presented in Fig. 3, which shows the atomic motion
along the waveguide axis projected on a plane normal
to the axis.

A useful waveguide parameter is the minimum
radius of curvature Rmin for which atoms can avoid col-
liding with the fiber surfaces and remain inside a
curved waveguide. This can be determined by the
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Fig. 3. A typical atomic trajectory inside the waveguide made of
fibers in Fig. 2(a), projected on the plane normal to the guiding
axis, is shown for Rb atoms with experimental parameters as given
in the text.

balance between the average optical gradient force
{Fo>=U/X () is the atomic transition wavelength) and
the centrifugal force F.=Mv}/R;

RminzAMU?//lL (2)

Due to the increased flexibility of our waveguide, the
minimum radius of curvature is much smaller than for
guiding in hollow fibers,” and is limited only by the lon-
gitudinal temperature of the atoms. For example, ther-
mal Rb atoms with A=780 nm and v=400 m/s give
R.i»=3 cm. Using precooled atoms, the radius of curva-
ture can be made even smaller.

Another important parameter is the atomic momen-
tum-diffusion coefficient due to quantum fluctuations
caused by interactions between atoms and photons.
However, as mentioned earlier, our waveguide employs
short-range evanescent wave barriers, so that the per-
turbing effects of radiation can be minimized and ren-
dered insignificant. For example, atoms bounce off the
optical potential barriers only several times while being
guided along a 1 m path. The atom-field interaction
time becomes of the order 10 pus, whereas it is a few ms
for a hollow fiber case,® so that the momentum-diffu-
sion can be negligible. Therefore, in principle, atomic

W. JHE et al.

guidance times can be made much longer, for example,
by increasing the laser frequency detuning or by using
precooled atoms. To summarize, our estimates show
that an atomic waveguide using evanescent waves near
optical fibers may transmit atoms without substantial
losses over long distances and guide them through ar-
bitrary trajectories. The waveguide provides the pos-
sibility of a versatile and compact mechanical/optical
transporter for (cold) atoms that offers precise delivery
to a target. This may be applied, for example, to
microfabrication using single atoms. Note that another
interesting method of manipulation of single atoms us-
ing localized evanescent waves near a Photon Scanning
Tunneling Microscope (PSTM) fiber tip has recently
been proposed,'? which offers similar advantages. The
possibility of arbitrary manipulation of atomic trajecto-
ries may be used for demonstrating Berry’s phase in a
screwed geometry (atomic coil). The proposed atomic
waveguide may also serve as a high-density atomic bot-
tle for studies of collective effects? in a U-shaped geo-
metry (atomic hose) where extremely cold atoms could
be guided and localized by gravity.

Realization of the proposed atomic waveguide is cur-
rently under progress.

WJ is grateful to S. Eah for his assistance in com-
puter simulation and to KOSEF for its support.
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Highly Controllable Fabrication of Fiber Probe for Photon Scanning Tunneling

Microscope
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Summary: A selective chemical etching was used to fabricate
fiber probes for the photon scanning tunneling microscope
(PSTM). The cladding diameter of the fiber probe was con-
trolled by varying the first-step etching time. The cone angle of
the fiber probe tip was controlled by varying the doping ratio
of the fiber and the composition of the etching solution. A
cladding diameter of 8 um and a tip diameter of about 3 nm
were fabricated. The smallest cone angle was 14°.

Key words: photon, scanning tunneling microscope, optical
fiber, etching

Introduction

Advances in technology for the fabrication of submicrome-
ter size objects have led to the realization of a photon scanning
tunneling microscope (PSTM) with image subwavelength
structures in a sample surface (Jiang et al. 1991, Jiang et al.
1992, Lieberman et al. 1990, Pagnia et al. 1990, Pohl et al.
1984, Reddick ez al. 1989). Because the image of the sample
surface is obtained by picking up the spatially localized evanes-
cent field which is generated under the total internal reflection
and modulated by the sample, the resolution of the PSTM is
limited by the probe tip diameter and the separation between
the probe and the sample. A reproducible and efficient fabrica-
tion of the probe, therefore, becomes very important for PSTM.
Some fabrication methods (Lieberman et al. 1990, Pagnia et al.
1990, Pohl et al. 1984) have been reported, but sufficiently high
reproducibility and detection efficiency have not yet been
achieved and the tip diameter of the fabricated probe has not
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been small enough for resolving the nanometric scale structure
of the sample. To solve these problems, a selective etching
method using a buffered hydrofluoric (HF) acid as an etching
solution has been applied to a single-mode fiber, fabricated by
the vapor-phase axial deposition (VAD) method for fabricat-
ing the fiber probes (Jiang et al. 1991; Pangaribuan et al. 1992,
1993). Based on this method, we present in this paper a highly
controllable fabrication of fiber probes with nanometric tip
diameters. The fiber probe with the smallest cone angle and a
cladding diameter of 14° and 8 pm, respectively, has been fab-
ricated with high reproducibility.

Principles of Selective Etching

Selective chemical etching using a buffered HF acid has
been widely used in processing dielectric materials. An etch-
ing solution with composition 40% (weight %) NH,F, 50% HF,
and H,O was used to sharpen a fiber with pure silica cladding
and GeO,-doped silica core to fabricate the fiber probe. The
sharpening process of such a fiber can be explained by the fol-
lowing chemical reactions. The chemical reaction of SiO, with
HF in water solution can be expressed as (Burns et al. 1980):

Si0,+4HF —> SiF,+2H,0 (1a)
SiF, +3H,0 —> H,Si0, +4HF (1b)
SiF,+2HF —> H,SiF, (1c)

while for GeQ, it is expressed as (Rochow 1973)
GeO, +4HF ——> GeF,+2H,0 (1d)
GeF, + 3H,0 ——> H,GeO, +4HF (le)
GeF, +2HF ——> H,GeF (1)

Comparing the preliminary experimental results of the dis-
solution rate of GeO,-doped silica core and pure silica
cladding, it was found that the dissolution rate of the core was
faster than that of the cladding and the end of the fiber core
became concave (similar to the shape shown by Fig. 3bin Pan-
garibuan et al. 1992). To obtain a lower dissolution rate of the
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GeO,-doped core, NH,F is added to HF as a buffer solution. In
this case, the resultant H,SiF, and H,GeF [see Egs.(1c) and
(1f)] react with NH,. ionized from NH,F, as follows:

H,SiF, + 2NH, ——> (NH,),SiF, (2a)

and

H,GeF + 2NH,——> (NH,),GeF, (2b)

The difference in the solubility of the generated (NH,),SiF,
and (NH,),GeF; in the etching solution leads to the difference
in the etching rate between core and cladding. Therefore, by
adjusting the composition of the etching solution, that is, the
volume ratio of NH,F and the doping ratio of GeO,, fiber
probes with various cone angles and tip diameters can be fab-
ricated.

Experimental Results and Discussions
One-Step Etching for Fiber Sharpening

Based on the above-mentioned process, the sharpness of the
fiber probe (denoted by the cone angle 6,) was investigated by
etching five kinds of fibers. The first four fibers have pure sil-
ica claddings and GeO,-doped cores with doping ratios of 3.6,
8.5, 14, and 23 mol% (which correspond to the relative refrac-
tive-index differences of 0.36, 0.85, 1.4, and 2.3%), respec-
tively. The fifth fiber has a silica cladding doped with 2.1 mol%
F and a silica core doped with 22 mol% GeO,. The etching
solution was composed of 40% (weight %) NH,F, 50% HF and
H,0. The buffering condition was controlled by varying the
volume ratio of NH,F, denoted as X, and the volume ratio of
HF to H,0 was maintained at 1:1. Hereafter, the composition
of the used etching solution will be identified by the value of X.
To avoid the high-temperature operation of HF and to save
etching time, all the experiments were carried out at the etch-
ing solution temperature of (22+1)°C.

The dependence of cone angle 6, on X is shown in Figure
la. Curves A, B, C, and D are the results for the first four fibers,
while curve E is the result for the fifth fiber. It can be seen that
the cone angle 6, became smaller with increasing values of X
and doping ratios, and the sharpest fiber probe with a cone
angle of 14° was obtained by etching the fifth fiber with value
of X=5 in 40 min. Using the etching solution with X=1, instead
of sharpening the fiber even gives a “negative cone angle,”
which is expressed by the cone angles larger than 180° in
curves A, C, and D. In these cases, the etching rate of the core
became larger than that of the cladding. Although it was
reported that the difference in etching rate of core and cladding
and 6, is dependent only on the doping ratio of GeO, in the core
(Kawachi ez al. 1982), we found that 01 is dependent alsoon X,
especially in the case of the fiber with a high GeO, doping ratio
(Pangaribuan et al. 1992). Moreover, in the case of the fifth
fiber, the presence of F in the cladding leads to an increased
etching rate and a decreased cone angle.

To estimate the tip diameter of the fiber probe, we observed
the fiber probe with a cone angle of 20° (coated with 7 nm-thick
Pt-Pd) with a scanning electron microscope (SEM) (Hitachi S-
4500) with magnification of 5x 10°. The SEM image of this tip
is shown in Figure 1b. The image of the original coated tip is
the inside part: we suppose that the outside part with thickness
C, is due to contamination from the SEM chamber during

300

200

0, (degree)

100

(@)

® | ¢ [= , 60 nm .

r 1
Fig. 1 (a) The dependence of cone angle 6, of the fiber probes on X.
Curves A, B, C, and D are the results for fibers with GeO,-doped silica
cores with ratios of 23, 14, 8.5, and 3.6 mol%. respectively. The fiber used
for curve E has 2.1 mol% F-doped silica cladding and 22 mol% GeO,-
doped silica core. (b) SEM image of the tip. The original tip with the diam-
eter of about 3 nm, coated with 7 nm thick Pt-Pd. is covered by contami-
nation ¢, with a thickness of 22 nm.
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observation, because the extension of bombardment time of the
electron beam on the tip did not change the size of the inside
part, whereas C, was gradually enlarged. From such a result,
the tip diameter is estimated to be about 3 nm, considering that
the coating thickness was 7 nm. As the probe for PSTM, this is,
to the authors’ knowledge, the smallest tip diameter ever
reported.

To confirm the reproducibility of our method, a series of
experiments with an identical etching procedure was carried
out and the results have shown that the standard deviation of the
cone angle (=A6,) was < 0.5°. Reproducibility in space homo-
geneity was also evaluated by etching a dual-core fiber with
GeO, doping ratio of 3.6 mol%. The experimental result is
shown in an SEM image in Figure 2. Comparing the two etched
tips, the cone angle and the differences in height between tip 1
and tip 2 are within 1° and 20 nm, respectively.

We also investigated the minimum etching time for sharp-
ening to avoid the degradation on the tip sharpness because of
over-etching. A single-mode fiber with pure silica cladding
and GeO,-doping core ratio of 23 mol% was used. The rela-
tion between the cone angle (9l ), the necessary minimum etch-
ing time (T, ), and the corresponding value of X is shown in
Figure 3.

Two-Step Etching for Reducing the Cladding Diameter

A side view of the fiber probe and the sample is shown in
Figure 4. Here, his the length of the tip which varies from 2-6
um depending on its cone angle, d of about 90 um is the
cladding diameter, and s is the separation between tip and sam-
ple during scanning. This separation should be kept in the range
of 10-100 nm in order to pick up the exponentially decreased
evanescent field and to achieve a nanometer resolution in the
measurement. However, in the practical systems, the end sur-
face of the fiber cannot be perfectly parallel to the sample sur-
face. It would be tilted at an angle ¢ (see the end surface of the
fiber represented by line CD). With such a large ratio of d to h
(i.e., d/h > 15), a tilt angle o of about 5° should bring the
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cladding edge into collision with the sample surface. To solve
this problem, a two-step etching method was proposed (Pan-
garibuan et al. 1993).

A diagram of the two-step etching method is shown in Fig-
ure 5. The original cladding diameter of the fiber is d =125 um
and the fiber core diameter is d =3.4 um. Process I, first-step
etching, is used to reduce the cladding diameter d | tod,, while
Process I, the second-step etching, is used to sharpen the fiber
end, where the cladding diameter becomes d2 and the sharp-
ness is denoted by 6,.

X

3 4 5 6 10

[T T T T ]

sl -

0 C i
]

g i ]

] o <

T 30 -

-3 B i

[ 1 ] 1 ] ] 1 1 | ] 1]

50 100
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FIG.3  Relation between the cone angle 6, the volume ratio of NH,F X,
and the minimum etching time T, for sharpening. GeO,-core doping ratio
is 23 mol%.

Sample Fiber probe
Tip 1 Tip 2 Fic.4  Side view of the fiber probe and sample. Fiber core d =34um,
+ + cladding diameter d = 90 um, length of the tip h =2-6 um, tip-sample sep-
aration s = 10-100 nm, and ais the tilt angle.
J) Hdc" )} J) JL
? -
]
b - b - - 62
——dy— —d;— —do—

3 um

, FIG.5 Diagram of the two-step etching method. The first step (I) reduces
I 1 the cladding diameter fromd_ tod,. The second step (I) gives fiber sharp-

Fi6.2" SEM image of the tips produced on a dual-core fiber. GeO,-core ening after applying the minimum etching time. The cladding diameter

doping ratio is 3.6 mol%. and the cone angle after two-step etching are d, and 6,, respectively.
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First-step etching: To optimize the first-step etching process,
we first investigated the rate of reduction of the cladding diam-
eter during first-step etching. The relation between cladding
diameter d, and first-step etching time t, is shownin Figure 6a.
Lines A to H show cases in which etching solutions with val-
ues of X ranging from 1.6 to 10 to a fiber of 23 mol% GeO,-
core doping ratio were used and show that the cladding diam-
eter decreased linearly with increasing etching time, and that,
for the same d , a longer etching time is necessary withincreas-
ing X. We also found from these experiments that an etching
solution with a value of X < 3 produced an almost flat fiber end
and that the etching process mainly acted by reducing the
cladding diameter. Furthermore, since the fiber end was con-
cave when etching with X < 1.7, an etching solution with a

I 1 T 1 I 1 1 1 I T I 1 I
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el
()]
£
2 e B - s
(3]
- A -
e .

10 pm

(b) ,

|

| 1
Fic.6 (a)Dependence of the cladding diameter d, on etching time ofthe
first-step t,. The etching solutions with X of1.6,1.7,1.8,3,4,5,6,and 10
were used in curves A, B, C, D, E, F, G, and H, respectively. (b) SEM
image of a fiber end after first-step etching with X =1.7. GeO,-core dop-
ing ratio is 23 mol%.

value of X=1.7 was used in first-step etching: in such a solu-
tion, it was found that the rate of reduction of the cladding
diameter can be expressed by v =-0.95 ym/min (see line B).
Figure 6b shows an SEM picture of an example of a fiber end
etched with this solution, where the etching time was 102 min
and the cladding diameter d, was reduced to 29 ym. Although
the fiber end after the first-step etching was not exactly flat, we
found that it had no significant effect on the sharpness of the
fiber probe tip after the fiber sharpening in the second-step etch-
ing.

Although the cladding diameter can be reduced to nearly
zero by increasing the etching time, the minimum cladding
diameter should be found considering the optical propagation
loss in the fiber cladding. From our preliminary results on the
light transmission through the fibers with reduced cladding
diameter, it was found that the minimum cladding diameter
d, .., should be twice the core diameter d_for negligible trans-
mission loss, in agreement with calculated values (Ainslie et
al. 1982). In the first-step etching, the value of d, is therefore
adjusted to d,>2d +8,. Here d, is the cladding diameter
reduced with the minimum etching time for each value of X.
The examples of &, are shown in Table I, and these 4, do not
change when the temperature of the etching solution is con-
stant.

Second-step etching: The desired cone angle of the fiber
probe is obtained by using an etching solution with a value of
X=3 or larger in the second-step etching. It was found that the
relation between cone angle and X and the associated mini-
mum etching time for each value of X used in a one-step etch-
ing method does not change when the temperature is constant
(Pangaribuan e al. 1993). The sharpening process in the sec-
ond-step etching was carried out by utilizing this relation as
explained in a previous section.

Combining the rate of reduction of cladding diameter when
X=1.7 with 8 as shown in Table I, the cladding diameter d,
limited by d,—8,>d,>2d_ obtained after two-step etching can
be empirically expressed as

d,=d ~0.95t—6. ©)

By adjusting the first-step etching time and following the
above-mentioned second-step etching, a fiber probe with the
desired cone angle and cladding diameter can therefore be
obtained.

TapLel The relation between the reduced cladding diameter during
sharpening with the minimum etching time and the cone angle for various
volume ratios of NH,F in the etching solution. A fiber with pure silica
cladding and 23 mol% GeO,-doped silica core was used.

Coneangle, Volumeratio Minimumetching Reduced cladding
6, (degree)  of NH,F X time, T, (min) diameter, 8, (um)
45 3 30 19.6
31 4 45 204
25 5 60 209
22 6 75 212
20 10 120 21.3
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FIG.7  (a) SEM image of fiber probe fabricated by one-step etching. (b) SEM image of fiber probe fabricated by two-step etching. For both (a) and (b),

GeO,-core doping ratio is 23 mol%.

Figures 7a and 7b are SEM images of fiber probes fabricated
by one-step and two-step etching, respectively. The etching
solution with a value of X=10 was used in Figure 7a, while in
Figure 7b etching solutions with value of X=1.7 and X=10
were used in first-step and second-step etchings, respectively.
Here, the first-step etching time was 102 min. The cone angles
for both fiber probes are 20° and the cladding diameter of fiber
probes in Figures 7a and 7b are 90 um and 8 um, respectively.
Comparing these two figures, it is clear that the cladding diam-
eter has been reduced by more than one order. Furthermore, the
value of d,>d is well maintained and the cone angle 6, pro-
duced by two-step etching is guaranteed equal to the cone angle
6, produced by one-step etching. From a series of experimen-
tal results for a fiber with 23 mol% GeO, core-doping ratio, it
was found that the relative difference of the cone angles defined
by (6,—6,)/6, was <2%.

Because a tilt angle o up to 45° is permissible when
d,=8 um, collision of the cladding edge with the sample surface
is easily avoided. However, a fiber probe with such small
cladding diameter tends to be flexible and its use leads to some
degradation of the mechanical stability of the PSTM system.
To estimate the mechanical stability of the fiber probe in a prac-
tical PSTM system (Jiang et al. 1991), we estimated the rela-
tive deflection due to external mechanical forces. Figure 8a
shows an optical microscope image of our fiber probe. The
cone-like cladding part with a length of 1, =300 pm was due to
surface tension effect etching. The 90 um length of the fiber
with reduced cladding diameter d, was determined by the
length of the fiber dipped into the etching solution and the effect
of surface tension etching. Because the part of the fiber with
cladding diameter d, etched by the surface tension effect can-
not be reduced to < 70 pum, the available minimum value of 1 is
about 80 um. Since the length of the fiber clamped to the rigid
fiber probe holder is about 5 mm, 1, can be neglected, and the
approximation model shown in Figure 8b was used for esti-
mation. The relative deflection y/y, of the free fiber end with

Holder
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FiG.8  (a)Optical microscope image of the fiber probe. Magnification =
100,1,=300 um, =90 pm. and d,=8 pm. (b) Approximation model for sta-
bility estimation. F is the external force loaded at free end O,, L=5 mm.
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the external force loaded perpendicularly to O, can be
expressed as:

yly, = {4406 + L3 - LA/2) + d,4(B/3)}/(d “L¥3),
@

where y, is the deflection of an unetched fiber, that is, the fiber
is a uniform rod with cladding diameter d_ due to the same
external force.

Calculated results of y/y_ as a function of d,/d_ for various
values of 1 are shown in Figure 9. Curves A, B, C, D, E, and F
show the relative deflections corresponding to the values of 1
equal to 50, 90, 100, 150, 200, and 250 um, respectively. It can
be seen that the value of 1 of a fiber probe with d,=2d_ should
be < 90 pm to maintain mechanical instability within 10 times
that of a fiber with unreduced cladding diameter (see curve B).

On the other hand, because the deflection of such a fiber
probe can be estimated by y = (64F/TE){d *(1%/6 + L*/3 -
L2/2) +d,* (1%/3)}, the force constant, defined as F/y, can be
calculated. Here, F is the external force and E=5x 10° N/m?
(Zwick et al. 1985) is the modulus elasticity of the fiber. It has
been determined that, for 250>1>100 um and d,=2d , F/y is in
the order of 0. 1-1 N/m, comparable to the force constant of the
cantilever used in AFM (Rugar and Hansma 1990). Such a
fiber probe can be employed for combined shear force-NSOM

102

1

Relative deflection (y/y,)

10!

d,/d,

FiG.9 Calculation result of relative deflection versus d,/d_ with values|
of 50, 90, 100, 150, 200, and 250 um for curves A, B, C, D, E, and F,
respectively.

(Betzig et al. 1992) because of the high relative deflection; that
is, it is highly sensitive to a small value of external force.

Conclusion

Selective chemical etching methods were used to fabricate
fiber probes for PSTM with various cone angles with high
reproducibility, not only by varying the doping ratios of the
fiber core and fiber cladding but also by varying the composi-
tion of the etching solution. The smallest cone angle of 14°, a
tip diameter of about 3 nm, and the cladding diameter of 8 um
were obtained. The relative difference between cone angles
produced by one-step and two-step etching was kept <2%. By
two-step etching, the cladding diameter has been reduced to
one order smaller than that of the one-step etching process.

Acknowledgment

The authors thank Dr. S. Miyamoto (Fujikura) and Profes-
sor H. Kawazoe (Tokyo Institute of Technology) for discus-
sions on optical fibers, and Mr. K. Yamada (Tokyo Institute of
Technology) for his help in the experiment.

References

Ainslie BJ, Beales KJ, Day CR, Rush JD: The design and fabrication of
monomode optical fiber. IEEE Trans Microwave Theory Tech, MTT-
30, 360-369 (1982)

Betzig E, Finn PL, Weiner JS: Combined shear force and near-field scan-
ning optical microscopy. App! Phys Lett 60, 24842486 (1992)

Burns DT, Townshend A, Catchpole AG: Inorganic Reaction Chemistry:
Systematic Chemical Separation (1% ed.). Ellis Horwood Ltd., West
Sussex, England (1980)

Jiang S, Ohsawa H, Yamada K, Pangaribuan T, Ohtsu M, Imai K, Ikai A:
Nanometeric scale biosample observation using a photon scanning
tunneling microscope. Jpn J Appl Phys 31,2282-2287 (1992)

Jiang S, Tomita N, Ohsawa H, Ohtsu M: A photon scanning tunneling
microscope using an AlGaAs laser. Jpn J Appl Phys 30,2107-2111
(1991)

Kawachi M, Edahiro T, Toba H: Microlens formation on VAD single-
mode fiber ends. Electron Lett 17,71-72 (1982)

Lieberman K, Harush S, Lewis A, Kopelman R: A light source smaller
than the optical wavelength. Science 247,59-61 (1990)

Pagnia H, Radojewski J, Sotnik N: Operation conditions of an optical
STM. Optik 86, 87-90 (1990)

Pangaribuan T, Jiang S, Ohtsu M: Two-step etching method for fabrica-
tion of fiber probe for photon scanning tunneling microscope. Elec-
tron Letr 29, 1978-1979 (1993)

Pangaribuan T, Yamada K, Jiang S, Ohsawa H, Ohtsu M: Reproducible
fabrication technique of nanometric tip diameter fiber probe
for photon scanning tunneling microscope. Jpn J Appl Phys 31,
L1302-L1304 (1992)

Pohl DW, Denk W, Lanz M: Optical stethoscopy: Image recording with
resolution A/20. Appl Phys Lett 44,651-653 (1984)

Reddick RC, Warmack RJ, Ferrel TL: New form of scanning optical
microscopy. Phys Rev B, 39, 767-770 (1989)

Rochow EG: In Comprehensive Inorganic Chemistry, Vol. 2 (1% ed.) (Ed.
Bailar JC). Pergamon Press Ltd., Headington Hill Hall-Oxford, Eng-
land (1973)

Rugar D, Hansma P: Atomic force microscopy. Physics Today October,
23-30(1990)

Zwick U, Freidinger R, Wittmann M: Fiber with high tensile strength.
SPIE 584, 88-92 (1985)

49



TANIEENY RV ISR

ERBEOEAN L ER L L THL
LEDLNT & 2 RFERISE D S RRRE IS
KOEFHFHFRICEVHRING, T4
bbb, BBz VEEL_I N R L >
XTHED, FBEIEL) ET5 kD
DERIENY, BHTFTLEY,
ZDIFITFTORERIEZIRDIKERETH
50T, REFMETIIRDIKE (TR
KD EI3# 390~760 F/ £ — k)
UToOTEORBHIBETE LW, &
N AREE R B DI E F M
PREAIN, SHLIZBEFEORZL S
EE b R NVEBE(STM) R E-F/
NEMSEAFM) L Y DEE 70 —7
BSSENRAINT B, SNLDEH
eI & 0 afERelzm_E Lz, dkic
ENBRATIZLIRENBLNE WL

RET—

DOHhDFRIIELATW S,

LaL, BECE->T7+ b VEE
b RVERRSE (7 4 b > STM) &£ W
¥, EEROEITRR ZITHEYT 5%
SRMSED B L 72,

74 b STM Tldxz 82 v b
REMHE), KENVBEBEFICLL LY
Z vt v bRIEBREERETRI 2R
T5LE& RENELS (REH» HHDIK
BEELRN “E#EE" L LITh b8
B)ICRETIREKTH 5, IR
HIRB->TERL, 207 —13RE
PLEEN D ITONREICEL T 5,

EZAT, EEICHOT L LMMDDH
LPATLERERICHE > T NRA vy
FREFET . ERICIIERFTDHE
BDATEL, EALZFmD LEEIC

A s

b e

70-7n
EEFH

InNzyer bR
NI —DZEEH

/%771’/\‘—

S

77N

VNS
- 1N
{----____,,—\

¥§%m//4

=2

*
KR

: = PN EOHEIUT
R o \ et/ ettt/ S

1> EJBEARKBEICNT 37+ b > STM OERER
TEERBHLTRTA—TREYS b L—F— Rt AF & ¢, EROMIEOL ST Ry by bR
ELaHEEs, ThEREIHT, BEKOT—£HET 5,

50

REBE LT, BEOREE, BZd
Xk, BELE L R ICREEE I3 TN
Fwly P RBRETHI b
Twa, LTI %yt bRt
7 —SAIIMEREOERKCEE 2K
MLTWw3, 22T, SOXX7—57
ZRET22HIKEDISETES I
I Nty P RERBOGF AT O —
7 (4) TEELR €, MREER T 0 —
TEEET 5. SO LEKELD ¥
T—%2REL, To—7DAENEEK
ELTRRT ISR BIEB LR
b, COREDGHREEIXDIT/NE %
MO Ry PREBHELIES
PCEVREDZ, ThbbE7u—T4%
WOTEIZL>THRELINT, Ihh
KD R LT THIUSRERDIEFTAK
HORMBREZITHE T 52 LW TE
5,

Llth7 + b~ STM O#fEFEE T
Hhd, REIIWBICAZ BH, i
ERDIFENDHEHEBEICIIEINT W]
W, TR s, YEREROMMD TR
PROBERUTTHD L&, ZDEFr
DIBITROMEIZI IS, ¥ 2 HEED,
AR R ARVAR - I A SR 2
FEDOGFIZED &S ITELL, D
I ICEEL- N B A, LY EMHICE
bLIZK WP LTHD, Bic7+ b
STM ic & W BEI NG,k IcE
TH2EDL ) wEHRESZTWED,
HEIROWTHB DB L L
DR HEER AR LEY D
5, 74 b STM BT AN LD
FIEEZE) ] WEETH 5 LS
K" DABDRBHFENS,

74 b STMOREIZ 19284 T
HEHY, ZOERIFBEBEINIDIZ
1984 FEE»P L TH b, T DEMARICH
S HERIIRBOF T 0 —TH0 K

/3y 5 4 Vol.09 No.11 1994-11



Nih-ol LICERT S, 2N L
» HEEENREIZF S A — PATiEE
o7 a—7ER L W) BHUNRFEX
MM L BETHE L D,

Tu—7{ERICOoOWTIIfERLN £
K DFEFRALNTE, EDLH
ThilbIEELE 2R I CEDT
BT 272037743 —2HW
LI LVEAT, ZDREERLT
DI 7 vEBBIAKRIC L BL¥ETy F >
TOFEFBNTWBEI EZRWISL
Teo KR 220 IIIMITHBEORT 74 /¥ —
NBENEFRMETHERT, Pl
DREBHEAF (2 T)RHPAI N,
TbhbhYD75y FEHFBREINTVD
CeHbhrb, ATHORVAIFIITIC
A>T 5 GeO,NBEITKTFT 54¢
BMNOMEELTHUE»FERL TW
32, {F2b>icida 7 REBOLKT
BHAERT et RERIZ 10 +/
A—MLVLUTTHY, THITAFMD
Tu—7DRBEBEEL VPSS,
RENS v 7 AT L VNI L
BhhroTwnhb,

SN IR TELERBIZIT
E75y FOBRACHEET RND
MR, ToF v IDEDTER DERY
PIBRICETIRENRLDLILE, &
Fra3NTway, HLLTI3R W,
SESKF /A — PO RBITIZRTF
4100 fERRE L2 HATELT, X7
PAN—DMETH B 7 R (I
RERIITEN 77 AMBLEEZLNT
VBRI D L) N FENE &
ENL) LHBEEEICL>TWEDY
THATHD, RS{LnEEEZHA LM
T BICIEF /A= b ATEOHENE
BT IMENREBEFETH2ET
v,

X774 x—2RBULLIER, ED

/Y 54 Vol.09 No.11 1994-11

pee622 38.0kV.

(b)

18:

18 5S-NOV-93

%50 8K

EEHREL, IvLA) U LABRKRICR
FEE DN LI ITHkT 74 35—k
DADERT B, IS L DR
Ax2<Nd LI iIlh»72,
FEDHOEJBIZBWT, 7To—7%
AELA)ERERRT 553D
EET o0 —7HEMBEOEBELRLTH
5, L——RiFEEMEIZ L, T
THERT 7 ANN—D b Db I EDNHD

<E 2>
@MIEhtRkT7 7 A —HOBFEAREET
B, KT A/ —HBRB8TI2AX— I, (D)
SR, SRS EEFRASC L 28
BfiE L 1oiF5h, A &BEORE S hE
AL T P A /3—, :

5l



HTPAI18—

SRR

ED 7741 —%HBOEEEL
BRELTO2( > I\HEROBBEH LB
FEHEETH

(BRNBEEE7ZHT I —, YBE=KI2 L 3,)

62

52

B -5Twa,

W OPDREFIERE S, BFHE
WMELSTMER LY, 71 } v
STM iZZ=RH Tz, REEEIZE
TRTL L VDTN EFERE L Y
PBETE DL, 4FTITNIFYE7
TV TADBRLEENFBREINT W
59, 72, BT MITRT &

IZHaFE—F—"D—FETHBYILE
ASHOEBE2D F/ A - LOHE
DEHFRZBLEI -7 74 b
STM 2B HP THMES R B Z LIZE
HEYICIIRET, EBEZ ) Lhud <4
X727/ 0P —DnHTIHLSHEEN
54951237259,

o3y, BIREEREBEET S
P T% L, REDKEZWFILTX
RIMNVEBRETHIEHTES, 2
I3 STM, AFM 232 W R TH
D, ZORIEIWEDRATEES %
REDIZTIL D, 72 & 213, KE B IR
T BRI FHA-SRBINGERS
B LDWMPLERXNBEL 2D~
7 PLVRIZE, 25 IZIEESTF 1E»
LNEXEREDHREINTWEY, F
72, WE—DEHEZXRT ML, T4
EVFNF2 L RART MY L BE
SNnTw3,

EICEFHPREE L b O/
EOREIEZ =7 PNREDFBES S -
TWwb, FEHREEIIZTNIZESES &
WA, 71 b STM 2R~ 74
BECTIHMEIRTAELRY, 74
FRPOXNSNVZATHELND T B
E, ERLTBMEMARDLETHINE
BARDREZ FE$ 2 RABA I
ToTWwa,

Ta =T DR LV —F—HE A
3 TRBOBAEOD 5T R
I RELAKIEZ Y, F0N7
=33, BAMFERES ) o
T-FEIIKEW, ToXZHETH
ITPBEE‘ICREHIT), BELE
3BT L, HITIMELZ NS
INB#IT A eHTEL . Thbb,
KDERIT 5N e FENHHR
IMTRBIELTTREIC % B,

HRI T ol & U TR EME

/3Y 5 4 Vol.09 No.11 1994-11



THHELI N MNERHERZ /8% v
v FRIC & ) RETEICINER L TEE
EXA®) =2 HNTWES, X
E)—ND1Ey bDFTEEIZEE 100 F
JA=IMNRBETHY, ERDa I3
7 b4 X7 DHI100 BN TS
ERINTn 3,

—%, BUNEOS DT SRy LY
FRIC & ) BEEEROEE 2 FRTHY
CERRRETRAE) — 22K BHE
bbb, COEAITRFRICHOEE
DOXERTRY, MEATITED LD
BICRT LN TEDLDT AT —%
HETEBRREEET S, <EE>ITEE
FIN22ONDE Y bORTH B, 15
MEKZ2 LT3 E#MORE I
100F/ X— NV THY, LEEDXRE
[ELFOGALFARBRENKRESTH
37, ZEPNTo—-THEOOL X
BILICHET 24 E LTEENERE
2L, To—T7nskumihEREE
BENTENE vy MEETENITS
LI 20 ED R EE N MMAHARF S
na,

AR 2 BB IRIRA 2Bl % 7RZ o
ZNIIEZERICFET 2B T0EHD
HETHb, Thbb, NEAHTTIR
HKogbhicLAB LIz N Ry Xy
FEDZAINXF—2FHLTEERD
BFE2HT7RBHNETH D ICHAEIER
Ne, ra—7%MEr 6 LAKT TN
Avtr PROPREFZHET 512
Er3INTwaY, L ic#FEIIE
WKEBAEFOE Ly P ELTHEZ,
WELCEFEERERO LIZ1 ST
DEE L TH L WM E RT3
A XEDK BHEBEMELNZ) TH
5%,

STM TIZEFH P ANVHE, T
ThbbRF e VEEERRZ TET

%1 F 4 Vol.09 No.11 1994-11

DK E L AR T E2FHLT
Wwb,—%, 7+ b STM Tldik# &
LTOXDLABLTHDI "Ryt
YIREFBALTWS, ZOHELED
LINR s PRIIKD P FNLR
RLRBETE D,
BLIZEZETTHEE, TRy
P RIIWMEREICK R L L
2T 2RO ERMBEER %
BAT2EFEALTIENTE S,
ThbbEBSIXEY, K5 b
T EDRMEL & FFRDOBERITE B
», COXRFEE “Tr b ik
CENTELNT, ZZTHMALLEE
EEEONFHEBEEL 71 b

E4> HYEXSHOMKOBBAEE
tDEFE25F/ A—PILDEED 7 +
b STM 2 & 2 EiRl&

(TN HSBER P HT I — - BLFHEI LA
), WRBZKRICL5,)

53



E5 BESFOA--EFE100F/
A= P LDOBEHERILOHXET 4+
YSTM & VRIEL -HBR

FUBH EEH, OBV ENERT, ROERE
08umX0.8um, (WFTNFREH7Z7HTI—, &
AEABRIC L B,)

Ee6> EfFashl-2-onEy Mg

724 b STMOTR—TH 5 LAHLEIT/ R
vy PRIZE NST YR HEBENOERE
BEOBELBANCELEEER. Z0KE
TxE-BREAMLET7+ b STMIC L NERE
LTBLATGEERL TV 5, EOEME 3umX
3um,

54

STM L EATWS, ZnkHicEz
287 b STM I3 X¥EamsE L &
25 4&913, STM, AFM ¥ n#E®x
Ta—THMEN—HELEE L 2 Hh
BRLBAD Y, ZDEZFICEY
WTHILWERE DA LTIRA
bhH a0, ZnHERIZERTFLE ZED
BELEEHDESCEGET DD, 4%D
REFREIND,

74 by STM IZBICRNEERLT

DFEOMEERZ DEE L2 BET S
HEKE LTHOATEL, HILLWPE
FOLODHTF/ 2 — TR
IR BIEME LToMEE* b 5T
Wk, ORI Z N EEE TN
AR, kA®)—, 51T 4FTF
7270y —% DL SBTREEE
PEODTWREHATH S, 2, 20
EEREOEEE L BEL, ko
T —LENTVWARZET, T
ThBREDITRT L7+ b v
STM %4k 5 “JEHHNE" OXKB LIS
RiZEbHTEICh 5,
AEIZAY, BRTIHcHAMEYS
DHFIN—THRREL T B, E72,
TTI2ER» LEBSHRLEAINT
Wb, ZZTHLEEDTWENIZT
PAN—BIEHMLE2IILHLETS
BANE LIV bu=7 ZDWH5E
BETH B, 7+ b~ STM, EHEHKE
FDRRIIEVY, ZORBIZEDLD
TH LV MEIBARLED, EBREHE
BOASBITHFE L2\,
* *x %

2.9 750.0 1500.0

T

2258.0

1500 .6

1
3000.0

/%Y 5 4 Vol09 No.11 1994-11



* 2R, T

AT
e Ny

.
¥ ET 1 QED

Eop R

FFHF R

§ =
[gwﬂﬁﬁmmml
T4—Fnyo

fhe

7> 74 F>»STM &R FABRERFIEDIERECHOELEF

FNERFRNBERR % 27272
Wiz, WORKFEMRE— eI ESHT L
E 3

BE MR

1) E. H. Synge: Phil. Mag., 6, 356(1928).

2) T. Pangaribuan, S. Jiang and M. Ohtsu:
Electron. Lett. 29, 1978(1994).

3) S. Jiang, H. Ohsawa, K. Yamada, T. Pan-
garibuan, M. Ohtsu, K. Imai and A. Ikai: Jpn.
J. Appl. Phys. 31, 2282(1992).

4) ABEETF, HHIRE— : 4IRE 24, 520(1992).

5 W. P. Ambrose, P. M. Goodwin, J. C.
Martin and R. A. Keller: Phys. Rev. Lett., 72,
160(1994).

2R 54 Vol.0o9 No.11 1994-11

6) E. Betzig, J. K. Trautman, R. Wolfe, E. M.
Gyorgy, P. L. Finn, M. H. Kryder and C. -H.
Chang: Appl. Phys. Lett. 61, 142(1992).

7) S. Jiang, J. Ichihashi, H. Monobe, M. Fuji-
hira and M. Ohtsu: Opt. Commun., 106, 173
(1994).

8) H.Mabuchi and H. J. Kimble: Opt. Lett. 19,
749(1994).

9) Kigm—: § 51 BicHAHRE2EMEHES,
1990 48k %, HiEES 27al9.

10) Kigm—, Eaf k221, 780(1992).

Floor1
Floor2
Floor3
Floor4
Floor5
Floor6
Floor7

TAVvadty
Lk

A4 &R /180p. Effi 4,944 H

TAvivas4r0RMERMLAS
BIEY — k& 600 RMOKHE, $7
%, FHK FSRX UFTHELIEH
fZite T4 22425858
FHERPFRNELFRRHIZERY 12
L, oNEEL: “YERENR LR
R 2IRNES,

BR Enx84

T BHOERL BF
xR
WD R

Bird of Passage—b &
~wY) —FREORE

T4 rvarid O
FEMDPDT 4 v kf

EfMIIBEAAS

AUEE cimmsan

T3 RRAXREXAR 2-38-3 ABKMSHIE I

&% (03)5684-5571

65

55



56

THURSDAY MORNING / CLEO/PACIFIC RIM / 125

ThF2 915

High resolution imaging of subcellular
structures of neurons by an illumination
mode photon scanning tunneling
microscope

R. Uma Maheswari, Motoichi Ohtsu,*
Hitoshi Tatsumi, Yoshifumi Katayama,**
Kanagawa Academy of Science and
Technology, KSP East Block, Rm 408, 3-2-1
Sakado, Tatatsu Ku, Kawasaki, Kanagawa 213,
Japan

Photon Scanning Tunneling Microscope
(PSTM) or near-field scanning micro-
scope has been getting popularity over
conventional optical microscope in the
field of biology and medicine for the pos-
sibility of attaining high resolution be-
yond diffraction limit introduced by the
wave length of light. In this work, we
present results of high contrast imaging
of subcellular structures of neurons by an
illumination mode PSTM.

In our PSTM system, the nano-aper-
ture has been fabricated by metal coating
of sharpened fiber probes with flattened
tip made by chemical etching technique'
and has got a diameter of less than 30
nm. The neuron samples fixed on a glass
substrate were taken from the hippocam-
pus region of brain of a wistar rat and
are labelled with racing blue and gold
colloid of 23 nm. The sample mounted on
a xyz piezo stage was illuminated by ar-
gon ion laser light (wave length is 488
nm) through the nano aperture and the
scattered light was collected by an objec-
tive lens of high numerical aperture (0.8).
While scanning the sample, the probe-
sample separation was controlled to be
around 10 nm by monitoring the shear
force (Shear Force Microscope or SFM)
originating between them.? Figure 1
shows a schematic of the experimental
system for simultaneous recording PSTM
and topographic (SFM) images with an
inset of the fiber probe.

Figure 2 shows the PSTM image ob-
tained over a scan area of 50 X 50 um?
In this figure, a part of the neuron cell
(Cc) with branching axon (Ax) connect-
ing other neuron cell is seen. Figures 3(a)
and (b) show the magnified PSTM and
topographic images of a section of the
axon shown in Fig. 2. Bundles of micro-
tubulins present inside the axon lying un-
der protein sheaths can be imaged very
well with high contrast by PSTM while
in the corresponding topographic image,
only a constant field has been observed.
Moreover, from the intensity variation
across the marked line of Fig. 3(a), the
full width at half maximum was esti-
mated to be 26 nm and this value agrees
very well with diameter of 24 nm of tub-
ulin measured after removing the over-
laying sheaths. Thus, the resolution of
our system could be estimated to be
around several nanometers and to our
knowledge, this is one of the highest res-
olutions to be reported concerning im-
aging of biological samples. The capabil-
ity of our system in resolving details

Ar’ g
488nm

Feed back control signal

(SF Sig

Conraller
Montor

ThF2 Fig. 1. Experimental system for
smultaneous recording of PSTM and
topographic images (SFM) with an inset
of the chemically etched fiber probe
prior to metal coating.

ThF2 Fig. 2. Recorded PSTM image
of neurons with Cc being a part of the
cell and Ax being the branching axon
extending from the cell. Scanning area is
50 X 50 pm?.

ThF2 Fig. 3. Magnified PSTM (left)
and SFM (right) images of a section of
axon shown in Fig. 2. Note the
microtubules lying under sheaths being
observed in PSTM image. Full width at
half maximum of the marked tube is
around 26 nm. Scanning area is 1 X 1
wm?,

smaller than the diameter of the aperture
is believed to be arising out of the aper-
ture edges existing at the boundary be-
tween the sharpened silica fiber and the
metal coating covering this fiber probe.
In our presentation, we will discuss fur-
ther about the mechanisms behind the
contrast enhancement and the effect of
dye in imaging by comparing with un-
dyed samples.

*Interdisciplinary Graduate School of Science
and Engineering, Tokyo Institute of
Technology, Nagatsuda, Midori-ku, Yokohama,
Kanagawa - 226, Japan

**Department of autonomic physiology, Tokyo
medical and dental university, Chiyoda Ku,
Tokyo 101, Japan
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TutG 1130-1230
Room 304

Tutorial: Photon Scanning
Tunneling Microscopy: From
Imaging to Fabrication and
Manipulation

S. Kawata, Osaka University, Osaka, Japan,
Presider
L

TutG 1130

Photon scanning tunneling microscopy:
from imaging to fabrication and
manipulation

Motoichi Ohtsu, Tokyo Institute of
Technology, Tokyo, Japan

This tutorial describes the rapidly grow-
ing field of near-field optics, especially
photon scanning tunneling microscopy
(or, scanning near field optical micros-
copy) and its application to nano-scale
photonics and quantum optics. Principle
of the nano-metric resolution photon
STM, fabrication technology of probe tip
including functional super-tip, and con-
trol system for data acquisition are re-
viewed. Results of imaging experiments
on photonic devices as well as biological
samples are demonstrated. Novel quan-
tum optical pehnomena originating from
short-range electromagnetic interactions
observed in the fluorescence detection are
presented. As an application to nano-
scale photonics, possibility of high den-
sity optical storage is discussed. Further-
more, in order to explore the new field of
atom manipulation, control of thermal
motion of atoms in vacuum, e.g., an atom
guide, are discussed. Finally a future out-
look of the relevant near-field optics will
be given.
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Near-field optical properties of GaAs
quantum dot structures measured by
photon scanning tunnelling microscope

Yasunori Toda, Motonobu Kourogi,*
Yasushi Nagamune,** Yasuhiko Arakawa,**
Motoichi Ohtsu,* Interdisciplinary Graduate
School of Science and Engineering, Tokyo
Institute of Technology, 4259 Nagatsuda,
Midori-ku, Yokohama, Kanagawa 227, Japan

Nowadays requirements of study of pho-
tonic devices, i.e., superlattice, nanoclus-
tar, etc. are generally met by optical
measurements of conventional far-field
technique. However, optical studies of
these structures beyond the sub-wave-
length resolution have already been a
subject of near-field optics. Recently, a
photon scanning tunnelling microscope
(P-STM) has become a powerful and in-
dispensable tool for providing the infor-
mation on optical properties with
sub-wavelength resolution. Basic princi-
ple of the P-STM is a photon tunnelling
between a sharpened nanometric fiber
probe with a small aperture and a spe-
cimen’s surface in the presence of eva-
nescent light. It enable us not only to ob-
tain high spatial resolution but also to
evaluate near-field mesoscopic properties
as well. We have recently demonstrated
feasibility of P-STM technique for meas-
urements of near-field optical properties
of the optical waveguide, which is an ex-
ample of passive photonic devices, and
obtained optical information on scatter-
ing sources as well as the guided mode
properties with sub-wavelength resolu-
tion.! For application to the evaluating
the active devices, we present P-STM
measurements of the optical properties of
GaAs quantum dot-structure.

A schematic of the experimental set-
up is shown in Fig. 1. In order to obtain
the scattering and reflection of the eva-
nescent light on the GaAs surface, a
probe tip is used not only to generate the
evanescent light for illuminating the
specimen but also to collect the scattered
light, therefore the detected light comes
through the aperture two times. In this
configuration, the image contrast of the
mesoscopic area is enhanced due to that
light coming from the far-field patterns

]
\ t Fiber Probe

FA3 Fig. 1. A schematic of the
experimental apparatus. The fiber probe
tip (cone angle of 30°) is fabricated by
chemical etching method and is coated
by 200 nm Au (curvature radius smaller
than 100 nm). The sample and the fiber
tip portions are drawn to scale.

59

-
=.
o
=V}

~
—
=
=
=




166 / CLEO/PACIFIC RIM | FRIDAY MORNING

1. Y. Toda, M. Ohtsu, Photo. Tech. Lett.
to be published (1995).

2. M. Naya, S. Mononobe, R. Uma Ma-
heswari, T. Saiki, M. Ohtsu, SPIE
Photonics West ‘95 in California
USA.

3. Y. Nagamune, S. Tsukamoto, M. Ni-
shioka, Y. Arakawa, J. Crystal
Growth, 126, 707 (1993).

750 nm

| 1 um >

FA3 Fig. 2. Schematic illustration of
the GaAs dot-structure.” The window of
the SiO, mask is presented by a broken
line.

) (by

FA3 Fig. 3. Gray-scale images of
GaAs quantum dots. (a) SFM image
scanned over a 3 X 3 um? (b)
Simultaneously obtained P-STM image.

are effectively suppressed. The fiber tip is
fabricated by chemical etching method.
Metal coating is used for making an ap-
erture’ The sample is GaAs quantum
dots which were fabricated by the selec-
tive epitaxial growth on SiO,-masked
GaAs substrate as shown in Fig. 2.2 In ad-
dition, shear force microscope (SFM) is
employed to measure the sample struc-
ture and to map the near-field image by
using the common sharpened fiber as a
probe. Besides, SFM is used to control the
position of the fiber tip.

Figure 3(a) is a measured profile of
SFM, and (b) is simultaneously detected
P-STM image by using a laser diode of
wavelength 680 nm. The scanning area is
3 pm X 3 wm with a pixel size of 23 nm.
In Fig. 3(a), the region A and B represent
to the area of GaAs and SiO, respectively
and each dot is clearly resolved. Com-
pared to A, the detected light intensity in
B is lower. It is due the difference be-
tween the reflectivities of GaAs and SiO,.
In A, the signal is constant except for the
center with the diameter of about 200 nm,
which implies that there exists the differ-
ence of structures or optical properties on
the top of dot. We have started at the
spectroscopic measurements of the quan-
tum dots at the low temperature region
in order to investigate this difference.

* Kanagawa Academy of Science and *
Technology, KSP East Rm 408, 3-2-1 Sakado,
Takatsu-ku, Kawasaki, 213, Japan .

** Institute of Industrial Science, University of
Tokyo, 7-22-1 Roppongi Minato-ku, Tokyo
106, Japan
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HIGH-RESOLUTION PHOTON SCANNING TUNNELING MICROSCOPY
AND ITS QUANTUM OPTICAL ASPECTS

W. JHE
Department of Physics, Seoul National University, Seoul, Korea

and

M. OHTSU
Interdisciplinary Graduate School, Tokyo Institute of Technology and
Kanagawa Academy of Science and Technology, Kanagawa, Japan

ABSTRACT
We describe a high-resolution Photon Scanning Tunneling Microscopy (PSTM)
and its nanometric images. We also provide several quantum optical aspects of the
PSTM.

1. Introduction

Photon Scanning Tunneling Microscope (PSTM) provides high-resolution
images beyond the diffraction limit, which is based on the short-range electro-
magnetic interaction between a small dielectric probe and a sample [1]. The
PSTM is commonly operated in the collection mode (c-mode) where a nanometric
dielectric probe tip is used as a light collector. When the tip is introduced in
the evanescent field near the sample surface produced by the incident light
under the total internal reflectrion (TIR) condition, the non-radiative evanescent
light is converted into the scattered light which is guided to the detection optics.

Here we present high-resolution imaging by c-mode PSTM with a nano-
apertured probe, whose resolution is quantitatively studied. We also consider
several quantum optical aspects of the PSTM.

2. High-Resolution PSTM

2.1. Experiments

In the c-mode PSTM [2], an intensity-modulated Ar’ laser (488 nm) was
used as an incident light source. The evanescent wave (EW) generated near the
sample was picked up by a small fiber probe, which is scanned in the XYZ-
direction. The samplejrobe separation was maintained constant by electrical
feedback and no auxiliary scheme such as STM or AFM was needed in our
experiment. To selectively detect the strongly localized near-field, or the high
spatial-Fourier frequency component of the EW, to obtain high resolution images,
a nanometer-apertured probe is essential. For fabrication of such a tip, an
optical fiber was sharpened to 10 nm of its apex curvature by selective two-step
chemical etching [3]. The fiber, coated with 150-nm thick Au, was then dipped
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in KIf2 solution to remove the gold only from the top of the tip to realize a
sub-wavelength aperture. The aperture size was measured less than 30 nm by a
SEM (Scanning Electron Microscope). As a well-calibrated nanometric standard
sample, we used a straight-type flagellar filaments of salmonella (FFS). A TEM
(Transmission Electron Micro- scope) image showed a cylindrical-rod shape with
the diameter of 25 nm, which was about the same size as the probe tip.

2.2. High-Resolution Images

Fig. (1a) is a PSTM image of the FFS for the s-polarized incident light.
Scanning area is 5 yum x 5 ym, one pixel size was about 20 nm and the sample/
probe separation was maintained at about 15 nm. We find that the FFS lying
perpendicular to the direction of the incident beam was well imaged with high
contrast. The width of the bright line due to the FFS was 50 nm and the dark
region on both sides of the FFS correspond to the shadow formed by the
filament. Comparing the PSTM image with the nominal TEM image, we
estimate the resolution to be better than the aperture diameter of about 30 nm.
Fig. (1b) shows an image similar to Fig. (la), except a larger sampleprobe
separation of 66 nm. A lower resolution was achieved, the width of the FFS
being about 150 nm. This dependency of resolution on the sample probe distance
can be understood as due to the localization of the high spatial-frequency
components of the EW near a small sample. Therefore, for efficient pick-up, the
probe must be brought close to the sample. Fig. (1c) shows the PSTM image of
the same sample taken with a larger apertured probe of 100 nm. The poor
resolution is due to the fact that the EW having high spatial-Fourier frequency
is picked up most efficiently by a probe with the same size as the sample.
Therefore a probe with larger aperture picks up rather lower frequency
components and hence the resolution deteriorates.

(a) () © @

Fig. 1. (8) A PSTM image of a FFS for a s-polarized light, (b) same as (a) except
larger sample/frobe distance of 65 nm, (c) same as (a) except larger aperture of 100
nm, and (d) same as (a) except p-polarization.



Fig. (1d) presents a PSTM image of the same FFS for the p-polarized incident
light, showing a two-peak structure in contrast to the case of Fig. (la). The
dependence on the polarization states may be qualitatively understood by the
image dipole model of cavity QED. Moreover, the FFS lying perpendicular to the
incident beam could be observed with a resolution relatively lower than that
obtained in Fig. (1a), which is in conflict with the predictions of the recent field-
propagator theory [4].

3. Quantum Optical Aspects

3.1. Cavity QED: Image Dipole Model

The polarization dependence can be qualitatively understood by simple
cavity QED consideration of the image dipole model. It has been found [5] that
the radiative properties of an atomic dipole near a dielectric sphere can be
approximated by the dipole-image dipole interaction both in the nonretarded-
and retarded-regime. In the PSTM, the apertured fiber-probe is modeled as a
dielectric sphere. Let us consider a small sample on a glass substrate under the
TIR condition. When the exciting laser is s- (p-) polarized, the sample can be
considered as an induced dipole polarized parallel (normal) to the substrate
plane. The probe tip approaching the sample can then be replaced by an image
dipole whose direction of polarization depends on its lateral position relative to
the sample. Let us first consider the s-polarization case. When the tip is right
above the sample, the equivalent image dipole is also polarized in the substrate
plane. Then the detected light intensity, radiated by the tip and transmitted
through the optical fiber, becomes maximum. As the tip is scanned over the
sample in the lateral direction, the orientation of the image dipole should rotate
to meet the boundary conditions and as a result the measured power decreases.
We thus expect a single peak mimicking the topology of the sample object. Now
let us consider the p-polarization case. When the tip is above the sample dipole,
the probe becomes also p-polarized and the radiated power through the fiber is
mimimum. When the tip is scanned laterally, the orientaion of the image dipole
rotates so that the detected power increases. It will however decrease quickly
due to the localized distribution of the EW near the sample. We thus expect an
image having a double-peak structure. These results agree well with the high-
resolution PSTM images described in section 2.2. The strong point of the simple
cavity QED model given here is that it includes not only the effects of the probe
tip itself but those of the specific configuration of the guiding optical fiber. This
method is a good approximation for the case of a small tip and a small sample
where the effects of the higher-multipole terms can be neglected [5,6].

3.2. Near-Field Distribution of a 3-D Object

Leviatan [7] has calculated the intensity profile of the EW near a
subwavelength-sized circular metallic-aperture and found that it extends about
the radius of the aperture. Here, we consider a small dielectric sphere as a
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typical three-dimensional (3-D) object and calculate its near-field intensity profile
by using the Mie scattering theory. Let us consider a small dielectric sphere on
a dielectric prism under the TIR condition. In this case, the inhomogeneous but
plane evanescent wave, produced near the prism surface, is scattered by the
dielectric sphere. The calculated near-field intensity distribution is presented in
Fig. 2. As can be seen, the EW’s extend over about the radius (a) of the sphere
and the characteristic decay length is independent of the wavelength of the
illuminating laser. In other words, the EW’s of a 3-D object are localized within
the object size, having the high spatial-frequency components. Now when one
considers a second dielectric sphere (the tip) which scatters the near field of the
first sphere (the sample), one can obtain the transfer function which determines
the resolution of the PSTM. The effects of the tip-size, the samplejrobe
distance, and the sample-size can also be understood quantitatively. One may
also consider a metallic circular aperture as a simple model for the probe-tip,
instead of the dielectric sphere. Note that an intuitive Yukawa potential model
[8] has been proposed to calculate the transfer function as well as the near-field
intensity profile.

NEAR FIELD
REG ION
r>2a ATOM
Ee Y'l \“ -
PROX | -
MATE
REG |ON

adr<2a

Fig. 2 Near-field intensity distribution of a Fig. 3 Single atom trapping
dielectric sphere. ka = 0.5.

3.3. Atom Manipulation

When the laser is illuminated from the opposite end of the fiber tip, the
EW’s produced near the tip may be used for optical manipulation of nearby
single atoms [8]. When an atom approaches the fiber probe-tip where a localized
EW is produced, it may be trapped near the tip due to the optical gradient
forces and scattering forces. In other words, due to the interaction of the
localized EW and an atom, a stable optically-bound system may be formed (Fig.
3). Since the separation is on the order of the radius of curvature of the tip,



which is more than 10 times larger than the distance for the van der Waals
interaction minima, the atom is not attracted to the tip surface and lost. In
fact, the optical binding can be achieved only for red-detuned laser frequencies
with respect to the atomic resonance frequency. When blue-detuned, however,
the atom is repelled by the EW and escapes from the fiber tip. Using the
frequency-dependent optical forces, one can trap, move, and deposit the atoms on
a cold substrate for crystal growth on an atomic scale. For example, one needs a
coherent laser source of 252 nm wavelength to manipulate silicon atoms and the
equivalent temperature of the trapping potential for 10 nm radius of curvature
of the tip is about 3 mK. This low temperature can be easily obtained for
room-temperature atoms in a typical laser trap such as the magneto-optical trap.
The pre-cooled atoms can then be trapped and controlled by the fiber tip. In
this case, the cavity QED effects of the fiber tip, which can be approximated as
a dielectric sphere, may also be important for the atom-radiation interaction [5].
The quantum optical aspects of the PSTM and the realization of the optical
binding are currently under cooperative research between the authors.

We are grateful to Dr. M. Naya of KAST for the high-resolution images
and Mr. K. Jang of SNU for the numerical calculation of the near-field
distribution.
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Nanometric integrating tip: enhanced
sensitivity of fluorescence detection in
photon STM

T. Saiki, S. Mononobe, M. Ohtsu,*
Kanagawa Academy of Science and
Technology, 3-2-1 Sakado, Takatsu-ku,
Kawasaki, Kanagawa 213, Japan

Fluorescence detection with subwave-
length resolution is important in biological
applications' such as the observation of a
membrane selectively labeled with dye
molecules. Photon scanning tunneling mi-
croscopy (PSTM), which is also called scan-
ning near-field optical microscopy (SNOM),?
enables us to detect fluorescence with the
resolution determined by the tip diameter
at the apex of the fiber probe. In compar-
ison with the illumination mode in PSTM,
the most favorable quality of the collection
mode is that probe-sample distance can be
controlled by all-optical means without a
feedback mechanism based on shear force,
which may damage samples. It is, there-
fore, essential to estimate the resolution and
the sensitivity of PSTM as fluorescence mi-
croscopy. Also, local detection of fluores-
cence with a fiber tip is an attractive subject
in quantum optics. The approach of the tip
to a fluorescent material in the near-field
region will largely modify its radiation
modes. This modification leads to a change
of its radiation pattern and of its lifetime,
which offers the possibility of highly effec-
tive collection of fluorescence. From these
viewpoints, we here report the fluores-
cence imaging of dye-doped 110-nm micro-
spheres, and we estimate the pickup effi-
ciency, which demonstrates that the fiber
tip acts as something like a nanometric in-
tegrating tip in collecting fluorescence.

Our experimental setup is shown in Fig.
1. As a sample, rhodamine-doped polysty-
rene microspheres of 110-nm diameter are
dispersed on a silica substrate. The sharp-
ened fiber probe with a 20-nm tip diameter
is fabricated by chemical etching.® A part
of the tip is coated with gold to eliminate
background fluorescence [a practical coat-
ing scheme is shown in Fig. 3(a)]. Fluores-
cence from the rhodamine molecules is
picked up by the fiber tip and is measured
by a photon-counting method. Figure 2
shows a near-field fluorescence image of
microspheres. A sample-probe separation
of ~20 nm is kept during scanning. The
image size of the spheres is estimated as
~180 nm full width at half maximum, be-
yond the diffraction limit.
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QTuj3 Fig. 1. Experimental scheme of fluorescence detection with the PSTM system. In-
set shows SEM image of a fiber tip.

is induced by the modification of radiation
modes due to the strong coupling between
the fiber tip and the sphere in the near-
field region [Fig. 3(b)]. That is, the fiber
probe works as a nanometric integrating tip
in the collection of fluorescence.

*Also with [nterdisciplinary Graduate School
of Science and Engineering, Tokyo Institute of
Technology, 4259 Nagatsuta-cho, Midori-ku,
Yokohama, Kanagawa 226, Japan
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QTuj3 Fig. 2. Near-field fluorescence
image of dye-doped 110-nm micro-
spheres.

4/‘l‘cn Waveguide Mode (v) A1"
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QTuJ3 Fig. 3. (a) Pickup efficiency de-
termined by the solid angle at the aper-
ture plane from the sample () and cou-
pling coefficient to waveguide mode (y).
(b) Enhanced pickup efficiency (I') due to
near-field coupling between the tip and
the sample.

To clarify the mechanism of fluores-
cence detection with high resolution, we
estimate the pickup efficiency I” (defined as
the ratio of fluorescence intensity finally
coupled to the waveguide mode of the fiber
probe to the total fluorescence intensity).
(By applying the parameters of the dye
molecules and detection svstems, a I” of 2
x 107* to 5 x 107 % is obtained. If the
radiation pattern of the dve molecules is
isotropic, even when the probe approaches
the sphere to a distance of less than 20 nm,
the pickup efficiency is estimated as (0.1/
4m)y, where v (<<1) is the coupling coef-
ficient to the waveguide mode [Fig. 3(a)].
By comparing these two values, it is con-
firmed that the enhanced sensitivity of T’
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Atomic waveguide using evanescent waves
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The realization of atomic waveguides, which
have been proposed by a few research
groups,'-3 is an important subject in atom
optics. Atomic waveguides are expected to
apply even to nanoscale crystal growth, by
combination with the laser manipulation of
atoms.* For this application, atomic wave-
guides are used for one-dimensional ma-
nipulation to carry atoms to a specified point
on a substrate.

Our proposed atomic waveguide is
composed of a hollow silica fiber with a
thin cylindrical core. This type of atomic
waveguide is advantageous because eva-
nescent waves are used to produce the op-
tical potential for guiding atoms. In partic-
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QWI1 Fig. 1. (a) Configuration of the
hollow silica fiber with a thin cylindrical
core. The refractive indices of the core
and the cladding are n, and n,, respec-
tively. The relative refractive-index differ-
ence An is 0.18%. (b) Cross-sectional view
for demonstrating the hollow-fiber config-
uration and cylindrical beam propagation.
A He-Ne laser was used.

ular, one can avoid laser-light perturbations
of guided atoms due to heating effects.
Evanescent waves have an effective thick-
ness less than one wavelength and there-
fore interact only with atoms approaching
the inner surface of the hollow fiber.

Figure 1 shows the configuration of the
cylindrical-core hollow fiber fabricated on
the basis of our design and a view of the
cross section when a He-Ne laser beam
was directed into the fiber. Figure 2 shows
the dispersion curves for a wavelength of
780 nm, for which eight propagation modes
are folded. Note that the fundamental mode
is HE,;, as in the case of the conventional
homogeneous-core fibers for optical trans-
mission.

The atoms in the hollow region are
kicked back by the strong gradient force
due to the evanescent wave near the inner
surface under blue-detuning conditions. The
optical potential is evaluated by calculating
the time-averaged Poynting vector. Figure
3(a) shows the optical potential for **Rb
atoms in terms of the temperature repre-
senting thermal kinetic energy as a function
of the distance from the inner surface. For
simplicity, we supposed that the HE,, mode
gives the principal contribution to the op-
tical potential. Provided that the optimal
blue-detuning A is chosen, an optical po-
tential deeper than 1 mK is produced with
a laser power of a few milliwatts, which is
sufficient to guide atoms injected into the
hollow fiber from an atomic beam or a mag-
neto-optical trap. The optimal blue detun-
ing changes according to the coupled laser
power. Moreover, as shown in Fig. 3(b),
the axial dependence of the He,, mode is
periodic, so that the produced optical po-
tential depends on the azimuth angle 6.
The optimal detuning ought, therefore, to
be determined such that the optical poten-
tial is sufficiently deep for all values of 8.

We will report our experiments using
an atomic beam, including laser-beam tai-
loring for efficient coupling to the hollow
fiber. We also touch on an atomic funnel
for pouring atoms into the hollow fiber.

n=1.45, An=0.18 %

EH 4
HE g

0.5 0.6

0.7 0.8 0.9 1.0

kny/ZAT

[gm-])

QWI1 Fig. 2. Dispersion curves of low-order modes in the cylindrical-core hollow fiber
shown in Fig. 1(a), where B and k are the propagation constant and the wave number,
respectively. Filled circles indicate the propagation modes of the hollow fiber for a wave-
length of 780 nm. The vertical axis is the normalized propagation constant, and the hori-
zontal axis is proportional to the normalized frequency.
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QWiI1  Fig. 3. Optical potential pro-
duced by the evanescent wave (HE,,) for
10 mW of laser power. The blue-detuning
A is taken to be 12 times as large as the
natural linewidth I, which is almost opti-
mal. The potentials are expressed by a
temperature representing one-dimen-
sional thermal kinetic energy: (a) cross-
sectional profile as a function of the dis-
tance from the inner surface and (b)
three-dimensional distribution. The azi-
muth angle @ is chosen such that the po-
tential becomes maximum at § = 0 and
minimum at 6 = w/2.
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HIGH RESOLUTION IMAGING OF BIO-SAMPLES
BY A PHOTON SCANNING TUNNELING MICROSCOPE
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1.INTRODUCTION

We demonstrate high resolution imaging by collection mode photon scanning tunneling microscope
(c-mode PSTM) with a nano-apertured probe we have developed. To evaluate the resolution and properties, we
used flagellar filaments of salmonella (FFS) with diameter of 25 nm [1], as a standard sample.

2,EXPERIMENT

Figure 1 shows our experimental system of the c-mode PSTM. To realize high resolution detection, a
probe with nanometric sized fiber tip protruding out from Gold film was used (Inset of Fig.1). A minimum
aperture diameter at the foot of the protruded fiber was about 30 nm. As the samples, flagellar filaments of

salmonella (FFS) with a diameter of 25nm, fixed on a hydrophilized glass plate were imaged with a collection
mode PSTM.

3.RESULTS

High resolution imaging was realized by using c-mode PSTM (Fig.2). The full width at half maximum
(FWHM) of the image of filaments obtained were 50nm. Such a high resolution was caused by the fact that the
high spatial Fourier frequency components are selectively picked up by the fiber tip protruding out from the Au
{ilm([2]. Therefore, the resolution of the image become worse when aperture size is larger (Fig.3). It was found
that the c-mode PSTM image strongly depended on the scparation of the sample to the probe (Fig.4). This can
be considered to be resuiting from the localization of the high spatial frequency components of the evancscent
field around the surface of the sample with small radius and volume[2]. The dependence of the image on
polarization of incident light was also observed (Fig.5). This can be explained in the terms of lines of electric

force in the ncar-field region[3]. We have also succeeded in getting the image of flagellar filaments in the water.
(Fig.6)
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Fig.1 Experimantal system of the c-mode PSTM

Fig.3 A PSTM image taken under
the same area and the same condition
as of Fig.3, except for the

sample/probe separation being
large as 65 nm

Fig.5 A PSTM image for exactly
the same scan area and the same
conditions except the incident
light was-polarized.

as
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Fig.2 A PSTM image of FFS
when incident light was s-
polarized. The sample/probe
separation was about 15 nm.

Fig.4 A PSTM umage of the FFS
obtained by using a tip with an
aperture diameter as large as 100
nm.

Fig.6 A PSTM image of FFS
in the water
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1. INTRODUCTION

We have studied about the fabrication of a fiber probe for Photon Scanning Optical Microscopes
(PSTM) or Near-field Scanning Optical Microscope (NSOM). Till now, some method based on a selective
chemical etching of silica fibers with high GeO, doped core have been developed.'™ Here, we propose
several new techniques to fabricate pencil-type fiber probes and nanometric apertures.

2. PENCIL-TYPE FIBER PROBE

Figurel and Fig.2 show a fabrication technique of pencil-type fiber probes and finer pencil-type
respectively. A pencil-type and a finer pencil-type is produced respectively with four and two step etchings
consisting of NH,F(40%)-HF(50%)-H,0 by using a GeO, doped fiber of a ratio about 27mol%. In the case
that X=10 in Fig.1, pencil-type probes have a cone angle of 20" and a tip diameter less than 10 nm shown in
Fig.3. They could be obtained with high reproducibility because the process of sharpening core at the fourth
step uses efficiently a selective etching. Fig.4 shows SEM photograph of a finer pencil-type with a cone
angle of 4° which was obtained in X=10.in Fig.2. For both type fiber probes, the cladding diameters can be
controlled by an easy process.

3. APERTURED PROBE

To fabricate a nanometric aperture, first a pencil-type fiber probe was coated by evaporating gold on
the probe with the thickness of a few hundreds nanometer. Next the coated probe was dipped in a KI-I,
solution and a part of gold was dissolved so as to remove gold only from the top of the probe.

The resulting probe is shown in Fig.5. The probe called apertured probe has a nanometric dielectric tip
protruding out of the gold film with a base diameter of less than 30 nm and a height of 30 nm. By using these
probes in a PSTM system, we have succeeded in obtaining high resolution images for biological samples
such as flagellar filaments of salmonella.’
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Fig.1. Fabrication technique of pencil-type fiber probe  Fig.2. Fabrication technique of finer pencil-type

(a) ®)

Fig.3.(a) SEM image of pencil type fiber probe
(b)SEM image at the top of the probe

Fig.4. SEM image of finer pencil-type fiber probe Fig.5. SEM image of apertured probe
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1. INTRODUCTION

Photon scanning tunneling microscope is a scanning optical microscope having a very high resolution beyond the
diffraction limit. The most important part in this microscope is a fiber probe having an aperture at its top. To
fabricate this apertured probe with high reproducibility, we propose a new technique based on photolithography using
evanescent wave. In addition, a probe having a dip at its top with a diameter of less than 100nm is proposed to
fabricate a functional supertip.

2. THREE DIMENSIONAL NANO-PHOTOLITHOGRAPHY

First, a fiber is sharpened by two step chemical etching method! and coated with gold. Second, it is coated with
photoresist and its top is selectively exposed by UV light. This makes the photoresist at the top of the fiber removed.
Finally, by dipping the fiber in a etching solution, the gold at the top of the fiber is etched away and the aperture is
fabricated. (Fig.1) The novelty in this method lies in the method of the exposure. In this method, to expose only the
top of the fiber, UV evanescent light generated at the surface of a prism is employed. Because its intensity decreases
rapidly as the distance from the prism increases, the top of the fiber is selectively exposed when the fiber is placed in
the near-field region of the prism surface. (Fig.2) During the exposure, to maintain high reproducibility, shear force is
used for controlling the fiber-prism separation. By this method, we can expose sub-wavelength area at the top of the
fiber as shown in Fig.3 and fabricate an aperture with a diameter of 30nm as shown in Fig.4. In future, smaller
aperture can be expected by decreasing the grain size of the metallic film.

4\ A .J& He-Cd‘Laser
—> ' - ' Pri
’ (A)—] (B) (C) Mirror e
I I g I - I | Fiber
(D) (E) (F)

Fig. 1 Aperture fabrication steps: (A) Etching of an optical fiber ~ Fig.2 Illustration of the exposure
(B) Coating the metallic film (C) Coating the photoresist (D)  method using evanescent wave
Exposure using evanescent wave and development (E) Etching of

metal (F) Removal of photoresist
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Fig.3 SEM image of a fiber after the exposuare and Fig.4 SEM image of the fabricated fiber probe
development (under the illumination of ¢-beam at the angle
of 20" )

It should be emphasized that this method opens up the possibility of applying photolithography for the fabrication
of three dimensional nanometric structures for the first time to our knowledge. This method promises to have
applications not only in the fabrication of apertured probes but also in a wide variety of applications.

3. FABRICATION OF A SUPER CUP

We propose a " super cup probe” which has a dip at its top with a diameter of less than 100nm as shown in Fig.5.
This is fabricated by dipping the fiber in HF solution after the etching of metal. This can be applied to a functional
supertip?, e.g., by injecting dye molecules into it.

Fig.5 SEM image of a super cup
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1. INTRODUCTION

High-resolution fluorescent-imaging technique [1-3] has been required especially in studying functioning
biological systems. Photon STM is expected as a powerful tool to collect fluorescence with the resolution
determined by the tip diameter of fiber probe. From the viewpoint of quantum optics, the high resolution of
local fluorescence detection can be attributed to the short-range electromagnetic interaction between the tip and
the sample. This interaction will lead to the modification of the radiation pattern of fluorescent material, which
can make it possible for fiber probe to collect fluorescence effectively. Here, we demonstrate the fluorescence
imaging of dye-doped microspheres with estimating the pickup efficiency and discuss its mechanism in terms of
quantum electrodynamics.

2. EXPERIMENTAL
Bandpass & Longpass Photomultiplier The experimental setup is shown in Fig. 1.
Filters \ﬂ .......... Tube Rhodamine-doped polystyrene microspheres of
110-nm diameter are dispersed on a silica
: substrate. The sharpened fiber probe with 20-nm
Hi E tip diameter is fabricated by chemical etching
— Pzt Photon technique (4]. A part of this tip is coated with
Rhodamine-doped | Fiber Coun\t{er gold to eliminate background fluorescence.
110-nm Ll Probe With keeping the sample-probe separation of
Microspheres \‘so‘o : ~20nm, fluorescence from rhodamine molecules
PN is picked up by fiber tip (collection mode) and
Ar* Laser Fluorescence  measured with photon counting method.
(A = 488 nm) Image

Fig. 1 Experimental scheme of fluorescence detection with Phom STM

3. RESULTS

Figure 2 shows a near-field fluorescence image of microspheres. The image size of spheres are estimated as
~180 nm full width at half maximum, beyond the diffraction limit. The maximum counting rate is 2000
counts/sec. From this value, we may estimate the pick-up efficiency I, which is defined as the ratio of
fluorescence intensity finally coupled to the waveguide mode of the fiber to the total fluorescence intensity.
Applying the parameters of the dye molecules and detection systems, I” of 2~5x10° is obtained.



4. DISCUSSION

Here, we discuss the mechanism of fluorescence detection with high resolution. Assuming that the radiation
pattern of the dye molecules is spatially homogeneous even when the probe approaches to the sphere in less
than 20 nm, the pickup efficiency, I', is estimated as (0.1/4m)xy (Fig. 3(a)). In our measurement, where y<<1, "
should be much smaller than the experimental value of I'. From these estimations, it can be confirmed that the
enhanced sensitivity of T is induced by the modification of radiation modes due to the strong coupling between
the probe tip and the microsphere in near-field region (Fig. 3(b)). That is, the fiber probe works as something
like a "nanometric integrating tip" in collection of fluorescence. This phenomenon is also expected to lead to the
change of the fluorescence lifetime.

4 /To Waveguide Mode (v) ‘r‘

Gold

k Fiber Tip

Q~0.1sr]

(a) (b)

—
200 nm

Fig. 2 Near-field fluorescence image of Fig. 3 (a) Pickup efficiency estimated by the solid angle at the

110-nm microspheres aperture plane from the sample (Q) and coupling coefficient to
waveguide mode (Y ). (b) Enbanced pickup efficiency (I") due
to near-field coupling between the tip and the sample.

5. SUMMARY

We demonstrate that Photon STM operates as a highly sensitive fluorescence microscope in addition to high
resolution. The enhancement of sensitivity can be attributed to the short-range electromagnetic interaction
between the tip and the sphere. The pickup efficiency will be strongly affected by the structure of fiber probe,
such as tip diameter, cone angle, aperture size, and so on. Probe-dependent pickup efficiency will be discussed
in detail.
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1. INTRODUCTION

Atom guidance by evanescent waves from optical fibers has been proposed [1)-[3]. By using a
hollow fiber with a thin cylindrical-core, we plan to realize atomic waveguides [3]. Neutral atoms are
guided in the hollow region while being repelled by the intense gradient force due to evanescent waves
from the inner surface, as shown in Fig.1. The atomic waveguides are expected to be available for the
atomic-level crystal growth. Here, we describe a specific atomic waveguide through the evaluation of
optical potential under the weakly-guiding approximation. Employing the approximation, unlike the
exact solutions (3], gives the clear-cut image of the potential barrier.

Hollow Fiber Evanescent Wave

Atogf?\ N /\To

Fig. 1 Atomic waveguide using a hollow fiber

2. GUIDING MODES OF CYLINDRICAL-CORE HOLLOW FIBERS

We apply the weakly-guiding approximation to the hollow fiber, which leads to LP modes. As

a result, the transverse components of electric fields of order m in the cylindrical-core hollow fiber can
be expressed as follows;

[ (vr) sin(mé) (r<a)
Et(r,0) ~ ¢ (CrJm(ur) + CoNm(ur))sin(mf) (a<r <a-+ d) (1)
K (wr) sin(mb) (r>a+d)

where the quantities u, v, and w are transverse propagation and attenuation constants [3]. Using the
hollow fiber with the hollow diameter 2a=7 um, the core-thickness d=3.8 um and the relative index
difference 0.13 % between core and cladding, three LP modes; LPg;, LP;; and LP,;; can be excited for
the wavelength 780 nm of the Rb D, line. Figure 2 shows (a) the mode pattern of LPy; excited by a
diode laser and (b) the cross-sectional contour of the electric feld. The LPy; mode has no node, but
higher modes have some nodes. More than ten percent of the laser power was coupled to the LPg; mode.
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3. POTENTIAL BARRIER FOR ATOM GUIDANCE
We evaluate the optical potential for Rb atoms in the hollow region:
U(r.6) = %ﬁdln{l + TT—(;IU,)/—F} (2)

where A and I" are the blue-detuning of laser frequency and the atomic natural linewidth, respectively.
Under the weakly-guiding approximation, the saturation parameter s(r,8) due to evenescent waves is
written as

s(r,8) ~ I (vr)?sin*(mé) . (3)
Fifure 3 shows () the cross-sectional optical potential and (b) the potential barrier in the hollow region

for Rb atoms under the excitation of the LPp; mode with 1 mW coupling power. As shown in Fig.3, the
deep optical potential of more than 1 mK can be produced under the optimal blue-detuning.

100 () (b)
’_8 10
Z6
= —
= 4 é5
2 =
0 &
0 0.1 020304 0.50.6 X/ 7 \‘3
DISTANCE [ 4 m] TN

Fig. 3 Potential barrier of LPo1mode

In summary, the excitation of the LPy; mode is required for the stable guidance of atoms. The
weakly-guiding approximation holds good for the analysis of this type of atomic waveguide.
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Present status of a photon scanning tunneling microscope
(PSTM) and its application are reviewed. In order to realize a
nanometric apertured fiber probe, highly reproducible chemical
etching process was developed to realize a sharpened fiber with
the cone angle and tip diameter as small as 14 degree and 3 nnm,
respectively[1]. Possibility of tailoring the shapes of the
sharpened fiber was presented. Chemical etching and nanometric
photo-lithography were developed to fabricate a metallic aperture
with the diameter of 30 nm or even smaller, on the sharpened
fiber tip.

Imaging experiments with biological specimens were carried
out by operating the PSTM in the collection mode and illumination
mode geometries. Dependencies of these images on the polarization
state of the incident light were found and a resolution of 10 nm
or even smaller was achieved[2]. Nondestructive inspection of
dielectric optical waveguides with sub-wavelength resolution was
proposed by presenting the diagnosed results of a proton-ex-
changed LiTa03 waveguide[3]. Possibilities of diagnosing nanomet-
ric active photonic devices were also demonstrated through imag-
ing experiments of semiconductor quantum dots. Experiments on
fluorescence detection from dye-doped nanometric polystyrene
spheres confirmed the enhanced efficiency of coupling of the
fluorescence to the fiber tip, and this was attributed to the
short-range electromagnetic interaction between the sphere and
probe tip.

To demonstrate the possibilities of nanometric fabrication,
high density optical storage, especially the photon-mode storage,
was demonstrated to realize a stored circular pit of 100 nm
diameter on an organic thin film[4]. As an ultimate goal of
fabrication to explore the future technology of atomic-level
material processing, an atom guide using a hollow fiber[5,6] and
atom trapping by the illumination mode PSTM were proposed to
control the thermal motion of freely flying atoms in vacuum[7].
The concept of virtual photon based on an intuitive modeling of
the localized evanescent light was introduced to provide with a
semi-classical theory of the PSTM[7]. Transfer functions of the
PSTM were calculated by using this model, which agreed qualita-
tively with the experimental results.
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A high resolution Photon Scanning Tunneling Microscope
for observation of sub cellular structures of neurons

R. Uma Maheswari*, Masayuki Naya*»** , Motoichi Ohtsu*,*** |
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* Kanagawa Academy of Science and Technology, ** Fuji Photo Film Co.,
Ltd., *** Tokyo Institute of Technology, **** Tokyo Medical and
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Photon Scanning Tunneling Microscope ( PSTM) or near-field scanning
microscope has been getting popularity over conventional optical microscope in the
field of biological sciences for the possibility of attaining high resolution beyond
diffraction limit introduced by the wave length of light. In this work, we present some
results of high contrast imaging of subcellular structures of neurons by an illumination
mode PSTM.

In our PSTM system, the nano-aperture has been fabricated by metal coating of
sharpened fiber probe with flattened tip made by chemical etching technique [1] and has
got a diameter of less than 30nm. The neuron samples fixed on a glass substrate were

taken from the hippocampus region of brain of a wistar rat and were labelled with tracing

blue and gold colloid of 23nm. The sample mounted on a xyz piezo stage was
illuminated by argon ion laser light (wave length is 488nm) through the nano aperture
and the scattered light was collected by an objective lens of high numerical aperture
(0.8).. While scanning the sample, the probe-sample separation was controlled to be
around 10nm by monitoring the shear force originating between them [2]. Bundles of
microtubulins present inside the axon lying under protein sheaths can be imaged very
well with high contrast by PSTM while in the corresponding topographic image, only a
constant field could be observed. Moreover, from a line scan of intensity variation, the
full width at half maximum was estimated to be 26nm and this value agrees very well
with diameter of 24nm of tubulin measured by other means (TEM or SEM) after
removing overlaying sheaths. Thus, the resolution of our system could be estimated to
be around several nanometers and to our knowledge, this is onc of the highest
resolutions to be reported concerning imaging of biological samples. The capability of
our system in resolving dctails smaller than the diameter of the aperture is believed to be
arising out of the aperture cdges existing at the boundary between  the sharpened silica
fiber and the metal coating covering this fiber [3]. In future, we plan to improve our
system to be able to operate under liquid atmosphere that will make it possible to
conduct dynamic observations.
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PROGRESS OF NANOMETRIC RESOLUTION
PHOTON SCANNING TUNNELING MICROSCOPY

M. OHTSU'2
(1) Tokyo Institute of Technology, Graduate School
4259 Nagatsuta, Midori-ku, Yokohama 226
(2) Kanagawa Academy of Science and Technology,
KSP East Rm 408, 3-2-1 Sakado, Takatsu-ku, Kawasaki 213

A photon scanning tunneling microscope (PSTM) realizes nanometric resolution by
picking up an evanescent light localized on a sample surface using a nanometric probe tip. It
promises to be a leading edge of optical microscopy and can be used for biomedical studies
because it can work in air or solution, optical resonance phenomena can be observed, and

optical manipulation is possible.

Selective etching of optical fiber with high doping of GeO, in core have realized
sharpened fiber with the tip diameter of smaller than 10 nm and a cone angle of 14 degree
with high reproducibility. Advantage of this etching is the capability of tailoring the shape of
the sharpened probes. After the sharpened fiber is coated by an Au film, it was also etched to
fabricate a sub-wavelength aperture of diameter smaller than 30 nm. Three-dimensional
nanometric photo-lithography has been developed for this purpose. A super-tip was also
fabricated by fixing a Rhodamine 6G droplet on the top of the sharpened fiber.

The flagella filaments of salmonella ( nominal diameter: 25 nm ) were observed by the
collection-mode PSTM. Dependence of image profiles on the polarization of incident light
was explained by the spatial distribution of induced polarization on the surface. An illumina—
tion-mode PSTM succeeded in measuring microtubles in a branching axon of neurons from
the hippocampus region of rat, for which resonance light absorption by tracing blue has
increased the contrast of the image. From these experiments, spatial resolution within 10 nm
was confirmed. Operating the PSTM in water is now under preparation.

Fluorescence from dye doped latex spheres ( 110 nm diameter ) was detected by col-
lection-mode PSTM, for which photon counting method was employed. It was found that the
collection efficiency was enhanced by the short-range electromagnetic interaction between
the probe tip and dye molecules to modify the spatial mode of emitted fluorescence. This
ghenomenon of quantum electrodynamics can help increasing sensitivity of fluorescence

etection.

Photon-mode high density optical storage was carried out with amphiphilic azoben-
zene derivative ultrathin film using lllumination-mode PSTM employing localized evanescent
UV light. The diameter of stored memory was about 50 = 100 nm, which can be further
decreased by reducing thermal fluctuations of the probe.

Nanometric resolution of PSTM was realized and application to nanometric fabrication
was demonstrated. It is expected that the PSTM and its wide range of applications can open
a new field of interdisciplinary optical sciences and technology.

-13-
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Imaging experiments of bio-samples
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Abstract

In this presentation, we describe about the high resolution imaging of flagellar filaments of a salmo-
nella with a diameter of 25 nm by a photon scanning tunneling microscope (PSTM). In our PSTM
system, we have used a metal coated fiber probe with a nanometric dielectric protrusion fabricated by
indigenous technique developed by us. By using this probe, flagellar filaments could be imaged as
having a full width at half maximum of 50 nm. Obtained images strongly depended on the the separation
of the sample and to the probe, and the diameter of the aperture polarization of the irradiated light.

1.Introduction

Photon Scanning Tunneling Microscopy (PSTM), sometimes called Scanning Nearfield Optical Mi-
croscope (SNOM), based on the short-range electromagnetic interaction between a small dielectric tip
and a sample in an evanescent field induced by light irradiation’?, has been recently developed. Because
of the possibility of realizing nanometric resolution without any special sample processing, many appli-
cations have been proposed’.

The PSTM technique is commonly implemented in two modes. One is illumination mode (i-mode)
, using a nanometric aperture as an evanescent light source, and scattered light is detected in the far
field'. By this technique, super resolution is realized due to the sub-wavelength diameter of the aperture
used*®. The other scheme is the collection-mode (c-mode) using a nanometric dielectric tip as a scat-
terer’. When the tip is introduced in the evanescent-field generated on the sample surface by the inci-
dent light under the condition of total reflection, the non-radiative evanescent light is converted to the
scattering light which propagates to the collection optics. Here, the intensity of the evanescent field
decays in an exponential fashion with increasing sample-probe separation and this signal itself can be
advantageously used as a control signal while performing 2-D scanning of the sample at constant inten-

83



sity mode. Furthermore parallel or perpendicular polarization states of the incident light with respect to
the sample plane can be selected. However, because of lack of realization of a nanometric dielectric tip,
satisfactory results of high resolution as in i-mode PSTM have not been obtained till now.

In this paper, we demonstrate high resolution imaging by c-mode PSTM with a nano-apertured
probe we have developed recently. To evaluate the resolution and properties, we used straight-type
flagellar filaments of salmonella (FFS) with diameter of 25nm, as a standard sample. Furthermore, de-
pendency of resolution on such parameters as sample/probe separation, tip size, and polarization of the
incident light have been investigated.

In section 2 we describe about the experimental system,the probe and the sample. Section 3 gives a

discussion of the experimental results and section 4 finally gives a summary.

2. Experiments

(1) Scanning system : Figure 1 shows our experimental system of the PSTM. An Ar+ laser with
a wavelength of 488nm was used as a light source and a 2 /2 plate was installed to rotate the polarization
of the incident light. A thin cover glass was used as a substrate for the sample which was fixed on a glass
prism with index matching oil to which the laser beam was incident under total reflection condition. The
evanescent field generated at the sample surface was scattered and picked up by an optical fiber probe.
The probe is set on a PZT tube to scan in the XYZ direction. A photomultiplier tube and a lock in
amplifier were used for the phase sensitive detection of the picked up power. A commercial AFM
controller (Seiko Instruments Inc.; SPA3700) was used for scanning and image processing. By utilizing
the rapid decrease of the evanescent light power from the sample surface, the sample/probe separation
was controlled so as to maintain the detected evanescent light power constant. The response time of the
controller was slower than 0.1 sec, and scanning speed was 2Hz. Scanning area was 5 ¢ m. Therefore,
only in regions with spatial variation greater than 500 nm, the controller scanned with feed back on and
for spatial variations less than 500 nm the scanning was done in free running mode. As in this tech-
nique, no auxiliary system such as shear force which generates mechanical force between the sample and
the probe was used, this system is potentially strong for observing soft samples, like biological speci-
mens without causing damage.

5 PMT | -{>>—= LA

v Fig.1 Experimantal system of the

PSTM. Polarization of incident light

X.Y,Z Controfier is controlled tos @ orp £ by
Display rotating A /2plate. :

PZT I:J_
Probe\ A/2Plate

P
Sample A X
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(2) Probe : The most important element of the PSTM is the probe. For detecting only the high
spatial-Fourier frequency components of the evanescent field, and for achieving high resolution , a probe
with a small dielectric tip is indispensable’”. To realize such a tip, we have developed a technique for
fabrication of a probe with nanometer sized fiber tip protruding out of Au film as shown in Fig2-(a). An
optical fiber was sharpened to have a tip with about 10 nm radius by using the selective chemical etching
technique in a reproducible manner’®". Next, the sharpened fiber was coated with an Au film for an
average of about 150 nm. Because the optical skin depth of Au is about 30 nm, the coated film of 150 nm
thickness was sufficient to block the light. Then it was dipped into a KI/I2 solution to remove the gold
film only from the top of the tip to form a sub-wavelength aperture. Figure2-(b) shows a SEM (scanning
electron microscope) image of the apertured probe. Although the diameter at the foot of the protruded
fiber is found to be 30 nm from this figure, its real value should be even smaller because the protruded
fiber can be buried in the contamination at the stage of SEM observation. So, the effective aperture
diameter governing the resolution can be even smaller because the high spatial-Fourier frequency com-
ponents of the evanescent light is preferably scattered at the protruded fiber tip.

(3) Sample : The samples used were straight-type flagellar filaments of salmonella(FFS). Figure3
shows a transmission electron microscope (TEM) image of FFS. The shape of FFS was cylindrical with
a diameter of 25 nm, and this size was nearly same as the dimensions of the tip of the probe. They were
fixed on a hidrophilized glass plate without coating. The FFS is interesting not onlfor its use as a stan-
dard sample to evaluate the performances of the PSTM because of its well-calibrated size but also for its
importance as a molecular motor*2.

30nm

(@) (®) Fig.3 TEM image of the straight-
type flageller filaments of
salmonela. The diameter of each

Fig.2 (a)Schematic of apertured fiber filament was found to be 25nm.

probe (b)SEM image of probe tip. The di-

. These samples and the TEM image
e = 'ﬂf;O foot of protruded fiber is were provided by Prof. Shinich
ound to be 30nm. Aizawa.
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3. Results and discussion

(1)High resolution detection : Figure 4-(a) is a PSTM image of the FFS when the incident
light was s-polarized. Scanning areais 5 m x5 g m with corresponding number of pixels being
256 x 256. Therefore size of one pixel is about 20 nm.For this scan, the separation of the sample to the
probe was about 15 nm. FFS lying perpendicular to the direction of the incident beam were well imaged
with high contrast. The bright line corresponds to filament of FFS while the dark region on either sides
of the line correspond to shadow formed by the filament. This can be crearly seen from a cross-section
profile of the detected signal intensity (Figure 4-(b)). Here full width at half maximum (FWHM) of the
bright region correspond to the FFS is 50 nm. Considering the pixel size and comparing the FWHM of
the obtained PSTM image with the nominal width of the filament measured using TEM images of FFS,
the resolution can be estimated to be smaller than the aperture diameter estimated diameter using SEM.
Such a high resolution was caused by the fact that, the high-spatial Fourier frequency components are
selectively picked up by the fiber tip protruding out of the Au film'?. The principal advantage of the
present PSTM system lies on the possibility of obtaining high resolution images solely from optical feed
back without any auxiliary control system such as STM (Scanning Tunneling microscope ) or SFM
(Scanning Force Microscope).

(2)Dependence of resolution on Sample/Probe separation : Figure 5 shows an
image taken under the same condition as Fig .4-(a), except for the sample/probe separation being as large
as 65 nm. Almost the same image was obtained, except that the FWHM of the cross-sectional profile of
the detected signal intensity of image was increased to about 150 nm. This dependency of resolution on
sample/probe separation can be considered to be resulting from the localization of the high spatial
frequency components of the evanescent light which acts as an intermediary of the electromagnetic
interaction between dipoles caused by light irradiation around the surface of sample with small radius,
and volume. Therefore, for efficient pick up, the probe must be brought closer to the sample.

(3)Dependence of resolution on tip size : Figure 6 shows the PSTM image of the same
sample obtained by using the probe tip with the aperture diameter as large as 100nm. Comparison with
Fig.4-(a) confirms that the resolution is lower for a large aperture. This can be considered due to the fact
that the evanescent light with high-spatial Fourier frequency around the small sample is picked up most
efficiently by a probe with same size as the sample?. Therefore, a probe with larger aperture picks up
rather lower-spatial Fourier frequency components, and hence the resolution become lower.

(4)Dependence of image on the polarization of incident light : Figure 7 shows the
PSTM image for exactly the same scanned area as that of Fig.4-(a) taken when the incident light was P-
polarized. This image was apparently different from the image of Fig4-(a). Only the FFS lying perpen-
dicular to the incident beam could be observed with a resolution relatively lower than that obtained in
Fig.4-(a). The reason for this dependence on polarization of the incident can be explained by considering
the evanescent light as the field mediating the short-range electromagnetic interaction between the po-
larizations induced on the surface by the incident light?.

In order to explain the difference in contrast of the images obtained in p- and s-polarizations, we
consider the schematic shown in Figs.8-(a),(b) which depict the electric field around the filament of
FFS fixed on the glass substrate perpendicular to the direction of propagation of the beam. In the case of
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Fig.4 (a) APSTM image of the flagellar filaments of salmonela (FFS) when
incident light was s-polarized. The sample/probe separation was about 15nm.
Arrow is thedirection of the incident light. (b) A cross section profile of the
detected signal intensity corresponding along the line marked in the Fig.4-(a).
The bright region corresponds to the FFS, and full width at half maximum is

50nm.

Fig.5 APSTM image taken Fig.6 A PSTM image of the Fig.7 A PSTM image for

under the same area and FFS obtained by using a tip exactly the same scan area

under the same conditions as with an aperture diameter as and the same conditions,

of Fig.4-(a), except for the large as 100nm. when the incident light was
p-polarized.

sample/probe separation
being as large as 65nm.
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s-polarization, as shown in Fig.8-(a), the directions of the electric lines of force in the near-field region
are parallel to that of the filament because the direction of the induced polarization lies parallel to that of
the filament. Thus, when the probe tip is brought above the sample, the electric lines of force bridges to
the probe tip mainly from the sample, and when it is above the substrate, the electric lines of force
couple to the probe tip mainly from the substrate. On the other hand, as shown in Fig.8-(b) the electric
field of the p-polarized incident light can induce only the dipoles which are not parallel to the filament
axis. As a result, the lines of electric force can be coupled with the probe tip not only from the filament
but also from its vicinity. Due to this difference in the spatial distribution of reoriented the electriclines
of force in the near-field region, s-polarization could realize higher resolution and better image of the
FFS sample than under p-polarization.

Electric line 4 Probe 4
of force 4

<=
=

Substrate

Electric Field
Vector

Incident light
(a) (b)

Fig.8 .Schematic explanation of electrical interraction between probe and
sample induced by the incident light. The distribution of the electric line of
force, represented by broken curves, is different between for (a) s-polariza-
tion and (b) p-polarization.
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5,Summary

This paper demonstrates the capability of high resolution imaging of a c-mode PSTM with a indig-
enously developed nano-apertured probe. The features of the present study are:
(1) The system could be operated under all optical mode without any auxiliary control by taking advan-
tage of the exponential dependence of the evanescent intensity.
(2) High contrast and high resolution imaging of FFS of nominal diameter diameter of 25 nm and the
observed image has a FWHM 50 nm.
(3)A rough estimate of the resolution was found to be less than the diameter of aperture which was
approximately < 30 nm.
(4)The dependence of resolution on the sample/probe separation, and diameter of the aperture was stud-
ied.
(5)The dependence of the image on the polarization of incident light was observed and this result was
explained in terms of the lines of electric force in the near-field region.

Finally, we believe these results lay a foundation to understand the physics of the Near Field Optics.
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1. INTRODUCTION

] Advanced technology in the fabrication of submicrometer
sized device leads to the realization of near field optical
microscopes with super-resolution beyond the diffraction
limit[1-4]. A photon scanning tunneling microscope ( PSTM ) is
a type of the near field optical microscope picking-up the
evanescent light around the sample surface which is generated
under total internal reflection and modulated by the
sample[5,6]. Thus, it can be interpreted as an optical analog
of the scanning tunneling microscope ( STM ). Since PSTM and
its modified versions can be used not only as a microscope but
also as a nanometric fabrication tool and a manipulator of
nanometric particles, a variety of applications have been
proposed and significant progress has been made recently in the
field of near field optics[7].

This paper reviews the recent progress of our study on PSTHM.
As our PSTM employs a sharpened optical fiber as a probe tip,
it can be considered as a version of optical fiber sensor.
However, because of the subwavelength size of the optical
fiber-probe tip ( OFPT ), unique and novel properties can be
found which can open up a new field of optical fiber sensor.

2. PRINCIPLE OF OPERATION

Figure 1 shows the principle of operation of our PSTH,
employing a sharpened optical fiber as an OFPT. A nanometric
sample is fixed on a clean prism irradiated by laser light at
an incident angle of total internal reflection. The sharpened
OFPT picks up or scatters the evanescent light in the vicinity
of a nanometric sample into the propagating light. This OFPT 1is
scanned by using a piezoelectric transducer and the powers of
the scattered light power are measured by a photo-detector on
the other end of the OFPT. When the OFPT with its curvature
radius of extremity as small as the nanometric sample is em-
ployed, the efficiency of the scattering process depends
strongly on the position of the OFPT due to the localized
nature of the evanescent field. Mapping the scattered light
with respect to the relative position of the OFPT, one can
obtain a topographical image of the nanometric sample as a PSTM
picture.

The resolution, being far beyond the diffraction-limit is
determined by the radius of curvature of the sharpened OFPT.
The advantages of using the OFPT are the high efficiency of
collecting scattered light and the availability of reproducible
production process.

3. HIGHLY CONTROLLABLE FABRICATION OF OPTICAL FIBER PROBE-TIP

Although methods such as pulling of heated glass capillaries
past the breaking point[4] and sharpening quartz rods or opti-
cal fibers by chemical etching[1,3] have been applied for probe
tip fabrication, we have proposed a highly controllable and
reproducible fabrication technique for the OFPT with nanometric
tip diameter by selectively etching a single mode optical fiber
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in buffered HF solution[8]. Since the OFPT is an essential
device in the PSTM system, detailed description on its fabrica-
tion is given in this section. )

Selective chemical etching, using a buffered HF acid has
been widely used in the processing of dielectric materials. An
etching solution composed of NH,F, HF and H,0 was usqd.to
sharpen a fiber with pure silica cfadding and Géb -doped silica
core for fabrication of OFPT. Comparing the prelifiinary experi-
mental results of the dissolution rate of GeO,-doped silica
core and pure silica cladding, it was found that the dissolu-
tion rate of the core was faster than that of the cladding and
a dip is formed at the end of the fiber core. To obtain a lower
dissolution rate of the GeO,-doped core, NH,F is added to HF as
a buffered solution. In thi% case, the difﬂbrence in _the solu-
bility of the generated (NF4) SiF6 and (NH,) GeFge in the
etching solution leads to the éﬁfference in éhg etching rate
between core and cladding. Therefore, by adjusting the composi-
tion of the etching solution, i.e., the volume ratio of NH,F,
and the doping ratio of GeO,, fiber probes with various céne
angle and tip diameters can &% fabricated.

The sharpness of the OFPT which is denoted by the cone angle
0,, was investigated by etching five kinds of fibers. The first
f&ur fibers have pure silica cladding and GeO,-doped cores with
doping ratios of 3.6, 8.5, 14, and 23mol%. THe fifth fiber has
a silica cladding doped with 2.1mol% F and a silica core doped
with 22mol% Ge02. The etching solution was composed of 40% (
weight % ) NH,F7 50% HF and H,0. The buffering condition was
controlled by4varying the voluﬁe ratio of NH,F, denoted as X,
while the volume ratios of HF and H20 were m%intained at 1:1.
Al% the experiments were carried out“at the temperature of 22 &
1 *C

The dependence of cone angle 6, on X is shown in Fig.2.
Curves A - E are the results for the five fibers, respectively.
It is seen that the ©, becomes smaller with increasing the
va%ue of X and the dopi%g ratios. The sharpest OFPT with 6, of
14 was obtained by etching the fifth fiber with X=5 fo} 40
minutes. Using the etching solution with X=1, instead of sharp-
ening, the fiber even gives a "negative cone_ angle", which is
expressed by the cone angles larger than 180° in curves A, C,
and D. In these cases, the etching rate of the core became
larger than that of the cladding. Although it was reported that
the difference in etching rate and 6, is dependent only on
doping ratio of GeO,[9], we found that % is dependent also on
X, especially in tﬁ% case of the fiber %ith high Ge,0 doping
ratio[8]. Moreover, in the case of the fifth fi er, the
presence of F in the cladding leads to the increase of etching
rate and the decrease of cone angle.

Fi%ure 3(a) shows the SEM image of the OFPT with cone angle
of 20 ( coated with 7nm-thick Pt-Pd ). Figure 3(b) shows the
magnified image. The image of the original coated OFPT is the
inside part and the observed outside part with thickness C. is
supposed to be the image of contamination from the SEM chamber.
From this image, the tip diameter is estimated to be about 3nm,
considering the coating thickness was 7nm. As for the OFPT,
this is, to the authors' knowledges, the smallest tip diameter
which has ever been reported. For confirming the reproducibili-
ty of our method, a series of experiments with identical etch-
ing procedure was carried out and the results have shown thgt
the standard deviation of the cone angle was smaller than 0.59.

We also investigated the minimum etching time for required
sharpening in order to avoid the degradation on the tip sharp-
ness due to over etching. An optical fiber with pure silica
cladding and GeO,-doping core ratio of 23 mol% was used. The
relation between % , the necessary minimum etching time T_, and
the corresponding %alue X is shown in Fig.4. n

Although we have succeeded in fabricating a very sharp OFPT,
Fig.3(a) shows that the cladding diameter is more than 16 times
the length of the conical tip. This large ratio means that the
tip-sample separation ( several tens of nanometers ) which is



10th Optical Fibre Sensors Conference / 205

applied during scanning may not be maintained without contact
between the edge of the cladding and the sample surface. To
avoid this contact, we propose a two-step etching method as a
controllable technique for reducing the cladding diameter while
retaining the sharpness[10].

The first-step etching is used to reduce the cladding diame-
ter d9 to d,. It was found that the cladding diameter decreased
linearly w1£h increasing etching time, and for the same d;, a
longer etching time is necessary with increasing X. We ﬁlso
find that the etching solution with value of X < 3 produced an
almost flat fiber end and the etching process mainly acted for
reducing the cladding diameter. Furthermore, since the fiber
end was in a concave-type when etching with X < 1.7, the etch-
ing solution with value of X = 1.7 was used in the first-step
epchlng, and for such solution, the reducing rate of cladding
diameter was found to be - 0.95 pm/min. Although the cladding
Q1ame§er can be reduced to nearly zero by increasing the etch-
ing time, the minimum cladding diameter should be two times of
core diameter d, in order to maintain the negligible optical
transmission logslll]. Therefore, in the first-step etching,
the value of d, is adjusted to dy > 24, + dx' where d, is the
cladding diameter reduced with %he mi%himum etching fime for
each value of X. The value of d, was about 20 pm, which does
not change as long as the tempeFature of etching solution is
constant.

The second-step etching is used to sharpen the fiber whose
cladding diameter is reduced by the first-step etching. The
desired cone angle of the OFPT is obtained by using the etching
solution with value of X=3 or larger and by following the
sharpening technique of Fig. 2. Combining the reducing rate of
cladding diameter when X = 1.7 with obtained d,, the cladding
diameter d, limited by d,; - d, > do > 2dc obta}ned after two-
step etchigg can be empichall§ expgessed as d2 = dy - 0.95t, -
d,, where tl is the first-step etching time. TRerefore by
aéjusting t and following the above-mentioned second-step
etching, OFP* with the desired cone angle and cladding diameter
can be obtained. Figure 5 is the SEM image of the OFPT which
was fabricated by using the etching solutions with the value of
X = 1.7 and 10 in the first- and second-step etchings,respec-
tively. Here, thg first-step etching time was 102 minutes. The
6, and dz are 20 and 8 pum, respectively. It is clear that the
c%adding diameter has been reduced of more than one order.
Furthermore, the relation of d2 > d. is well maintained and the
value of 6 produced by the two—gtep etching is guaranteed
equal to thg value of 0, produced by the one-step etching. From
a series of experiment%l results for the fiber with 23 mol%
GeO, core-doping ratio, it was found that the relative differ-
enc& of the cone angles defined by (el - 62)/6l was less than
2% .

In order to realize a more advanced OFPT, we have further
modified etching process in two ways. One is to realize a
pencil-shaped OFPT by a four-step etching method[12]. The
first-step make a tapered cladding by using a HF-0il interface.
The second-step is to form a dip at the core by HF solution.
The third-step is to flatten the top of the core by using the
solution with the volume ratio of X=1.5. The fourth-step is to
sharpen the top of the core by employing the selective etching
method by the etching solution with the volume ratio of X:1:1.
Figure 6 shows the SEM image of the pencil-shape OFPT fabricat-
ed by the solution with X=5. The tip diameter is reduced to
smaller than 10nm. One of the advantages of such a pencil-shape
OFPT is high reproducibility of coating a metallic film to
prevent picking up stray light, which is due to the lack of the
cladding edge.

The other is to realize an OFPT with a flattened top of the
core[13]. In this method, a two-step etched fiber is further
etched for a short time in a ten times diluted solution with
X=10 to get a flattered tip as shown by Fig.7. During the
flattening process, we have got some evidence showing morpho-
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logical changes of mesoscopic nature of the OFPT. This phenome-
non has been found to have a limit cycle characterlgtlcs with
the tip taking a rounded or a flattened shape depending on the
time of etching. The advantages of this flattened OFPT are tbe
possibilities of coating a metallic film only on its sides in
order to form a nanometric aperture at the flattened top and of
fixing a nanometric fluorescent material on the flattened top
to realize a fluorescent super-tip. .

A technique of three-dimensional and nanometric photq—
lithography has been also developed to fabricate a nanometric
aperture at the top of the OFPT by removing a portion of the
coated metal film. .

4. IMAGING EXPERIMENTS

We have obtained the images of latex spheres with 80nm
diameter, bacteriophage T4 with the body of 9nm diameter, and
so on, with the resolution higher than 20 nm[5,6]. Furthermore,
we have recently obtained near field images of the guided mode
of a dielectric optical waveguide ( see Fig.8 ) and identified
the positions and sizes of the scattering sources which would
induce a transmission loss of the waveguide[14]. Such a high
resolution diagnostic technique could provide with a novel
information to the waveguide design and fabrication engineer-
ing.

For obtaining higher resolution and sensitivity, it would be
essential to improve the control accuracy of the probe tip
position. For this purpose, a slender OFPT fabricated by the
two-step etching was installed to the PSTM system with the
tilted angle of five degree and the atomic force induced bend-
ing of such a OFPT was detected. This detection of atomic force
is more effective for position control because of the critical
dependence of the atomic force on the tip-sample separation.
Such a PSTM system works simultaneously as an atomic force
microscope ( AFM ), hence the PSTM image can be compared with
and calibrated by the AFM image.

5.APPLICATIONS TO NANOMETRIC FABRICATION TOOLS AND MANIPULATORS

One of the possible applications of the OFPT to the nanomet-
ric fabrication could be the high density optical storage which
utilizes the high density evanescent light power leaked from an
aperture on the top of the OEPT. Although thermal-mode storage
with a density of 45GB/inch® has been demonstrated by using
magneto-optic materials[15], the photon-mode optical storage
which we have carried out offers the possibility of erasable
optical memory[16]. 1In our experiment, the memory material was
the amphiphilic azobenzene derivative in a Langmuir-Blodgett (
LB ) film. For storage, the LB film was irradiated with the
evanescent light of 350nm wavelength on the top of the OFPT to
induce the local photochemical transition from trans- to cis-
isomer, by which the optical transmission of the LB film was
increased. By detecting this local increase of optical trans-
mission using the PSTM system, stored memories can be read.

Figure 9 shows the result of reading the bits of stored
memories. The diameter of each bit was about 130nm which was
blurred by thermal drift of the position of the OFPT. Smaller
diameter could be expected by improving the sensitivity of
writing and reading. It should be noted that this photon-mode
storage is also one of the applications to localized spectros-
copy.

As an example of the ultimate fabrication and manipulation
by using an OFPT, we have proposed a method of trapping a
freely flying atom in vacuum by utilizing momentum exchange
between the atom and the evanescent photon around the OFPT[17].
This proposal aims at realizing single atom optical memory and
the single atom crystal growth. As a preliminary experiment,
momentum exchange between the atom and the two-dimensional
evanescent photon was observed by using the technique of Dop-
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pler-free pump-probe laser spectroscopy[18]. The cavity quantum
electrodynamics effect to the atom should be analyzed for more
quantitative estimation of experimental parameters.

6. INTERACTION PICTURE OF THE PSTM

The fundamental process of the PSTM is described in terms of
quasi-static short-range electromagnetic interaction between
microscopic dlqlectric particles induced by laser irradiation.
We present a simple quantum optical picture of the interaction
by introducing virtual photons with nanometric Compton wave-
length which corresponds to the size of the microscopic parti-
cles[17]. Although conventional treatments based on the bound-
ary problem[19] or many-body electromagnetic interaction be-
tween small dielectric spheres[20] might be still wvalid in the
nanometric region, the intuitive virtual photon model helps the
understanding of the PSTM process in a generalized framework of
the tunneling microscopes including STM, AFM, and so on. It is
emphasized that the tunneling process is, in general, associat-
ed with a mechanical action between microscopic sample and
probe tip. Although it has not been observed yet in the case of
PSTM, the tunneling of evanescent photons should exhibit me-
chanical force, due to the extraordinary large field momentum
resulting from locality.

It is confirmed from the PSTM experiment that the interac-
tion between the microscopic sample and probe tip via evanes-
cent electromagnetic field is localized in the narrow region
determined by the scale of the probe tip. This meets the Heis-
enberg’'s uncertainty principle that, since the resolution of
the microscope is determined by the shortest wavelength avail-
able in the measurement, the electromagnetic field with ex-
traordinary large wave-vector,or momentum, is concerned with
the PSTM measurement due to locality of the interaction. It is
natural to describe the fundamental process of PSTM by a
short-range quasi-static interaction via evanescent photons
scattered from/to propagating photons in the material medium.
Here the microscopic particles are the sample object and the
probe tip, and the term "quasi-static” is used in the sense
that the propagation or retardation effects can be neglected
because of the short distance between the microscopic parti-
cles. A simple and intuitive picture of PSTM seems to be
required for understanding the nature of the fundamental proc-
ess in terms of the generalized framework of tunneling micro-
scopes.

The minimal feature describing PSTM, the short-range quasi-
static interaction, can be modeled simply by employing the idea
of virtual photons with nanometric Compton wavelength and de-
scribing the field in terms of the Yukawa potential. The virtu-
al photon, therefore, has an effective mass due to the coupling
of electromagnetic field to the fundamental excitations in the
material medium. The model makes it possible to interpret the
optical near field problem as a particle tunneling through the
effective potential barrier between the gap of microscopic di-
electric particles. Compared with the surface plasmon near
field microscope[21], the virtual photon employed here may be
described in terms of polaritons representing the electromag-
netic field coupled to the mechanical vibration in the dielec-
tric medium via induced polarization.

In order to demonstrate validity of virtual photon picture,
the Yukawa potential model is applied for calculation of eva-
nescent field near a small circular aperture irradiated by
propagating light with wavelength, much smaller than the aper-
ture radius. Assuming the Compton wavelength of the virtual
photons equal to the aperture radius, the intensity distribu-
tion in the near field region was estimated simply by taking
- the gradient of the potential given by integrating the contri-
bution from small surface elements over the aperture using
Yukawa potential. Figures 10(a) and (b) shows the numerical
results; (a) the intensity distribution on the aperture axis

95



208 / Ohtsu

96

and (b) in three dimensions, respectively. In Fig.9(a), the
result from the Yukawa potential model shows a good agreement
with the numerical results given by Leviatan[19] based on the
boundary problem. . o

More basic theoretical analysis descrlb%ng the non-
equilibrium interaction between matter and field is required in
order to establish a new theoretical model of virtual photon
model.

6. SUMMARY

We have reviewed our recent progress on the PSTM with main
focus on describing the fabrication of nanometric optical
fiber-probe tip. It was pointed out that the PSTM can be used
not only as a super-resolution optical microscope but also as a
nanometric fabrication tool for high density optical storage
and single atom trapping. Novel theoretical model as also
proposed in order to understand the fundamental process of PSTM
in terms of the generalized framework of tunneling microscopes.

As a future outlook, it should be noted that fabrication of
a functional probe tip and a probe tip array, system operation
in liquid, and more reliable preparation of samples, etc. are
required for the PSTM system as being used as a powerful tool
in the field of biotechnology and chemistry. Careful investi-
gations on unique features of PSTM, which are related to cavity
quantum electrodynamics, quantum optics, etc., could open a new
field of study on light and matter.
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The SEM image of a
ned OFPT.

Fig.6 The SEM image of a
pencil-shape OFPT.

Fig.8 The PSTM image of a
guided mode in a Y-branched
proton-exchanged LiTaO3
optical waveguide.

Fig.9 The PSTM image of
the photon-mode recorded
region of the LB film.

(aperture radius a = A/50)

—20 —“\ e from

Leviatan®

—40 - IR

—80l \ Far-ﬁe.zld

Evanescent -7\
\

loglEl" (dB)
|
3

—100 - (from Yukawa Potential) "‘
—120 1 L A L
0.01 0.1 1 10 100 1000

Z/a

(b)

Fig.10 The application of the Yukawa potential model for the
intensity distribution of the near field of a small circular
aperture of diameter a irradiated by propagating light with
wavelength of 50a. (a)Intensity distribution on the symmetry
axis, compared with the numerical results of Leviatan([18].
(b)Three dimensional intensity distribution.
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Photon-scanning tunneling microscopy for diagnosing prop-
agating characteristics of optical waveguides, Yasunori Toda,
Motoichi Ohtsu,* Interdisciplinary Graduate School of Science and
Engineering, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-
ku, Yokohama, Kanagawa 227, Japan. A high-resolution diag-
nostics technique for optical waveguides using a photon-scan-
ning tunneling. microscope is proposed. The performance of
this technique was evaluated by measuring the propagating
mode profile of a Y-branch LiTaO; waveguide. The propa-
gating attenuation coefficient along the center of two branches
is 2.3 x 10-* dB/pm.

* Also with Kanagawa Academy of Science and Technology.
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Fabrication of a fiber probe with nano-aperture for photon
scanning tunneling microscope (PSTM), R. Uma Maheswari,
S. Mononabe, M. Naya, T. Saiki, M. Ohtsu,* Kanagawa Acad-
emy of Science and Technology, Sakado 3-2-1, Takatsu Ku, Kawasaki
213, Japan. We propose a method based on chemical etching
for fabricating fiber probes with flattened tips suitable for
fabrication of a nano-aperture through vacuum deposition. By
this method, tips with diameter of approximately 15 nm can
be produced. We also report some cyclic morphological changes
of the tip observed during etching.

* Also with the Tokyo Institute of Technology.
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Generation of Frequency-Tunable Light and
Frequency Reference Grids Using Diode Lasers for
One-Petahertz Optical Frequency Sweep Generator

Weizhi Wang and Motoichi Ohtsu, Senior Member, IEEE

Abstract—Generation of frequency-tunable light and frequency
reference grids in a wide frequency span for a diode laser based
optical frequency sweep generator has been performed. Fre-
quency tuning and noise characteristics in nonlinear frequency
conversions have been discussed. By using AlGaAs, InGaAsP
lasers and their frequency conversions in the type II angle phase-
matching KTP crystal, highly coherent frequency-tunable outputs
have been obtained from 600 THz (0.5 pm) to 170 THz (1.7
pm). Use of the DFB lasers ensures the continuous tuning with
a frequency range as wide as 1 THz. Atomic potassium and
molecular iodine absorption resonances have been employed as
frequency references for stabilizing the frequencies of lasers and
the generated light with the frequency stability of 10~°~107°,
Optical frequency comb generation has been realized at the 0.8
pm wavelength with a two-sided sidebands span of 4 THz. We
have also proposed and demonstrated specific frequency-tunable
systems based on sum and difference-generations of diode lasers.

I. INTRODUCTION

IDE-BAND highly coherent frequency-tunable light

sources have become more important in different fun-
damental research fields, such as ultra-high resolution spec-
troscopy, quantum optics, chemistry, medicine, as well as
some applications such as multichannel coherent optical com-
munications. For providing continuous-wave (cw) laser sys-
tems which could offer highly coherent light (spectrally and
spatially) with tunability capable of covering the desired
regions, immense efforts have been made in searching for laser
media which have broad emission band and in designing of a
tunable laser system. Indeed, cw tunable solid-state and chem-
ical dye lasers have been developed to satisfy the practical
requirements to some extent. The drawbacks of these systems
are the inherent large noise due to fluctuations of pump power
or dye jet, and the requirement of a complicated pump system,
which leads to a large system volume and susceptibility to
environmental influences. Efforts have been made to improve
the coherence especially in reduction of FM noise of these
lasers by using active feedback control with various schemes
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[11, [2]. However, these large and costly systems make them
not to be always available. Nonlinear optic effects have been
employed for building tunable light sources such as optical
parametric oscillators (OPO) [3], [4]. However, there are
technical and principle difficulties in realizing continuous-
wave OPO with a wide frequency-tunable range.

On the other hand, semiconductor lasers are tunable, com-
pact and efficient, and cw high-power and single-mode laser
devices have been also developed. Frequency tuning and
frequency/intensity modulation which can be easily carried
out by changing and modulating the temperatures and injection
currents or external gratings of the diode lasers, and extremely
low amplitude noise compared to most other laser sources
are inherent advantages for the above-mentioned purposes [5],
[6]. Furthermore, in recent years the remarkable results have
been achieved: 1) Hypercoherent diode lasers with a linewidth
of hertz-order have been realized by use of optical and
electrical feedback control [7], and diode lasers based optical
phase locking with high frequency tracking accuracy has been
achieved [8], [9]. 2) High-quality diode laser devices have
become commercially available, frequency sweeping range can
be wider than terahertz by use of distributed-feedback (DFB)
lasers or grating-extended cavity diode lasers [10]-[12]. 3)
Optical frequency comb (OFC) generation with a sideband
span as wide as several terahertz has been realized by use of a
microwave resonant electro-optic modulator [13], [14]. These
development and achievements in diode lasers and the related
techniques make it possible to build a diode-laser-based wide-
band coherent optical frequency sweep generator (OFSG) with
a frequency coverage of ~1 PHz from ultraviolet to near
infrared.

We describe our proposed scheme of the OFSG and present
the experimental results of generation of frequency reference
grids towards realization of such a system. The paper is
arranged as follows: In Section II, the principle of the OFSG
are shown and theoretical analyses of frequency noise and
frequency tuning characteristics related to nonlinear frequency
conversions of diode lasers are given. In Section III, experi-
mental results of both frequency up and down conversions
are presented. In Section IV, absolute frequency stabilization
and frequency linking between diode lasers and the converted
light are performed for the purpose of establishing frequency
reference grids in the OFSG. In Section V, demonstration of
frequency-tunable systems and discussion are presented, and
Section VI gives a summary.

0018-9197/95$04.00 © 1995 IEEE
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FREQUENCY REFERENCE GRIDS

FREQUENCY DIFFERENCE MEASUREMENT

)

MULTI-LASER BASED TUNABLE
LIGHT SOURCE

L -
OUTPUT
(a)
Coarse reference grids: By lasers and
their frequency conversions
IIIIIIIIIII IIIIIIIIIII ||||||I:_
Infrared uv

Fine reference grids: By optical
freq y comb g

(®)

Fig. 1. (a) Schematic construction of the OFSG. The frequency reference
grids consist of coarse and fine frequency reference grids generated by diode
lasers and their frequency conversions and by frequency combs, respectively.
The multilaser based tunable light source contains various diode lasers and
their frequency converters. The frequency difference measurement consists of
optical heterodyne schemes. (b) Explanation of the coarse and fine frequency
reference grids.

II. PRINCIPLE OF A WIDEBAND OPTICAL
FREQUENCY SWEEP GENERATOR

A. Construction of an Optical Frequency Sweep Generator

Fig. 1 is a block diagram to show the systematic con-
figuration of the OFSG which is capable of carrying out
simultaneously absolute frequency stabilization, continuous
frequency tuning and precision measurement of frequency dif-
ference. The system consists basically of three parts as follows.

1) Frequency Reference Grids for Absolute Frequency Sta-
bilization: Choosing of frequency references which concerns
to the accuracy of the frequency determination depends on

the available laser power, available spectroscopic results and -

stabilization schemes. In principle, one quantum transition,
for example the molecular iodine transition at 633 nm or the
atomic calcium transition at 657 nm, is a promising candidate
with high frequency stability for the frequency reference grids
in OFSG by use of the cascade frequency combs, in which
different frequency comb generators driven at the primary
reference frequencies and their converted frequencies are cas-
caded by phase-locking. However, the presently available
diode lasers do not satisfy such a continuous lasing spectrum.
Therefore a multi-reference scheme is necessary for the OFSG.
It means that the coarse frequency reference grids are obtained
alternatively by use of commercially available diode lasers and
their frequency conversions and multiple atomic or molecular
transitions, while fine frequency reference grids are realized by
frequency comb. For this purpose, indeed, the cascade combs
scheme in different frequency region is still necessary.
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2) Multilaser-Based Frequency-Tunable Light Source: This
part of the system is constructed similarly to part 1, which
employs multiple diode lasers and their frequency converters..
In contrast to the tuning mechanisms of the conventional
tunable lasers in which wavelength selective elements or
wavelength filters are employed over a wide gain range, this
system contains multiple highly coherent diode lasers with
their own tunability, that makes it possible to use fully the
advantages of diode lasers and the related control techniques.

3) Frequency Difference Measurement System: For the
purpose of measuring precisely the frequency difference
between the tunable output and the frequency reference,
the tunable output is heterodyne phase-locked to one of the
frequency reference grids in the corresponding region. The
frequency sweeping accuracy can be sufficiently high with
the help of the optical phase locking. It should be noted
that the frequency measurement using optical heterodyne
signal is basically limited by the response bandwidth of the
photodetector. Therefore, the fine frequency reference grids
by use of OFC generators in the system make it possible to
measure the frequency difference larger than 1 THz.

B. Frequency Tuning Characteristics in
Frequency Conversions

The parametric interactions in the frequency domain are di-
vided into frequency up and down conversions, corresponding
to the sum- and difference-frequency generations. For effective
energy transfer from fundamental waves at frequencies v; and
vy to the generated frequency v3, both energy and momentum
conversation (phase matching) must be satisfied. In the case
of using collinear phase matching, they can be expressed as

V3 = Uy + 131 (1)
and

ny_m2ym

A3 A2 M @

where \; (¢ = 1, 2, 3) represents the fundamental wavelengths
and the generated wavelength in vacuum, respectively, n;
represents the refractive index of the crystal correspond-
ing, respectively, to each wavelength. The signs % denote
sum- and difference-frequency generation respectively. The
birefringence phase matching can be satisfied by controlling
temperature, wavelengths and polarizations of the fundamental
waves, and crystal orientation.

Frequency tuning is characterized by two kinds of pa-
rameters: frequency tuning range and tolerances of tuning
parameters. The frequency tuning range is defined as the
frequency span in which the phase matching condition can
be satisfied while maintaining a reasonable effective nonlinear
coefficient. In this paper, we discuss only potassium titanyl
phosphate (KTiOPO4; KTP) in frequency conversion without
losing generality of the method to other nonlinear crystals.
We carried out theoretical calculation of the frequency tuning
range. The results show that the upper limit of the generated
light frequency is ~680 THz (0.45 um) in the case of
sum-frequency generation. This is in contrast to the case
of using second-harmonic generation in which the generated
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wavelength is limited to be longer than ~0.5 ym [15]. The
difference-frequency generation in the present case can provide
infrared light from 300 THz (1 pm) to the frequency as low
as ~100 THz (3 pm). Furthermore, generation of the light in
the above-mentioned entire frequency span can be possible by
using only type II angle tuning at room temperature.

To evaluate the tolerance of a certain tuning parameter of
KTP, we express the phase mismatch, according to (2), as

n3 ng ny
AkKL = ZWL[/\a (/\2 + /\1)].
The tolerance is defined as the changeable bandwidth of
this parameter (while the other tuning parameters are fixed)
when the output frequency-converted power drops to its half
maximum.

As the KTP crystal is insensitive to the temperature variation
[16]-{19], which is a particularity in use of KTP, the temper-
ature tolerance of the KTP crystal is sufficiently large (>10°)
to endure usual temperature fluctuations of the experimental
condition. Hence we do not deal with this respect and consider
only angle and wavelength/frequency tolerances.

1) Tolerance of angle §: In the case of type II, 6 phase
matching, only one wave, namely J);, is the so-called extra-
ordinary wave. The refractive index of this wave n; can be
obtained from the Fresnel equation describing propagation of
light in crystal as

-2 _ -2
Ny =N,

3

@

cos? 6 + n2sin? 6.
Then we have

-2
— Ny

-2
S(AKL) = 7;—L sin 26 E: )

66.
1 (n3.2 cos? § + ny2 sin® §)3/2
2) Tolerances of Fundamental Wavelengths: In the case that
the wavelength of the extraordinary wave, ), is fixed, the
tolerance of wavelength ), is obtained as

§(AKL) = 2rL

1 At Ong 1 90ny (ng—n3)
N - — =+ —==—=]6A. (6
</\3 iEMEoh Mde T X2 2 6
In the case that the wavelength of the ordinary wave, A, is
fixed, the tolerance of wavelength \; is obtained as

8(AkL) = 2rL
1 /\2 8n3 1 8n1 (’ILl - n3)

=2 x4+ LN, (7

( P SV WY WIS W W 32 1 (D

The upper and lower signs in (6) and (7) correspond to
the sum and difference frequency generations. It should be
noted that because n; corresponds to the extraordinary wave,
(4) must be used for (7). By using (6) and (7), wavelength
tuning bandwidths can be estimated as the crystal is fixed
in orientation and the frequency tuning bandwidth can be

converted by using 6v = —c6A/A%. The specific results of
these tolerances will be shown later in the experiments.

C. Frequency Noise Characteristics in
Nonlinear Frequency Conversion

In cw operation, the frequency noise of the generated light
is an important characteristics in our frequency conversion
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based system. Because the typical frequency noise spectra of
diode lasers have been shown to have an almost flat profile
from megahertz to gigahertz, e.g., 3-electrode DFB lasers at
1.5 pm [10], the white noise model is considered as a good
approximation. We discuss here the FM noise in terms of the
field spectral linewidth which can be conveniently related to
the FM power spectral density. The power spectral density of
electric field amplitude is employed as a conventional measure
for describing randomly fluctuating time-dependent quantity of
light. The laser spectral linewidth is defined as the full width
at half maximum of the line shape which is calculated by the
Fourier transform auto-correlation function of the electric field.
Assuming that the electric field of light take the form of

E = Eyexp{j(2mvt + ¢(¢))}, ®

Then the auto-correlation function of the field can be approx-
imated as [20]

Rg(t) =exp {j27ru'r - %(6(}52)}. ©)
Where the amplitude is simplified as unity, and
6¢ = @(t) — d(t + 7). (10)

The relation between the linewidths of the participating light
fields and that of the generated light field is derived directly
from the definitions with approximation in the following way.
The electric field of the generated light Ej3, assuming the
depletion of the fundamental waves be negligible, is given by

L
E3 = AdeffElEz/ exp {jAkz} dz, (11)
0
= Adey BB, LS UIARLE — 1 ﬁ:}:‘} -1 (12)
where
E; = Egexp{j(2mvit + #:(t))}, (i=1,2), (13)

corresponds to each of the two fundamental electric fields. A
is a coefficient, d.sy is the effective nonlinear coefficient, L
represents the crystal length. E; should be replaced by E3
if the difference-frequency generation is considered. Under
the phase-matching condition, AkL should be a very small
quantity, then, we can expand the phase term due to phase
mismatch in (12) as

exp{jAkL} -1 _ .1

A
From this expression we can conclude that the fluctuations
of phase mismatch, which can be caused by temperature
fluctuations and vibrations besides the frequency fluctuations
of the fundamental lasers, have no contribution to the phase
fluctuations of the generated wave in the first order approxi-
mation. As the frequency of the generated wave, v3, satisfies
the energy conservation by (1), and then the auto-correlation
function of the generated light field F3 is expressed as:

R (r) = exp {s2mar - 30663 |

where d¢3 is determined by initial phases of the fundamental

(14)

15)
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waves, and can be expressed as:
b3 = 61 £ 0¢o.

Provided that the two fundamental waves are from two in-
dependent lasers, implying that the initial phases are not
correlated, we have

(803) = (843) + (6¢3).

The relation between Sg and Rp(7) can be also expressed
by [5]

Rg(r)
= exp [j27ru'r - 27r7'/ Sg(f)sinc® (rfr)d(zfr)|. (18)
0

The field spectral profile is given by the absolute value of
the Fourier transform of Rg,, i.e.,

(16)

amn

v —-v3)= / Rg,(t)exp{—j2rvrdr} +cc. (19)
0

Under the white-noise assumption, i.e.,

Sg, (f) = ai(const.), (20)

and

(642) = a;T, 210

where 7 = 1, 2 denotes either of the fundamental waves.
Hence, the field spectral profile exhibits a Lorentzian and
linewidths of the fundamental waves, respectively, take values
of

Ay; =ma;, (1=1,2). (22)

Based on (17), (21), and (22), the linewidth of the generated
wave is the summation of these of fundamental waves. i.e.,

Avy = Ay + Avs. (23)

It is found that in the case of second-harmonic generation
using one laser, i.e., the two fundamental waves comes from
the same laser, the linewidth of second-harmonic wave takes
the value of

AVSHG = 4‘AVLaser- (24)

When the 1/f noise is added to the above discussion for
describing diode lasers, i.e.,

(6¢7) = aiT + a7, (25)

the line profile and linewidth are modified, but can be still
evaluated easily with the help of the “Plasma Dispersion
Function” [20], [21].

The above discussion shows that the linewidth of the gen-
erated field in nonlinear frequency conversion is determined
by that of the fundamental lasers.

III. GENERATION OF FREQUENCY-TUNABLE
LIGHT IN A WIDE FREQUENCY SPAN

Because the available wavelengths of the present diode
lasers exist incontinuously in the region from 0.6 to 1.5
pm with some gaps. we should use frequency conversions
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Fig. 2. Experimental setup for both sum- and difference-frequency genera-
tions. CL1. CL2, collimating lenses; M, reflecting mirror; BS, beam splitter;
FL. focusing lens; P, prism. The half wavelength plate, HP, was used to
adjust the polarization from the 1.5 y¢m laser for satisfying the type II phase
matching condition.

to extend coverage of frequency to the region where direct
diode laser spectra are not available. For this purpose, para-
metric processes involving the second-order nonlinearity, i.e.,
second-harmonic generation [22], sum-frequency generation
and difference-frequency generation or parametric amplifica-
tion [23]. [24], have been experimentally performed by using
AlGaAs (0.78/0.8 um) and InGaAsP (1.5 um) DFB lasers.
Since the continuous tuning range of a DFB laser can overlap
with that of a conventional Fabry—Perot (FP) type diode laser
even though the FP type laser experiences mode hops, use of
the DFB laser in frequency conversions offers a continuous
frequency tuning range wider than | THz and ensures the
continuous frequency coverage of the entire frequency-tunable
span determined by the two lasers.

Fig. 2 shows the system configuration for both sum-
and difference-frequency  generations. Multi-electrodes
corrugation-pitch-modulated MQW-DFB lasers [10] at 1.5
pum with a maximum output power of 50 mW and a MHz-
linewidth. 100 mW single-mode AlGaAs lasers (SDL-5311)
at 0.8 pm and 50 mW 0.78 pm single-mode AlGaAs lasers
(HL7852) were used as the fundamental laser sources. The
linewidths of AlGaAs lasers in experiment were narrowed
to less than 100 kHz by using optical feedback from an
external confocal FP cavity [25]. A 10 mm long KTP (cut
with # = 54° ¢ = 0, and two facets were coated with
antireflection films at both 0.78 and 1.5 pm) was put in the §
plane, i.e., @ = 0°, with the y axis in the vertical direction.

For sum-frequency generation, the polarization of the 1.5
pm laser was perpendicular to the # plane and the polarization
of the 0.78/0.8 ;um laser was in the 6 plane for satisfying the
type-II phase matching. The two laser beams were focused
into the crystal and the angular phase matching was obtained
around @ = 60° which is in accordance with the calculated
result using the Sellmeier equation given by Bierlein [16].
The sum-frequency output has the polarization along the y

axis with the wavelength determined by
A=A (26)

where the subscript numbers 1, 2. and 3 denote the two input
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Fig. 3. Sum-frequency output powers vs. beam waists. p= represents devi-
ation of the beam overlap in the propagation length = due to walk-off: p is
the walk-off angle. Curves A and B correspond to the cases that the walk-off
occurs along the long- and the short-axis of the elliptical Gaussian beam,
respectively. One of the participating beams is circular and its diameter is
equal to the short-axis diameter of the elliptical beam. Two sets of measured
values (filled circles and rectangles) correspond to the different beam waists.

fundamental waves and one output wave, respectively. The
output power of the generated sum-frequency can be expressed
as

Pt = 1.1 x 1071P, Py, X))

in the unit of watt, where P; and P, represent the input powers
of the two lasers in units of watt. The reduction factor in Boyd
and Kleinman’s theory due to the walk-off effect [26]. which
was included in the coefficient of (29), was estimated as 0.07
when the beam walk-off angle was 1.5° and the beams waists
were 20 and 40 pm for 0.7/0.8 pm and 1.5 pm diode lasers,
respectively. :

It should be noted that in use of diode lasers, the elliptical
Gaussian beams will lead to some deviation of the obtained
results from the calculation for circular beams [27]. Especially
in presence of walk-off like the case of KTP angle phase
matching, arrangement of the orientation of the elliptical beam
shape can result in 2~3-fold power difference in output [23].
Both experiment and calculation have shown, as in Fig. 3, that
it is preferable to make the walk-off direction occur along the
long-axis of the elliptical cross-section.

The acceptance angle defined by the FWHM of the curve
of the output power versus phase mismatch was measured to
be ~ 0.5°, while the calculated value is ~ 0.36° using (5),
noting the converted output power can be approximated by
sinc? (AkL/2) [28]. The larger obtained value is attributed to
the strong focusing of laser beams in experiment, which causes
relief of angle mismatch. The frequency-tunable characteristics
in the sum-frequency generation was also investigated by
fixing the crystal orientation and injection currents of funda-
mental lasers, and changing operation temperature of the 1.5
um DFB laser. The measured frequency tuning bandwidths
defined in Section II-B were ~100 GHz in both cases when
another fundamental laser was at (.78 and 0.8 pum. The
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calculated values using (6) are 85 and 90 GHz for a 1-cm KTP,
respectively. The calculation also gives a frequency tuning
bandwidth of 350 GHz, using (7), for a 1-cm KTP when the
0.78/0.8 pm laser is tuned. However, the experimental con-
firmation was difficult for the mode hopping. Accompanying
with the large acceptance angle for phase matching, a tuning
range of the sum-frequency output about 15 nm (16 THz)
can be expected with a phase-matching angle change of 1°.
By using combination of these diode lasers, highly coherent
frequency-tunable green light has been obtained from 0.51 to
0.56 um (50 THz) with a continuous tuning range of ~1 THz
by the DFB laser.

For generating the difference-frequency of two diode lasers
[23], we used the same lasers as previously. Because of
the limited detectable band of an optical spectrum analyzer
(Anritsu MS9702B). only difference-frequency between the
0.78 um and the 1.5 um lasers was measured, which satisfies

D VD P (28)
and was around 1.6 pm in the present case. The polarization
of the 0.78 um laser was perpendicular to the 6 plane and the
polarization of the 1.5 um laser was in the § plane. The phase
matching angle was 52° which was in agreement with the
calculated value. A 0.3 uW output was obtained, by which
the generation of the near infrared light using difference-
frequency generation was demonstrated. The tunable range
was larger than 5 THz (1.58-1.62 pm) which corresponded to
the wavelength range of the AlGaAs laser from 0.78 to 0.79
pm by controlling the operation temperatures and currents of
the lasers. This range can be further enlarged by using a grating
extended cavity diode laser or by installing the laser inside a
vacuum chamber to increase the adjustable temperature range.

To confirm the feasibility of difference-frequency generation
in a wide frequency span using diode lasers, we performed
difference-frequency generation with the help of a Ti:sapphire
laser which replaced the AlGaAs laser in the above experi-
ment. The tuning characteristics was investigated by tuning the
input lasers and the angle of the crystal simultaneously. Both
experiment and calculation show that the frequency tuning
bandwidth was 200 GHz for a 1-cm KTP by temperature
tuning the 1.5 pm DFB laser. Fig. 4(a) and (b) show the
measured output power and the phase-matched angle 6 as
functions of the pump wavelength. The obtained tunable range
was from 1.38 to 1.67 pm (38 THz) which corresponded to the
pump wavelength from 0.73 to 0.80 pm. The output power in
Fig. 4(a) was calibrated as the pump power was 100 mW since
the power from the Ti:sapphire laser could not keep constant
during the tuning. The obtained phase-matched angle agreed
with the calculation except for the wavelength near 0.8 pm.
The reason for this discrepancy is unclear and under investi-
gation. The maximum available tuning range can be as wide
as 600 nm (65 THz) around 1.54 pm which is limited only by
the present crystal size when the Ti:sapphire laser was used.

This experiment can also be considered as optical parametric
amplification of a diode laser in the KTP pumped by the
Ti:sapphire laser. Thus it provided useful information for
designing a cw optical parametric oscillator in this frequency
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Fig. 4. Relation between output power and the wavelength (a), and measured

dependence of the phase-matched crystal angle on the wave-length (b). The
pump and diode laser powers were 100 and 5 mW respectively.

region which is especially important for optical communica-
tions. The degenerate optical parametric gain was estimated
to be 5 x 10~* when the pump power was 200 mW and the
beam waist was 15 pm by using the small gain formula [29]

g= SﬂzdszFPlh/EOC/\2/\3n1n2n3A, (29)

as defs = doggsinf ~6 pm/V and 1 = 10 mm, where [ is
the crystal length, n is the refractive index, P is the power,
A is the pump beam cross section. The reduction factor A in
the present case of the KTP was estimated to be ~1/15 which
was subject to the deviation from the ideal collimation of the
diode laser beam. The output power

P3 =gP2a (30)

was calculated to be 2.5 uW for the degenerate case, while
the measured value was 1.9 uW. The reason was deduced to
be imperfect mode matching of the experimental condition
and also the unsure practical nonlinear coefficient of the
KTP. From the above experimental result, we conclude that
difference-frequency generation by diode lasers can provide
us the highly coherent cw tunable light over the wide near
infrared region limited by the transparent band of the KTP
crystal. When the Ti:sapphire laser is replaced by a high
power and highly coherent AlGaAs laser diode which has
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been realized by using a coherent addition technique [25], the
fundamental lights with linewidths in the order of 10 kHz
and powers in the order of 100 mW ensure that uW order
highly coherent output power is still available if optimization
of elliptical beam profile is performed as described previously.

IV. ATOMIC/MOLECULAR RESONANCE STABILIZED
FREQUENCY REFERENCE GRIDS

To perform absolute frequency stabilization, use of an
atomic/molecular absorption resonance is the most popular
scheme. In addition, the atomic/molecular transition is possible
in principle to be measured accurately by means of a frequency
chain [30], [31] so as to offer a tunable output with a known
frequency value.

Various atoms and molecules can be chosen as possible
frequency reference grids in a wide frequency span. To reduce
the number of independent atomic/molecular transitions in one
system, that is also important for making it easy to measure
absolutely frequencies of these transitions, frequency linking
between multiple lasers becomes necessary, by which more
than two frequencies are stabilized using one reference. For
this purpose, two methods can be considered. 1) To use the
pump-probe or saturation spectroscopy scheme to one atomic
transition or two transitions (known as the two-step excitation),
for which pump and probe beams can be from different type
lasers with the help of nonlinear frequency conversion. 2)
To use optical phase locking technique with the help of a
frequency comb which is composed of sidebands generated
from an optical phase modulator, by which the frequency
difference between the two lasers can be as large as the usable
span of sidebands of the frequency comb. It is clear that
method 1) provides only a link with a fixed frequency interval
determined by the atomic energy level structure, while method
2) offers more options in the frequency interval of a link but
has a limited frequency span. Combination of 1) and 2) extends
the capability of the frequency linking.

We present here two schemes for generating the coarse
frequency grids and the OFC generation for the fine frequency
grids.

A) Frequency Reference and Linking Using Optical
Double Resonance in Potassium

Potassium (*'K) was chosen for our experiment since a
high-power and highly coherent distributed feedback (DFB)
laser is available at 1.54 um [10], and the second harmonic of
which just coincides with the 'K — D; line (770.109 nm in
vacuum). By using this scheme, the coarse frequency reference
grids can be obtained at 0.77, 1.54 um and their sum-frequency
at 0.51 pm simultaneously [32].

To prepare two lasers for the pump-probe spectroscopy
which is shown by Fig. 5, the second-harmonic wave of a 1.54
pm DFB laser, which was used as a probe, was generated
in a 10 mm long KTP crystal. Type-II, angle-tuning phase
matching at room temperature was employed as the crystal
was installed along the 6 plane (¢ = 0, § = 54°). The
fundamental power was 40 mW and the detected power after
the spectroscopic system was measured to be 20 nW. The
pump laser was a grating-feedback AlGaAs laser, and the laser



462

Grating/PZT

PD AlGaAs LD

Ref.

- Q
o o

Probe by SHG of
1.5 ymDFB laser

Pump

Fig. 5. Experimental setup for the pump-probe spectroscopy for both co-
and counter-propagating schemes. The pump laser frequency was stabilized
using the saturation-spectroscopy scheme. All parts were fixed on an invar
plate to improve the thermal stability. The probe was the second harmonic
wave of the 1.54 ym DFB laser.

facet was coated with an anti-reflection (AR) film to extend
the tunability which is accomplished using an external grating
(1200 lines/mm). The operating injection current was 100 mA
while the threshold was ~85 mA due to the AR coating, and
the output power used was 1.4 mW.

A conventional saturation-spectroscopy scheme was ar-
ranged for locking the laser frequency to the saturated ab-
sorption resonance, referring to Fig. 5. The laser beam was
divided into two parts, one for the pump and the other one
for the probe in counter-propagating directions. The atomic
cell containing 'K (2 cm long) was installed inside an
oven to maintain the temperature close to 60°C. At this
temperature, total absorption was measured to be 40~50%,
and the Doppler width was ~800 MHz. The Doppler-free
absorption resonances were observed to verify that the pump
laser was on the potassium D; resonance line and in a
real single-mode regime. Fig. 6(a) shows the Doppler-free
absorption profile when the laser frequency was tuned to the
top of the Doppler profile. The laser beam intensity used was
~4 mW/cm?. We also measured the hyperfine splitting of the
4Py, state of 41K as ~29 MHz from our observed absorption
resonance profile based on the ground state (4S;,2) hyperfine
splitting of 254 MHz [33], which was not documented in
literature yet to the authors’ knowledge. It is clear from the
obtained profile that the spectroscopic resolution was up to the
nature linewidth limit (~10 MHz) [32].

Frequency stabilization of the pump laser was carried out by
locking the laser frequency to the cross-over absorption peak
of the 'K — D, line by using the phase-sensitive technique
through a lock-in amplifier. The modulation frequency applied
to the PZT of grating was 3 kHz and the time constant was 30
ms. The residual frequency fluctuations were estimated to be
less than 50 kHz from the error signal, implying a frequency
stability as high as 10719, This result demonstrated that the
Doppler-free absorption line of potassium also provides an
absolute frequency reference for AlGaAs lasers. It should be
noted that estimation of the frequency stability in this paper
was based on the error signal of the feedback loop although
Allan variance of two independent systems is necessary to
evaluate the real frequency stability.
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Fig. 6. (a) The Doppler-free resonances obtained for stabilizing the pump
laser frequency. The upger arrows indicate the cross-over resonance (high
peaks) and the isotope 3°K (small peaks). The lower arrows indicate the
two dips corresponding to the two hyperfine sublevels in the ground state
(4 Sy/2). (b) Saturated absorption profiles in counter- and co-propagating
schemes probed by the second-harmonic generation. The frequency intervals
between two dips in the counter-propagating case, and between two peaks in
the co-propagating case, are two times that of the hyperfine splitting of the
ground state (Ay = 254 MHz).

For the pump-probe spectroscopy, the second-harmonic
wave of the 1.54 um DFB laser was arranged as a probe
co- and counter-propagating to the pump beam as shown in
Fig. 5. For improving the signal-to-noise ratio, the probe beam
was intensity-modulated by a chopper with a frequency of 1
kHz and the output absorption profile was obtained from a
lock-in amplifier while the probe frequency was swept. In the
counter-propagating scheme, the pump-probe beam angle was
about 5 mrad, while in the co-propagating scheme, two crossed
polarizers were used to block the direct incidence of the pump
beam to the detector so as to maintain the angle between pump
and probe beams to be less than 1 mrad.

Fig. 6(b) shows the absorption profiles in both co- and
counter-propagating schemes. It was found that a high contrast
(>60%) of the nonlinear absorption was obtained in the
co-propagating scheme, which was preferable for frequency
stabilization.

B. Frequency References Using Molecular
lodine Absorption Resonances

Because the pair of the fundamental lasers must be linked
with each other through the second-harmonic generation in
the previous experiment, the frequency range is limited. In
order to extend further the tunable frequency span, different
kinds of AlGaAs laser, e.g., in the 0.8 um region, are mixed
with the InGaAsP laser. A second scheme for providing
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Fig. 7. (a) Experimental scheme for stabilizing sum-frequency by controlling
only one fundamental laser. PD, photodetector. The feedback is applied to the
0.8 um LD using the error signal from the lock-in amplifier. (b) Explanation
of frequency grids generation in the corresponding regions.

frequency references is considered, which does not limit
the another laser frequency but needs a frequency reference
in the generated frequency region. For the 1.5 um based
frequency conversion, this scheme offers more options to
provide frequency references in other wavelength region.
Molecular iodine (I3) was chosen for a frequency reference
for our experiment because of its plenty of absorption lines
covering a very large frequency range in the green region
[34]. Also, both linear and saturated absorption resonances
of I, offer the possibility of obtaining high frequency stability
[351, [36]. A linear absorption resonance is very convenient to
be used as a frequency reference since only a power as low
as the detectable limit of a photodetector is needed.

Fig. 7 shows the experimental configuration and explanation
of the frequency grids generation in the corresponding regions.
This scheme based on the fact that in the sum/difference-
frequency generation, frequency stabilization of the output
radiation can be carried out by controlling only one participat-
ing laser [37], i.e., the conventional error signal with respect
to a frequency reference obtained by using the generated light
and is fed back to one of the two fundamental lasers. This
scheme can work well as long as two conditions are satisfied.
One is the locking range should be sufficiently large for
compensating the frequency drift of the free-running laser. The
other one is the power fluctuation, which results from the phase
mismatch in the nonlinear conversion when the frequency
of the fundamental laser varies, should be sufficiently low.
In our case, a typical value of the frequency drift of a
temperature-stabilized diode laser was observed to be less
than 10 MHz/min, which implies that only several ;A of the
injection current is needed to compensate the frequency drift.
Such a value corresponds to a power variation ratio smaller
than 10~*. Estimation of the influence of the phase mismatch
(3) shows the power ratio due to fluctuation is less than 1072,

For frequency stabilization. the generated green light passed
through a 15 cm-long I» cell which contains natural iodine. A
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Fig. 8. Molecular iodine absorption resonance at 536.32 nm as the injection
current of the 0.82 ym fundamental laser was swept (trace B). Trace A is
the transmission resonances of a confocal optical resonator with a FSR of 1.5
GHz for calibrating the width of the absorption resonance.

Si-photodetector was used to detect the transmitted power of
the green beam. The maximum power of the sum-frequency
generation was 0.6 uW.

Among the obtained linear absorption resonances of I
spreading over a ~100 GHz span which were observed when
the 0.82 um fundamental laser was swept by changing the in-
jection current, the largest absorption was measured to be 65%.
Fig. 8 shows one resonance used as the reference at 536.32 nm
(560 THz) with an absorption of 55%, and the used intensity of
the green light was 15 pW/cm?. This absorption resonance had
a width of 1.2 GHz when the cell was cooled to 6°C, for which
a water-circulator was used. The observed width was much
wider than the temperature-determined Doppler width (~400
MHz) because of the hyperfine splitting inside the observed
resonance.

The phase-sensitive technique was employed to stabilize
the 0.82 pum laser while the 1.54 um laser was in free-
running. The temperature of the cell was maintained at 6°C.
The modulation with a frequency of 5 kHz was applied to
the injection current of the 0.82 um laser, and the error
signal from a lock-in amplifier was fed back to the current
source. The frequency drifts were attributed mainly to the
thermal and current fluctuations of the two diode lasers. The
residual frequency fluctuations were estimated to be within
+0.5 MHz from the error signal, implying a normalized
frequency stability better than 10~ at the optical frequency of
560 THz. This result shows that the use of a broad resonance
maintains a wide locking range for frequency stabilization
and is preferable in frequency stabilization by controlling one
fundamental laser in the three-wave frequency mixing.

C. Optical Frequency Comb Generation at 0.8 um wavelength

As described above, the fine frequency grids are indispens-
able for providing frequency references by which frequency-
tunable output can be obtained through optical phase locking
in a wide frequency span. Highly efficient optical frequency
comb generators using both optical and microwave resonant
cavities at 1.5 and 1.06 um have been developed [13], [38].
Here, we present the result of an OFC generator at 0.8 ym
for the first time.

The principle of the OFC generation in this paper is based
on the enhanced generation of modulation sidebands of an EO
modulator. The microwave driven EO modulator is installed
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Fig. 9. (a) Optical frequency comb generator. (b) Envelope of sidebands
generated from the optical frequency comb generator at 0.82 zem, which was

observed by an optical spectrum analyzer. The slope, s. of the envelope in
the log-scale was 32 dB/THz.

into an optical FP type resonator. When the modulation
frequency is equal to the free spectral range of the optical
cavity or its integer times, the generated sidebands which space
with a frequency interval of the modulation frequency are
largely enhanced. The EO crystal is inserted into a microwave
waveguide to make the modulation efficiency as high as pos-
sible, referring to Fig. 9(a). For matching the phase velocities
of both microwave and optical wave inside the EO crystal,
the size of the waveguide must be carefully chosen. Fig. 9(b)
shows the observed modulation-induced extended field profile
using an optical analyzer. Because the modulation frequency
was less than the resolution of the optical analyzer, the
observed profile gives the envelope of all generated sidebands.
As the power of each sideband can be expressed as [13]

Py, = Poexp (—=m(v — vo)/mF fin),

where Py is the power coefficient determined by modulation
and cavity efficiency, k is the order of sideband. m is the
modulation index, F is the finesse of the FP cavity, fy, is the
modulation frequency, vy is the central frequency (carrier) and
v is the frequency of the kth sideband. Therefore the slope of
the envelope in a log-scale is

s==n/mFf,.

31D

(32)

It should be noted that the modulation index rn is pro-
portional to the optical carrier frequency when the other
conditions are fixed, thus one can expect a higher modulation
efficiency at shorter wavelength region. In our experiment, a 1
mmx 1.25 mmx 20 mm lithium niobate with antirefiection
coating (~0.1% around 0.8 pm) was installed inside a 1
mmx 15mmx 25 mm microwave guide. and the c-axis (z
axis) of the crystal was perpendicular to the light propagation
direction (y axis). The driven microwave power was ~8
W. Then they were put in an symmetrical optical cavity
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Fig. 10. System configuration of the precision frequency-tunable light source
using sum-frequency generation. LD1, 2, two 0.82 um single-mode diode
lasers; KTP1, 2, potassium titanyl phosphate crystals with lengths of 10 mm
and 5 mm, respectively. LIA, lock-in amplifier; F, filter with high transmission
only for green light. PD1, Si-photodiode; PD2, avalanche photodiode: HP,
half-wave plate at 1.5 pm.

(reflectivity of mirrors is ~99.3% from 760 to 860 nm).
The measured transmission efficiency and finesse of cavity
were 2% and 175, respectively. The observed slope of the
envelope of the modulation generated sidebands, as shown in
Fig. 9(b), was 32 dB/THz at the modulation frequency of 5.9
GHz when the input laser power was 2 mW. Although the
center frequencies of sidebands are determined by microwave
synthesizer, because of the high microwave power, cooling and
temperature stabilizing are necessary to main tain the stable
output powers of sidebands and linewidths of the sidebands.
It is reasonable to estimate, based on the used incident laser
power and the obtained slope of the envelope, that this
frequency comb has a usable two-sided span wider than 4
THz since a single-mode laser with a power of 100 mW at
this wavelength region is available.

V. SYSTEM DEMONSTRATION AND DISCUSSION

A. Frequency-Tunable System Using
Sum-Frequency Generation

Fig. 10 shows a compact frequency-tunable system in the
green region, which is composed of two parts: the reference
part and the tuner part.

In the reference part, the sum-frequency was generated in
a first KTP (KTP1) and stabilized by using the absorption
line of I as described previously. Two fundamental lasers
were at 0.82 pm (LDI) and 1.54 pm (LD). The obtained
frequency stability of 10~° was limited mainly by the present
low output power from the frequency conversion. However,
the resettability of this system is better than the conventional
tunable systems in which frequency stabilization is performed
using external optical resonators as the frequency reference.

The tuner part of the system was arranged by using another
0.82 pum diode laser (SDL5311) (LD2) and a second 5 mm
long KTP crystal (KTP2). A dichroic mirror with high trans-
mission at 0.82 um and high reflectivity at 1.54 pm was used
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Fig. 11. (a) Heterodyne beat signal between two 0.82 um fundamental
lasers. The 3-dB width of this beat signal shows the linewidth of each diode
laser was less than 2 MHz. (b) Heterodyne beat signal between two green
lights to show the feasible detection in the case of weak power. Each power
of both green lights was less than 70 nW. The broadening width of this beat
signal compared with (a) was attributed to the linewidth of the 1.5 ym DFB
laser which was estimated to be less than 4 MHz.

!

o

to separate the 1.54 um laser component for the second sum-
frequency generation with LD2 in KTP2. When the tuner was
in operation, the frequency-tunable green light was obtained
by changing the temperature and injection current of LD2. To
monitor the frequency difference between the reference and
the frequency-tunable output, the heterodyne signal between
the two 0.82 um diode lasers was detected using an avalanche
photodiode. Fig. 11(a) and (b) show the measured heterodyne
beat signals between two 0.82 pm lasers, and between two
green lights, respectively. The scanning time constant was 50
ms.

The tunable frequency range of ~5 THz was obtained
by changing the temperatures of LD2. It is equivalent to
employ the 1.5 yum DFB laser in the tuner, that ensures a
continuous frequency tuning with a range of ~1 THz. This
value prevails over the conventional tunable systems whose
continuous frequency tuning ranges are less than 50 GHz, and
shows the potential of the utilization of DFB lasers. Further
extension of the continuous tuning range can be expected by
using grating extended cavity lasers.

The frequency difference measurement was limited by
the responsible bandwidth of the conventional photodetector
which is at most several tens gigahertz. The precision
frequency tuning range up to 1 THz can be expected by
using the OFC in Section IV-C. In this case, the heterodyne
beat signal is obtained between LD2 and a sideband of LDI.
The experimental result in Fig. 11(b) shows the feasibility of
the optical heterodyne phase locking in the case that a signal
power is very low since each power of both beams for the
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Fig. 12. (a) Proposed scheme of OPA-based precision frequency-tunable
source in the 1.5 um region using an optical frequency comb and the phase
locking technique. OPA, optical parametric amplifier; SHG, second-harmonic
generation; OFCG, optical frequency comb generator; PBS, polarized beam
splitter; fn,, modulation frequency of OFCG; k, order of the sideband;
fi, frequency of the tunable microwave local oscillator; PD, photodetector.
(b) Heterodyne beat signal between the second-harmonic generation and a
Ti:sapphire laser.

obtained beat signal was less than 70 nW. The observed
linewidth of the beat-note also confirmed our theoretical -
analysis (23) in Section II-C.

B. Frequency-Tunable Scheme Using
Difference-Frequency Generation

This scheme is proposed for providing highly coherent light
in near-infrared region especially the 1.5-2.0 um which is of
great interest for near-future optical coherent communications
[24]. It is constructed basically by the OPA arrangement
described in Section III, as shown in Fig. 12(a). A high-
power 0.78 um laser (v;) is used for pump a first KTP
crystal (KTP1). Potassium or rubidium can be chosen as the
precision frequency reference. In the case of using potassium,
the frequency stability of 10~1% was shown in this work. The
output of the 1.5 um diode laser (v,) is incident to a second
KTP crystal (KTP2) to generate the second-harmonic wave
[32]. A portion of the 0.78 um laser power passes through
an OFC generator to generate sidebands with frequencies
v1 £ kfn, where k is the sideband order and fm is the
modulation frequency of the OFC generator. The beat signal
between the doubled-frequency 25 of the 1.5 pm laser and
one of the sidebands v; + kf,, from the OFC generator is
used for heterodyne phase-locking of the 1.5 um laser. Thus,
the OPA output (output 1) at the difference frequency vy — vy
between the two lasers, and the output 2 in Fig. 12(a) from the
1.5 pm laser itself v construct two frequency-tunable outputs.
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For the purpose of the frequency linking between two kinds
of lasers, one preliminary result to show the feasibility of
the proposed system, as shown in Fig. 12(b), is a heterodyne
beat signal obtained by heterodyning the second-harmonic
wave of the 1.54 pm laser and a Ti:sapphire laser. A 15 dB
signal-to-noise ratio was obtained when the second-harmonic
generation power was lower than 10 nW generated by a 10
mW DFB laser and another laser power was ~1 mW. Because
the measurement of the frequency difference in this system is
carried out by heterodyning the second-harmonic wave of the
1.5 pm laser and the sideband of the 0.78 pm laser, we also
performed the second-harmonic generation with an external
buildup cavity for enhancing the fundamental power [22]. The
result shows that the enhancement factor for the fundamental
power was 12 and the second-harmonic output power was 1.0
#W when the fundamental power was only 8 mW, by which
the signal-to-noise ratio of the heterodyne beat is expected to
be improved [39].

Comparing with the system which uses an OPO to construct
an optical synthesizer [40], the advantage of the present
scheme is that the continuous tuning range can be realized by
employing a diode laser through OPA rather than the doubly
resonant OPO (DRO) to circumvent the discrete oscillation
which is due to the cluster effect in DRO, and the inherent
low system stability.

C. Discussion

Based on the consideration shown in Fig. 1, a wide-band
frequency-tunable system should be constructed by combining
the similar systems demonstrated above in different frequency
regions. We have carried out nonlinear frequency conversions
using diode lasers and generation of frequency reference grids
in a frequency span from 170 THz (1.7 pm) to 600 THz (0.5
pum). For realizing the intended 1-Petahertz system, this span
should be extended to 900 THz (0.3 pm) by adding InGaAlP
visible diode lasers [41] and InGaAsP lasers at 1.3 pm region
to the present system. There is no principle limitation on
the frequency region for continuous tuning in our system,
however, several technical challenges remain for realization of
the optical frequency sweep generator (OFSG). For example,
extension of continuous frequency tuning range of diode lasers
to 10 THz by using grating-extended cavity scheme; and
computer-controlled synchronization of frequency tuning and
heterodyne phase locking. In addition, OFC generators in
different frequency regions should be also realized. In fact,
the thin films coated on the facets of the EO modulator and
the crystal itself bring dispersion and losses which limits the
effective span of sidebands.

Enhancement of the output power of the OFSG is another
key task, because the frequency stability of the frequency
reference grids depends on the signal-to-noise ratio of the used
atomic or molecular absorption spectrum. The present results
show that the single-pass nonlinear frequency conversion in
a bulk crystal only offers an output power of uW by using
single-mode diode lasers. Since nonlinear crystals with high
coefficients are limited, enhancement of fundamental power
or intensity is considered as the main approach. Buildup
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cavities for the fundamental waves have been shown as ef-
fective ways in spite of a relatively complicated configuration.
Furthermore, more efficient devices such as waveguide quasi-
phase-matching devices are promising options [4]. We have
also employed interferometric coherent addition method to add
coherently the powers of multiple diode lasers [25], such an
approach for enhancing the fundamental power is effective
when a critical power is needed and the power from the single
item is not sufficient, e.g., to provide a pump source for an
OPO.

VL. SUMMARY

Generation of frequency-tunable light and frequency refer-
ence grids in a wide frequency span has been performed for the
proposed OFSG. Frequency tuning and noise characteristics
in nonlinear frequency conversions have been discussed. By
using AlGaAs, InGaAsP lasers and their frequency conver-
sions in type II angle phase-matching KTP, highly coherent
frequency-tunable outputs have been obtained from 600 THz
(0.5 pum) to 170 THz (1.7 pwm). Use of the DFB lasers
ensures the continuous tuning with a frequency range as
wide as 1 THz. *'K and I, absorption resonances have
been employed as frequency references for stabilizing the
frequencies of lasers and the generated light with the frequency
stability of 10721071°, Optical frequency comb generation
has been realized at the 0.8 ym wavelength with a two-
sided sidebands span of 4 THz. These results show that both
coarse and fine frequency reference grids have been generated
in a wide frequency span. We have also demonstrated and
proposed specific sum/difference-generation based frequency-
tunable systems. By making use of diode lasers and the
developed techniques, the optical frequency sweep generator
will replace, in the near future, the present bulky tunable laser
systems to satisfy the requirement of the highly coherent and
widely tunable characteristics in precision measurements, high
resolution spectroscopy, quantum optics and other investiga-
tions of the fundamental physics.
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High-frequency-stability laser at 1.5 um
using Doppler-free molecular lines
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An extended-cavity 1.5-um semiconductor laser was frequency stabilized to saturated-absorption lines of acety-
lene. Its long-term frequency stability is of the order of 10712, with a reproducibility of =10 kHz. Using the
lines of C2H, or HCN, we could obtain such a high stability with the same laser at many wavelengths covering

the 1.51-1.56-um band.

Laser frequency metrology generally requires abso-
lute optical frequency standards at the wavelength
of interest. Such standards already are established
with a high accuracy in the visible or the mid-infrared
region.’? However, despite their usefulness for ap-
plications such as frequency-division-multiplexed
optical communication,® high-quality frequency ref-
erences in the 1-2-um wavelength band are miss-
ing. Although several studies have been devoted to
the frequency stabilization of 1.5-um laser diodes to
molecular lines*?® or to absorption lines from atomic
excited states,™® the measured stabilities were of the
order of 10, which is difficult to improve with wide
Doppler-broadened lines. Moreover, even in the case
of sub-Doppler atomic lines, no literature describing
significant improvement has been published to our
knowledge. On the other hand, the recent detec-
tion of sub-Doppler molecular lines is likely to give
much better stabilities as well as access to many
reference lines covering the 1.51-1.56-um region.”
To demonstrate this possibility, we have constructed
extended-cavity semiconductor lasers (ECSL’s) that
can be locked to tens of acetylene lines, and in this
Letter we report their locked-frequency stability,
which is, to our knowledge, the best recorded at
this wavelength.

A careful ECSL design is essential to yield a tun-
able though stable source whose free-running mode
stability does not limit the performances of the sta-
bilized source. The laser structure (see Fig. 1) uses
a 1.55-um laser diode, antireflection coated on the
output facet and coupled through an aspheric lens
to a 1200-line/mm Littrow-mounted grating. This
grating is rotated with a screw and a piezoelectric
translator (PZT#1), and its rotation axis is set to
a position at which mode hops can be suppressed
during wavelength tuning.!! To obtain high me-
chanical stability, we glued the intracavity lens to a
mechanical support. The slight movement of the
lens during hardening of the glue was corrected with
an antireflection-coated wedged plate inserted be-
tween the lens and the grating. The whole ECSL
(4-cm laser cavity length) is mounted upon a
temperature-stabilized brass plate; its output beam
was extracted from the rear facet of the diode and
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collimated by another asphericlens. The initial 120-
nm tuning range was then limited by the mechanical
supports to 1.51-1.58 um after they were glued.
For a 100-mA diode current, a single-mode output of
more than 5 mW power could be obtained through
this entire range. The fine frequency tuning was
provided by a PZT#1l-driven grating rotation over
2.3 GHz and by laser diode current adjustments with
a 20-MHz/mA sensitivity.

The mode-hop suppression proved effective; we
never observed any mode hop when the ECSL was
electrically tuned with the PZT#1. Under free-
running conditions without acoustic isolation, the
laser linewidth was ~1 MHz for a few seconds of
observation time. The Fabry—Perot (FP) cavity con-
taining the gas was a hemispherical-type 20-cm-
long cavity mounted on a silica tube. The input
mirror was plane, and the output mirror, which
was mounted upon another piezoelectric translator
(PZT#2), had a 1-m radius of curvature. Both had a
reflectivity of 99%, which provides a 2.2-MHz mea-

Current
A

Servo DBM *

| pZTH#2 Gas

PZT#2 |
driver *

A

FP Cavity
Amplifier @ 1 kHz

Lock-in
Fig. 1. Experimental setup showing the ECSL structure,
the FP cavity, and the arrangement for long-term sta-
bilization. ISO, 60-dB isolator; PBS, polarizing beam
splitter; A/4, quarter-wave plate; DBM, double-balanced
mixer.
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Fig. 2. Beat spectrum between two ECSL’s locked inde-
pendently on two FP cavities.

sured FP-cavity linewidth. The laser frequency was
locked to the FP resonance by the Pound—Drever!?
method: 6-MHz FM sidebands were added to the
laser frequency through a modulation of the laser
current, and the beam reflected from the cavity was
used to detect the error signal. With a single in-
tegrator, the correction signal was fed back to the
laser diode current driver for fast frequency correc-
tions and simultaneously fed back to PZT#1 for large
frequency corrections, through another integration
stage. The current-loop bandwidth was ~30 kHz,
while the PZT#1 loop bandwidth did not exceed
50 Hz. Because of the high mechanical stability
and mode-hop suppression of the free-running laser,
the frequency locking to the FP resonance could be
continuously maintained for more than 8 h.

We made two identical sets and analyzed their
frequency beat to measure frequency fluctuations.
A beat spectrum between two lasers locked to in-
dependent FP cavities is shown in Fig. 2. The op-
tical energy is concentrated in a narrow peak at
the top, which results from the frequency correc-
tion by the feedback loop, and a pedestal that cor-
responds with uncorrected frequency fluctuations is
also visible. Therefore the 30-dB linewidth of the
free-running laser is ~30 kHz, but when the laser
is locked a rather large fraction of the optical power
is concentrated in a narrow peak whose linewidth
could not be measured because of the rather large
FP resonance frequency drift. While the laser fre-
quency stayed locked to the FP resonance, it could
be swept on ~1 GHz with the PZT#2, which allowed
it to reach the gas saturated-absorption line. The
FP cavity was filled with acetylene at a pressure of
10-20 mTorr, and we recorded the saturated absorp-
tion of the gas by detecting the FP transmitted beam
power. With this setup, many narrow sub-Doppler
lines were recorded with both 2C and '*C isotopes
of acetylene or with HCN. Even weak lines at the
edge of the absorption band gave a saturated sig-
nal with a high signal-to-noise ratio. For instance,
the line P(27) of ¥C,H, at 1550.18 nm [Fig. 3(b)]
and the line P(27) of HCN at 1556.37 nm were
successfully saturated. Therefore, with the same
ECSL, high frequency stability can be obtained eas-
ily, for each gas, on more than 40 narrow absolute-
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frequency references that cover a 30-40-nm band.
The saturation-dip linewidth was of the order of
1 MHz, which is roughly half of that obtained in
our previous experiments.’® Because the FP spatial
mode diameter was doubled, we concluded that the
saturated linewidth probably is limited mainly by the
transit-time broadening. Moreover, the linewidth
broadening that is due to saturation becomes com-
paratively larger, and for a very low power (400-uW
laser power at FP input), we observed a 700-kHz
saturated - absorption linewidth.

To lock the laser frequency to the saturated-
absorption absolute reference, we dithered the FP
frequency at 1 kHz by modulating the voltage of
PZT#2, and a lock-in amplifier provided the error
signal, which was fed back directly to PZT#2. The
effective bandwidth of the feedback loop was ~10 Hz.
For frequency-stability measurements we have cho-
sen the P(13) line of 2C,H;, whose error signal is
shown in Fig. 3(a). One laser was frequency shifted
by 80 MHz by means of an acousto-optic modulator to
yield a nonzero beat frequency that was recorded with
a frequency counter and a microcomputer (Fig. 4).
The origin of the frequency scale corresponds to the
frequency of the acousto-optic modulator, and the
maximum frequency fluctuations were of the order of
2 kHz. The corresponding Allan variance measure-
ments for each laser are shown in Fig. 5. The short-
term stability of the laser locked to the FP cavity
only is  better than the long-term stability because,
in the latter case, frequency noise and frequency
modulation are added to PZT#2 through the voltage
supply. This noise, however, is corrected by the sec-
ond loop for longer times, and the relative frequency
stability reaches a 1072 floor for an integration time
of ~1s. Nevertheless, some drifts are observed for
longer times, and they prevent further improvements
of stability. These drifts are seen clearly in Fig. 4,
in which the periodic feature corresponds to the tem-

(a) Line 1202H2 P(13) (error signal) :
A\ = 1532.83 nm

15-mTorr pressure
700-kHz peak to peak
Time Cst: 30 ms

1 MHz
—i

(b) Line 13C,H, P(27) :
A =1550.18 nm

40-mTorr pressure
Non absorbed : 7.7 V

20 mV

5 MHz
—

Fig. 3. (a) Derivative of the line that was used for fre-

quency stability measurements. (b) Longest wavelength
sub-Doppler line recorded with 3C,H,.
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Fig. 4. Beat frequency measurement of two lasers inde-
pendently stabilized to the 2CoH, P(13) saturation dip.
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Fig. 5. Laser relative frequency stability versus mea-
surement time.

perature cycles of the room air conditioning. They
were found to be directly related to slight offsets in
the first feedback loop (laser locking to FP), which
depend on beam alignment and may fluctuate with
temperature.

The frequency reproducibility is closely related to
the following effects: it is =2 kHz when one laser
is switched off but all adjustments are kept constant,
and it increases to =10 kHz when all the adjustments
are changed. Also, residual cavity effects in the op-
tical path can convert the 6-MHz frequency modula-
tion into a spurious amplitude modulation and lead to
temperature-dependent offsets in the first loop. In
both cases, the results could be improved further by
careful design; a more sophisticated detection method
(laser frequency modulation that uses an external
electro-optic modulator, for instance) will probably be
required if higher stabilities are needed.

In conclusion, we have demonstrated experimen-
tally that, with the use of 1.5-um molecular lines,
it is possible to construct an ECSL system that can
be stabilized with a ~10-kHz accuracy and a ~107*
frequency stability on tens of regularly spaced abso-
lute frequency references between 1.51 and 1.56 um.
Compared with other devices that use atomic lines,”®
this one is more flexible and still fairly simple. We
therefore believe that it is currently the most efficient
way to provide frequency references for coherent or
multiwavelength optical communications or for high-
resolution spectroscopy near 1.5 um.

The authors acknowledge help from H. Sasada for
all experiments involving HCN.

*Permanent address, Laboratoire de 1’Horloge
Atomique, Centre National de la Recherche Scien-
tifique, Bat. 221, Université Paris-Sud, 91405 Orsay,
France.
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A Waveguide-Type
Optical-Frequency Comb Generator

T. Saitoh, Member, IEEE, M. Kourogi, and M. Ohtsu, Senior Member, IEEE

Abstract— A waveguide type optical frequency comb (WG-
OFC) generator was developed at 1.56 ym wavelength region
by utilizing a waveguide type phase modulator. It was confirmed
that the envelope of sideband spectra had a width of 2.7 THz and
the slope of the envelope profile was 28 dB/THz. The maximum
measurable frequency difference, limited by the shot noise, was
estimated to be 3.2 THz.

IGHLY ACCURATE laser frequency measurement is an

indispensable technique for the development of coherent
optical communication systems and precise measurements of
physical constants. Measurement of absolute frequency for
establishing frequency standards requires a measurement of the
frequency difference among lasers that are spaced in a span as
wide as several terahertz. However, it is not straightforward to
measure such a high frequency difference because the response
bandwidth of conventional photo-detector (PD) is at the most
several ten GHz. Although the response bandwidth of a metal-
insulator-metal diode is as wide as 2.5 THz [1], it is not
practical because of its short lifetime.

In order to overcome these difficulties, an optical frequency
difference measurement system using an optical frequency
comb (OFC) generator has been proposed [2]-[7], which is
composed of a phase modulator and an optical resonator.
Recently, it has been reported that a monolithic OFC generator
has generated the modulation sidebands in a span as wide as
6.1 THz with the modulation frequency of 5.9 GHz at 1.5 um
wavelength region [8]. This result implies that about 1 000
modulation sidebands have been generated.

In this letter, we report on a compact waveguide type optical
frequency comb (WG-OFC) generator that was fabricated by
coating high reflection films on the facets of a Ti:LiNbO3
waveguide. As compared to the bulky OFC generator, modu-
lation index and modulation frequency were increased so that a
span of the generated modulation sidebands could be extended.

Fig. 1 shows a structure of the WG-OFC generator that is
composed of two elements, i.e., a phase modulator and an
optical resonator, to increase the modulation efficiency. An
optical waveguide (Anritsu SC3BO1A) working at 1.5 ym
wavelength was used as a phase modulator and an optical
resonator was formed by coating high reflection films on the
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Fig. 1. Schematic explanation of a WG-OFC generator.

two end facets of the waveguide. Their reflectivities were
estimated to be higher than 95%. The waveguide was made
by diffusing Ti into 40 mm long LiNbOs. The free spectral
range (FSR) and the finesse of the optical resonator were
measured to be 1.70 GHz and 12, respectively. A micro-strip
line was formed on the upper surface of the waveguide. By
feeding the microwave to the microstrip line, the phase of the
light is modulated. By controlling a thickness of the micro-
strip line, a microwave velocity is matched to velocity of
a propagation laser light. This phase modular is a traveling
wave type because only the light co-propagating along the
microwave is modulated. Microwave voltage V; for = radian
phase modulation is 7 V.

We have evaluated performances of the WG-OFC generator.
A laser light output from a distributed feedback laser diode
with the linewidth narrower than 10 MHz was focused onto
the waveguide by using two selfoc micro lenses. The output
light from the WG-OFC generator was connected to an optical
spectrum analyzer for observing the spectral profile of the
envelope of the generated modulation sidebands. A microwave
signal from a synthesizer was amplified by a traveling wave
tube amplifier (TWTA) and was fed to the WG-OFC generator.

Fig. 2 shows the envelope of the modulation sidebands
measured by the optical spectrum analyzer with the resolution
band width of 0.2 nm (=25 GHz). The modulation frequency
was 11.91 GHz, which was be 7 times FSR of the optical
resonator. The span of the envelope increases with increasing
modulation frequency, which is due to the increase of the
spacing between the modulation sidebands. However, under
the condition of constant microwave power, further increases
in modulation frequency increase the transmission loss and
velocity mismatching, by which the modulation index and span
are decreased. Thus, this WG-OFC generator has its optimum
modulation frequency, which was found to be 11.91 GHz, as

1041-1135/95%04.00 © 1995 IEEE
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Fig. 2. Envelope of the modulation sidebands measured by an optical
spectrum analyzer with the resolution band width of 0.2 nm (=25 GHz). The
laser frequency 1,p was tuned to the resonance frequency #,.9 of the optical
resonator. A: Noise level of the optical spectrum analyzer. B: Estimated shot
noise level of the heterodyne detection.

s o o
» [=) o
T T T
[e]
o
L 1 1

Wdetune / Wtune

S
N
T
1

0 1 - 1 1
0 n 27 3z 4r

Modulation index

Fig. 3. Calculated result of ration of Wyeiune, and Wiune, where Wiyne
and Weune are the span of envelope of the modulation sidebands when v,.9
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was described above. By this optimum frequency, the highest
microwave power applicable to the device was 3.0 W, by
which a modulation index of 3.0r was realized. From Fig.
2, the slope of the envelope was found to be 28 dB/THz.
Measured frequency span of the envelope, limited by the noise
level of the optical spectrum analyzer (the level A in Fig. 3),
was 2.7 THz.

If lasers having linewidths of 100 kHz and 1 mW power are
used along with the present WG-OFC generator for optical fre-
quency difference measurement by heterodyne detection, the
shot noise limited power of modulation sideband is estimated
to be —90 dBm from (6) in [4]. This value is shown as level
B in Fig. 2, and from the level B, the maximum measurable
frequency difference was estimated to be 3.2 THz.

It has been confirmed by [5] that the highest modulation
efficiency is realized when the resonance frequency vrq of the
optical resonator is tuned to the laser frequency vip. Thus,
one may consider that the precise length and the temperature
control of the device is required to maintain this frequency
tuning. Fig. 3 shows a calculated result of ration of Wyetune
and Wiyne, where Wiyne and Wyetune are the span of envelope
of the modulation sidebands when v,q is tuned to v p and
Vo is detuned to vpp + FSR/2, respectively. It is seen
from this figure that the span of envelope of the sidebands
is not influenced very much by the tuning condition at the
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Fig. 5. Calculated results of the modulation sidebands. (a) -0 = vLD- (b)
vo = p + FSR/2.

modulation index above 2w, because Wyerune is nearly equal
to Wiune. The WG-OFC generator can generate the modulation
sidebands efficiently even without the precise length and
temperature control because the modulation index is as large as
3n. Fig. 4 shows the envelope of the modulation sidebands for
condition of v = vp + FSR/2. Comparing Fig. 2 and this

figure, it is confirmed that the spans of the envelopes in both

figures are equal with each other even though the curve in Fig.
2 has a dip [C] in the center while that of Fig. 4 has a bump
[D]. This fact is confirmed based on the Fourier transformation
of the time varying output intensity of the WG-OFC generator
to a frequency domain. The results of this Fourier transform are
shown in Fig. 5, where (a) v,o = vLp (b) vro = vLp+FSR/2.
Good agreements are seen between the envelopes of the curves
of Fig. 5 (a) and (b) with those of Figs. 2 and 4, including the
dip and bump at the tops.
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In summary, a WG-OFC generator was developed by using
a waveguide type Ti:LiNbOg3 optical phase modulator. It was
confirmed that the envelope of the modulation sidebands
extended to a span as wide as 2.7 THz around the wavelength
of 1.56 pm and the slope of envelope profile of the modulation
sidebands envelope slope was 28 dB/THz. The maximum
measurable frequency difference, limited by shot noise, was
estimated to be 3.2 THz. One of the advantageous properties
of this method was that the resonator length did not have
to be controlled precisely because the modulation index was
larger than 2. Due to this large tolerance in a resonator length
control, the WG-OFC generator was operated without an active
temperature control.
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Highly precise 1-THz optical frequency-difference
measurement of 1.5-um molecular absorption lines
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We demonstrate precise optical frequency-difference measurement of acetylene (C,H,) absorption lines at 1.5 um.
With an optical comb generator, the frequency difference between two lasers locked to saturated absorption dips
of C;H, rovibrational lines can be measured up to ~1 THz with a precision of better than 100 kHz. A precise
frequency table of C;H, 1.5-um lines will be useful for frequency-division-multiplexed optical communication

systems and high-resolution molecular spectroscopy.

Accurate optical frequency standards are required in
atomic and molecular spectroscopy, optical communi-
cations, and metrology. Several optical frequency
standards have been established with an accuracy
of 10"1'—~10"" in the infrared and visible regions.'?
However, because the laser frequency of interest is
often far from such accurate standards, we need
many frequency standards distributed over wide fre-
quency regions. In the mid-infrared region, many
CO, laser frequencies have been used as precise sec-
ondary references,® whereas the iodine atlas has been
generally used as a rather coarse reference in the
visible and near-infrared regions.* In the 1.5-um
region we recently demonstrated the feasibility of
a reference frequency atlas with a 107° accuracy,’
using saturated absorption lines of many molecular
transitions such as C;H, (Ref. 6) and HCN.” Such
frequency references would be especially useful for
frequency-division-multiplexed optical communica-
tion systems,? provided that their relative frequencies
are measured with a high accuracy. In this Letter
we demonstrate a highly precise relative frequency
measurement of C,H, absorption lines at 1.5 um by
using our recently developed optical frequency comb
generator.® This device efficiently generates high-
order modulation sidebands; thus we can measure
optical frequency differences up to more than 1 THz
with the precision of the microwave modulation fre-
quency. We also discuss the possibility of absolute
frequency measurement of these lines.

The experimental setup is shown in Fig. 1. We
use two antireflection-coated 1.5-um diode lasers in
a grating feedback extended cavity configuration.!
Their tuning range is roughly from 1.50 to 1.58 pm,
and their output power is typically 5 mW in that
tuning range. The laser output is divided by a beam
splitter: one part is introduced into the external
Fabry—Perot buildup cavity absorption cell filled
with C,H, gas, and the other is used for the hetero-
dyne frequency measurement. With an external
buildup cavity with a finesse of ~300, the satura-
tion spectroscopy of the weak v; + v; overtone band
of C3H, can be obtained with only 1 mW of diode laser
power.® Using current modulation, we lock the laser
frequency to the buildup cavity resonance frequency,®
which is stabilized to the saturation dip of C;H, ab-

0146-9592/95/040410-03$6.00/0

sorption by modulation of the Fabry—Perot cavity
length. The typical linewidth of the saturation dip
is 1-2 MHz under a C,H, pressure of ~15 mTorr.
We prepared two identical stabilized laser systems.
The output from one laser is introduced into an opti-
cal frequency comb generator.® This device is made
of a LiNbOj electro-optic phase modulator, which is
also used as a monolithic optical cavity with a finesse
of 250.'' This LiNbO; crystal is installed inside a
microwave waveguide cavity driven by a 5.87-GHz
modulation frequency, which is twice the free spec-
tral range of the optical cavity. When more than
5 W of microwave power is applied to the modulator,
modulation sidebands spread over several terahertz
around the input carrier frequency.!!

The transmitted beam from the LiNbO; modulator
is mixed with the beam of laser 2 and detected by
a fast InGaAs P-I-N photodiode. As the modulation
frequency is ~5.87 GHz, the bandwidth required for
beat detection is ~3 GHz. Typical beat signals be-
tween laser 2 and high-order sidebands of laser 1 are
shown in Fig. 2. We measured frequency differences
between various combinations of two rovibration lines
of the 2C,H, v, + v; band. As an example of adja-
cent rotational lines, the beat note for the case of P(7)
and P(8) is shown in Fig. 2(a). The frequency dif-

gocionmlc Power Amp
Extended-cavity o e 5.87GHz
diode laser 1 3 N Synthesized
osc t EOM Oscillator
- P8BS "
v Microwave
il M4 counter
CoH, cell
FP Cavity
Extended-cavity | N\ :
diode laser 2
* : Pre Amp
Wavelength Spectrum
meter Analyzer
C,H; cell

Fig. 1. Schematic diagram of the optical frequency-
difference measurement. EOM, electro-optic modulator;
PBS, polarization beam splitter; A/4, quarter-wave
plate; PZT, piezoelectric transducer; OSC, oscillator; FP,
Fabry—Perot.
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Fig. 2. Heterodyne beat spectra between the mth-order
sideband of laser 1 and laser 2. (a) Two lasers locked
to P(7) and P(8) transitions (m = 13, A = 76 GHz). The
horizontal frequency scale is 1 MHz/division. (b) Two
lasers locked to P(9) and P(21) (m = 167, A = 979 GHz).
The frequency scale is 0.2 MHz/division. In both cases,
the vertical scale is 10 dB/division and the resolution
bandwidth is 30 kHz.

ference between these lines is ~76 GHz. The beat
signal was 40 dB higher than the noise level. This
noise level was determined mainly by the laser in-
tensity noise, which was slightly higher than the
shot noise at high frequencies. As an example of the
maximum frequency difference that we have mea-
sured, the beat note for the case of P(9) and P(21)
is shown in Fig. 2(b). It corresponds to a frequency
difference of 979 GHz, nearly 1 THz. It is, to our
knowledge, the highest frequency difference mea-
sured between two lasers in the 1.5-um wavelength
region. In the visible region, a 2.5-THz frequency
difference was compared with a 119-um far-infrared
laser frequency by metal—insulator—metal diodes.!2
In our case the frequency difference can be directly
compared with a microwave frequency. The signal-
to-noise ratio was still higher than 10 dB for a fre-
quency difference of ~1 THz. Further optimization
of the beat detection will allow for the measurement
of frequency differences higher than 1 THz.

To stabilize the laser frequency to the saturation
dip, it was necessary to dither slightly the Fabry-
Perot cavity length using its pizoelectric transducer,
which caused a broadening of the beat linewidth of
~1 MHz [Fig. 2(a)). When both lasers were syn-
chronously modulated with carefully adjusted ampli-
tude and phase, this beat linewidth was reduced to
approximately 300-500 kHz [Fig. 2(b)]. Residual
linewidth is probably due to the frequency jitter of
lasers during the beat measurement time of 15 s.
From this beat signal we can determine the center
frequency of the beat with a precision of 30—50 kHz.

The frequency difference between the lasers is
given by
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A=vy—vi=mXuvp, xvg (forv,>v), (1)

where v, and r, are the frequencies of lasers 1 and 2,
respectively, m is the order of the sideband, r,, is the
modulation frequency, and ry is the beat frequency.
The sideband order m was easily determined from
the wavelength measurcment of these laser by use
of a Michelson-type wavelength meter, which had
an accuracy of a few parts in 10 We determine
the sign in the above equation by slightly changing
the modulation frequency »,,. If the beat frequency
increases as the modulation frequency increases, the
sign in Eq. (1) is minus, and vice versa.

In the beat frequency measurement, the frequency
scale of the spectrum analyzer was carefully cali-
brated by a microwave counter. The error in the
frequency scale of the spectrum analyzer was neg-
ligibly small compared with the measurement reso-
lution of several tens of kilohertz. More crucial is
the accuracy of the modulation frequency because
this error should be multiplied by the sideband
order m. Thus, the modulation frequency, which
was provided by the synthesized oscillator, was also
calibrated by a microwave counter. The typical fre-
quency error of the synthesized oscillator was mea-
sured to be 1.6 X 1077, corresponding to an error
of 160 kHz for a 1-THz optical frequency difference.
The reproducibility of lasers locked on the saturation
dip of C,H, is ~10 kHz, and it can be reduced to less
than a few kilohertz if the feedback control is op-
timized. Therefore, in future experiments, we will
have to use a microwave frequency reference with
an accuracy of 1078 to permit 10-kHz accuracy for a
1-THz optical frequency difference. The remaining
problem is a pressure shift of absorption lines. It
has not been well examined yet for this C;H; 1.5-um
band, and it was only coarsely estimated to be
less than 200 kHz/Torr from the Doppler-broadened
spectrum.’  Although this shift can be neglected for
the present precision, it should be carefully evaluated
for higher precision in future measurements.

The relative frequency atlas of the rovibrational
lines from P(3) to P(21) of the C,H, v, + »; band
was derived from all the frequency-difference mea-
surements, and the frequency differences between
adjacent lines are listed in Table 1. It should be
noted that these frequencies were determined from
both the direct measurements of difference between
adjacent lines and the measurements of difference be-
tween widely separated lines up to ~1 THz. Thus,
the frequency differences between any two lines
in the above range can be derived from Table 1
within a precision of ~100 kHz. We fitted these
relative frequencies of rovibrational lines by using
the following expression for the P(J) transition:

v = — (B'+B")J + (B' - B" + D" - D')J?
+2(D" + D)J* + (D" — D)J*, @)

where v is the band origin, J is the rotational quan-
tum number, B” and D" are the molecular constants
in the lower state, and B’ and D’ are those in the up-
per state. The molecular constants determined by
a polynomial fit are given in Table 2. The resid-
uals between the observed and calculated difference
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Table 1. Frequency Differences between
Rovibrational Lines of the v, + v3 Band of C;H,

Frequency (MHz) o—-c (MHz)®
P(3)-P(4) 72857.60 0.13
P(4)-P(5) 73624.26 -0.17
P(5)-P(6) 74 389.78 -0.08
P(6)-P(7) 75154.07 -0.13
P(7)-P(8) 75917.43 0.14
P(8)-P(9) 76679.09 -0.02
P(9)-P(10) 77439.65 - 0.00
P(10)-P(11) 78198.99 0.11
P(11)-P(12) 78956.77 -0.04
P(12)-P(13) 79713.23 -0.17
P(13)-P(14) 80468.73 0.09
P(14)-P(15) 81222.46 -0.07
P(15)-P(16) 81975.06 0.02
P(16)-P(17) 82726.11 -0.05
P(17)-P(18) 83475.88 0.01
P(18)-P(19) 84 224.09 -0.07
P(19)-P(20) 84970.98 -0.04
P(20)-P(21) 85716.42 0.00

9The residuals between the observed and calculated fre-
quencies.

Table 2. Molecular Constants of the v, + v3
Band of C,H; in Inverse Centimeters®

Constants Present Work Previous Work Ref.
B’ 1.163781(4) 1.163755(4) 6
D’ x 108 1.594(15) 1.5924(34) 6
B" 1.176649(4) 1.17664632(18) 14
D" x 108 1.615(15) 1.62710(27) 14

aNumbers in parentheses are one standard error in units of
the last digit in the parameters.

frequencies (o—c) are given in Table 1. These resid-
uals are all within +0.2 MHz or the same order
of measurement precision. For a comparison, pre-
viously reported values of these constants are also
given in Table 2. The upper-state and lower-state
constants were determined from the measurements
of the v, + v3 band® and the far-infrared vibrational
bands,! respectively. When we calculate the resid-
uals by using the previous constants, they become
much larger than a megahertz. As a result of the
lack of a number of data, especially R-branch data,
the individual constants were not so precisely deter-
mined from the present fit. The B’ and B"” constants
reasonably agree with the previous values; however,
the discrepancy is rather large for the D" constant.
Because the measurement precision is high enough,
we will be able to determine these constants with
higher accuracy if we increase the number of data.
Extensive experiments and detailed analysis are now
in progress.

The absolute frequencies of these C,H; lines
have not to our knowledge been measured until
now. With a Michelson-type wavemeter, the wave-
length and frequency of the CoH, P(9) line were re-
ported to be 1.530371 um and 195 895 330(50) MHz,
respectively.! However, the frequency uncertainty
of 50 MHz is rather large compared with our 100-kHz
precision for relative frequencies. One candidate for
a more-precise frequency reference is the two-photon
absorption of Rb at 0.778 um, whose absolute fre-

quency was recently determined with an accuracy
of approximately 107!'.}> Half of this Rb frequency
is within 2 GHz of the P(27) transition of the HCN
1.5-um band’; therefore we should be able to de-
termine the absolute frequency of this HCN line at
1.556 um with nearly the same accuracy as for the
Rb line. Using this HCN line as an absolute ref-
erence, we will be able to determine the absolute
frequencies of all other HCN and C,H, lines in the
1.5-pm region.

In conclusion, we have demonstrated relative fre-
quency measurements of 1.5-um narrow absorption
lines of CoH, up to 1 THz with a 100-kHz precision
by using an optical frequency comb generator. Such
a technique should be a powerful tool for a high-
resolution molecular spectroscopy to obtain precise
molecular constants or structures and will provide a
table of more than 100 optical frequency references
with a 107% accuracy between 1.51 and 1.56 um, us-
ing C;H,; and HCN saturated-absorption lines.
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Abstract. Stable, narrow linewidth operation of red and
1.3 um free-running laser diodes with external gratings in
non-Littrow geometry is demonstrated. The resonance of the
saturated fluorescence of an atomic beam with a contrast of
25% and a linewidth of 400+ 50 kHz of the Ca intercombi-
nation line 4!.5;—4%P, (A\=657 nm) is shown. A high-power
(110 mW) single-mode external cavity laser diode at 1.3 um
is used for second-harmonic generation in a KTP crystal.
The beat signal (signal to noise ratio about 25 dB) of 10 nW
second-harmonic radiation at 1.3 um and the radiation of a
laser diode in the visible spectrum, as a step to realize a
frequency chain, is observed.

PACS: 42.60, 32.30, 43.65

The intercombination line of laser cooled Ca vapor sample is
one of the promising candidates for a frequency standard in
the optical region [1]. However, even though the recoil split-
ting of the “*Ca intercombination line was resolved many
years ago and several experiments of dye-laser frequency
stabilization to the °Ca line were reported [2, 3], as far as
we know, accurate measurements of frequency stability us-
ing two independent laser systems have not been carried
out to date. In order to estimate the stability, accuracy and
reproducibility of an optical standard, the comparison with
an independent laser and direct measurements of the optical
frequency are required. The frequency chain from the 4°Ca
reference at 657 nm to a Cs atomic clock is being devel-
oped in several laboratories [4] and a new scheme of the
frequency chain from the Ca line to the microwave region
based on Laser Diodes (LDs) only has been proposed re-
cently [5].

A number of experiments on nonlinear spectroscopy of
the intercombination transitions of Ca, Ba and Sr [6-10]
have been carried out by using highly coherent LDs. It
is clear now that LDs can be used to develop a portable
frequency/wavelength standard in optics.

* Permanent address: P. N. Lebedev Physics Institute, Leninsky pr. 53,
1179224 Moscow, Russia (Fax: +7-095/135-7880;+7-095/334-0610)
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The elaboration of highly coherent LDs in the visible and
at 1.3 um suitable for a frequency chain is the main purpose
of this work. We present here also the results of preliminary
experiments on nonlinear spectroscopy of the Ca line at
657 nm using a LD in the visible and the observation of the
beat signal between this laser and the second harmonic of a
1314 nm LD as a step to realize a frequency chain towards
the Ca intercombination line.

1 Laser Diode with External Cavity

High spectral resolution demands narrow laser linewidth,
precise frequency tunability and good long-term stability.
There are a lot of techniques to improve the spectral char-
acteristics of LDs. Their advantages and peculiarities have
been discussed elsewhere [6]. A method of the weak optical
feedback from an external high-Q Fabry-Perot cavity is not
very effective for LDs in the visible because frequency-noise
reduction is limited by strong enhancement of relaxation
oscillations [10]. Therefore, the extended-cavity technique
using an AntiReflection (AR) coated LD and a dispersive
element in the extended cavity was applied.

For LD linewidth narrowing by this technique both high
efficiency and high resolution of the dispersive element are
desirable. A holographic grating of total internal reflection
with high diffraction efficiency (=70%) and selectivity
(3200 lines/mm) is convenient for the External Cavity Laser
Diode (ECLD), especially in the case of two-facet-emitting
LDs [7]. However, with a commercial LD emitting light
in one direction we have to utilize the zeroth order of the
grating as the output beam which is rather weak due to the
high efficiency of the holographic grating. Beside of that, the
direction of the output zeroth-order reflection from a grating
in Littrow configuration depends on the laser wavelength,
which complicates the alignment of the experimental setup.
That is why we prefer another optical scheme of an external
cavity with a conventional grating [11].

The scheme of the ECLD is shown in Fig. 1. The external
dispersive cavity consisted of the LD, a coupling objective
lens (NA=0.65), a PZT-driven 100% dielectric mirror, an
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Fig. 1. Optical scheme of the external cavity laser diode. The zeroth-
order reflection from the grating is used as output

etalon (10 mm thick, 30% reflectivity) and a grating (1300
lines/mm, blazed for 700 nm). All the elements of the laser
cavity were mounted on an invar base plate isolated from the
optical table with a damping spacer. The p—n junction of the
LD was parallel to the grooves of the grating. The angle of
incidence on the grating was 55°. Under these conditions the
efficiency of the first order of the grating was measured to be
30%. A servo system was used to stabilize the temperature
of the LD close to 14° C.

The external cavity was constructed with a commercial
InGaAlP laser diode (TOLD 9220). It is well-known that
an AR coating of the LD facet is necessary for efficient
linewidth narrowing of LDs in the visible. It is difficult
to provide strong coupling with an external cavity with-
out AR coating and, therefore, the typical laser linewidth
is a few MHz in this case [8, 10]. It is insufficient for high-
resolution spectroscopy. So, the LD output facet was coated
with a HfO, AR film. The laser threshold currents before
and after AR coating were 48 mA and 58 mA, respectively.
The AR-coated LD operated in the multi-longitudinal mode
regime (Fig. 2, curve a). Under selective optical feedback
the threshold current was reduced to 45 mA. The ECLD
spectrum was single mode from the threshold up to 62 mA.
The maximum power of the zeroth-order output beam was
2.5mW. The suppression of the nondominant modes was
greater than 30dB (Fig. 2, curve b). As compared with a

__TrdR(PK
> .65?:]8um
-5dBm fer-—76--254Bn L

o /™
) i

-35dBm

RT3 (S o
-65dBm
0.6535 um 0.6585 um 0.6635 um

Fig. 2. Longitudinal mode spectra of the antireflection-coated LD. (a)
with no optical feedback; (b) with selective optical feedback
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Fig. 3. Transmission resonance of the high-Q Fabry-Perot cavity. The
side bands are due to the frequency modulation of the ECLD at 250 kHz

Littrow configuration, the folded scheme of the external
cavity has the following advantages.

— The direction of the output beam is kept stable while the
frequency tuning is accomplished by rotation of the output
mirror.

— It is possible to find a proper relationship between the
diffraction efficiency of the grating and its selectivity by

_ variation of the angle of incidence.

— The spectral selectivity is higher due to double reflection
from the grating.

Frequency fine tuning in the range of approximately
1 GHz was provided by changing the voltage applied to
the PZT on which the output mirror was mounted. Sta-
ble single-mode operation was easily obtained for cavity
lengths within 5cm to 20 cm. A Fabry-Perot supercavity
was used to monitor the spectrum. It was a PZT-tunable
planospherical (1 m curvature radius) cavity with high reflec-
tion (R~0.9999) mirrors and an invar spacer (L =10 cm).
The cavity linewidth was estimated to be 100kHz. The
Fabry-Perot cavity was placed inside a chamber to reduce
the disturbances produced by vibration and acoustic noise.

To reduce the influence of acoustic noise the ECLD was
placed inside an acoustically insulated box. The random fre-
quency drift was reduced from 15 MHz/min to 1-2 MHz/min
in this way. The linewidth of the free-running ECLD was
estimated to be less than 100 kHz by using the supercavity
(Fig. 3). The frequency-noise measurement made with a low
finesse cavity as a discriminator showed approximately the
same value of the laser linewidth (35 kHz). Further linewidth
reduction can be obtained by frequency stabilization to a res-
onance of a stable optical cavity using an electrical feedback
method [12].

2 Nonlinear Spectroscopy
of the Ca Intercombination Line

The experiment on nonlinear spectroscopy of the intercombi-
nation line 4! S,—4 P, of “°Ca (A=657 nm) using an ECLD
was carried out with an atomic beam. The characteristics
of the Ca atomic beam apparatus have been described else-
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Fig. 4. Nonlinear fluorescence signal of the atomic beam on the
intercombination line 4'S,—43P, of “0Ca (A=657 nm) as a function
of laser frequency

where [3]. Collimation of the atomic beam provided the
residual Doppler broadening of about 4 MHz. The laser
beam (1.5 mW) crossed the Ca atomic beam perpendicu-
larly and was reflected with a cat’s eye reflector. The cat’s
eye reflector was composed of a 250 mm focus lens and a
flat mirror in the focal plane. The 1cm spatial separation
of the two counterpropagating beams excluded multiphoton
processes [13] and parasitic optical feedback to the LD. The
fluorescence from the excited Ca atoms was detected with
a photomultiplier placed about 30 cm downstream from the
excitation zone. To provide a frequency scale, the ECLD was
FM modulated at 7 MHz, which gives two additional peaks
of fluorescence corresponding to side bands. A transverse
magnetic field was applied to the interaction region so that
only the m-transition (Am=0) was excited by the linearly
polarized laser light.

A saturation dip on the Doppler-broadened spectral pro--

file of fluorescence is shown in Fig. 4. The dip contrast de-
fined with respect to the Doppler-broadened line is about
25%. The laser beam cross section was 2 mm X 3 mm, sO
the maximum intensity of the exciting light was about
25 mW/cm?. The nonlinear dip was observed even at a laser
intensity of 5 mW/cm?. The minimum width of the nonlinear
dip (FWHM) is 400+ 50 kHz. The spectral resolution was
mainly limited by the frequency jitter of the free-running
ECLD.

3 1.3 pm Laser Diode and Second-Harmonic Generation

According to the scheme of the proposed frequency chain
from the microwave range to the Ca line [5] it is neces-
sary to have a Second Harmonic (SH) of 1314 nm and sum-
frequencies corresponding to 1314 nm and 657 nm simulta-
neously. It is difficult to accomplish this with a low-power
LD and two independent build-up cavities for SH gener-
ation and sum-frequency mixing. Consequently, we have
used for the nonlinear frequency conversions two single-pass
schemes and a high-power LD.
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Fig. 5A,B. Longitudinal mode spectra of a high-power LD at
I=450mA (I;,=50mA). A With no optical feedback; B with se-
lective optical feedback (output power 110 mW)

1.314 um

A high-power multimode LD emitting up to 200 mW
at 1.3um was used as an active element of an ECLD.
The same folded scheme (see Fig. 1) of an external cavity
was applied for longitudinal mode selection and linewidth
narrowing. In order to rise the power of the output beam
the angle of incidence on the grating (1200 lines/mm) was
increased up to 85°. The LD junction plane was oriented to
be parallel to the lines of the grating. The laser spectrum was
analyzed with a confocal cavity having a free spectral range
of 300 MHz and a finesse of 200. Under optical feedback
a spectrum of the ECLD was completely single mode even
if the threshold current was exceeded by a factor of up to
9 (Fig. 5). The maximum single-mode power of the output
beam was 110 mW at A=1314 nm.

An effect of polarization switching by optical feedback
[14] during alignment of the external cavity when the
orientation of the LD junction was not exactly parallel
to the grooves of the grating was observed. It happened
because the dispersion efficiencies of the grating for two
orthogonal polarization components of incident radiation are
essentially different. The switching of the LD radiation from
TE mode to TM mode led to stronger optical feedback
and, consequently, to better side-mode suppression (more
than 40 dB). However, also to an unwanted decreasing of
the zeroth-order beam power by 3—4 times. The effect of
polarization switching by external optical feedback in this
scheme requires further investigation, because it may be
useful for some applications.

A 5 mm long nonlinear KTP crystal with critical phase
matching was used for SH generation. The angles of in-
cidence of the laser beam were varied to optimize phase
matching. About 100 mW of fundamental light yielded up
to 11 nW of SH in a single-pass scheme.
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Fig. 6. Beat-note spectrum of an ECLD in the visible and SH
radiation of the 1314 nm ECLD. Resolution bandwidth: 30 kHz; video
bandwidth: 10 kHz; sweeping time: 500 ms

After separation of the fundamental light, the SH beam
was mixed with radiation of the red ECLD (657 nm) on a
Si avalanche photodetector. The beat note recorded on an
f spectrum analyzer is shown in Fig. 6a,b. The heterodyne
spectrum shows that the linewidth of both LDs was less
than 500 kHz for a sampling time of 500 ms. The signal to
noise ratio is about 25 dB in a 30 kHz bandwidth. This ratio
can be further improved by increasing the efficiency of SH
generation.

4 Summary

The narrow-linewidth (less than 100 kHz) external-cavity
laser diode operating at 657 nm with good long-term free-
running stability was demonstrated. To obtain a sub-kHz
linewidth level of the LD one has to use a fast electronic
servo system to control the laser frequency to a stable high-
@ reference cavity [12]. The laser was used for nonlinear
spectroscopy of the Ca intercombination line. The resonance
of saturated fluorescence with a contrast of 25% and a
linewidth of 400450 kHz was shown.

Note added in proof. When the manuscript was ready for publication
we have learned that the recoil splitting of Ca was resolved by
using an extended-cavity diode laser at the Physikalisch-Technische
Bundesanstalt (PTB), Braunschweig, Germany [15].

A.M. Akulshin et al.

The 110 mW single-mode external-cavity laser diode at
1.3 pm was used for second-harmonic generation in a KTP
crystal. An effect of polarization switching by optical feed-
back during alignment of the external cavity was observed.

The 600kHz beat signal (sampling time of 500 ms)
between the 10 nW second-harmonic radiation of 1.3 um and
the fundamental radiation of the ECLD was observed. The
signal to noise ratio was more than 25 dB which is high
enough to use phase-locking.
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Absolute frequency stability of a
diode-laser-pumped Nd:YAG laser stabilized to a

high-finesse optical cavity

K. Nakagawa, A. S. Shelkovnikov, T. Katsuda, and M. Ohtsu

We report the frequency stabilization of a diode-laser-pumped monolithic ring Nd:YAG laser locked to a
high-finesse optical cavity. With an independent cavity as a frequency discriminator, the absolute
frequency noise was measured to be as low as 2 x 10-2 Hz/Hz!/2 at the Fourier frequency of

approximately 3 kHz.
independent cavities.
is approximately 6 x 10-14,

1. Introduction

Frequency-stabilized lasers are required in many
fields such as high-resolution spectroscopy, metrol-
ogy, and interferometric gravitational-wave detec-
tion.}2 In the case of the gravitational-wave detec-
tor, both ultra-low-frequency noise of the order of
10-¢ Hz/Hz!6 and a high output power of more than
10 W are required for the laser source. The recently
developed diode-laser-pumped Nd:YAG laser is a
promising candidate for the realization of the above
requirements because of its low intrinsic amplitude
and frequency noises and its scalable high output
power. Frequency stabilizations of the diode-laser-
pumped Nd:YAG lasers have been demonstrated and
their excellent performance has been reported.3-
In these examinations, the frequency stability rela-
tive to the reference cavity has been well examined.3-5
However, the absolute frequency stability of laser is
mainly determined by the mechanical and thermal
stability of the reference cavity.>® Through the use
of a suspended cavity inside a vacuum chamber, the
reference cavity can be well isolated from external
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We also measured the heterodyne beat note between two lasers locked to the
The beat linewidth is narrower than 30 Hz and the minimum root Allan variance

disturbance,” and until now absolute laser linewidths
of the order of 10 Hz have been recorded.®® Spectral
analysis of the frequency noise is needed to examine
the mechanical stability of the reference cavity, and it
is also useful for various applications of stabilized
lasers.” For ultrahigh-resolution spectroscopy,d
which requires a herz-order laser linewidth, the
frequency noise at low frequencies is important be-
cause it mainly determines the laser linewidth,
whereas the frequency noise near 1 kHz is important
for gravitational-wave detectors.

Here we report the performance of frequency-
stabilized diode-laser-pumped Nd:YAG lasers. The
spectrum of absolute frequency noise was measured
with the independent cavity as a frequency discrimi-
nator. We also measured the heterodyne beat note
between two stabilized lasers and compared it with
the results of the frequency-noise measurement.

2. Frequency Stabilization and Frequency-Noise
Measurement Techniques

The experimental setup for the frequency stabiliza-
tion and frequency-noise measurement is shown in
Fig.1. We use a diode-laser-pumped monolithic ring
Nd:YAG laser (Lightwave Electronics Model 122-
300) with an output power of 300 mW. The laser
frequency can be tuned by a piezoelectric transducer
(PZT) bonded to the Nd:YAG crystal. Using the
Pound-Drever technique,'? we frequency-stabilize the
laser to a high-finesse reference optical cavity (cavity
1). This reference cavity is made of a Zerodur spacer
(L = 0.46 m), a flat mirror, and a concave (R = 1 m)
mirror. These mirrors are superpolished fused-
silica substrates with a high reflective (R ~ 0.9999)
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Fig. 1. Experimental setup for the frequency stabilization and
frequency-noise measurement. EOM'’s, electro-optic modulators;
AOM, acousto-optic modulator; OSC’s, oscillators; PD’s, photo-
diodes; DBM’s, double-balanced mixers; PBS’s, polarizing beam
splitters; BEF, band-elimination filter.

coating, and they are glued onto the spacer with
epoxy. This cavity is suspended by five wires’” and
mounted in a vacuum chamber. The cavity line-
width and finesse are measured to be 18 + 2 kHz and
approximately 18,000, respectively. The reflection-
fringe contrast on resonance is higher than 75%.
In our previous experiment only the PZT was used for
frequency feedback.!! The feedback bandwidth was
limited by the mechanical resonance of the PZT and
was approximately 30 kHz. To get a wide (>100
kHz) frequency-feedback bandwidth, we use an exter-
nal electro-optic modulator for fast phase correc-
tion.1213  The detail design and performance of this
fast frequency feedback are described elsewhere.!4

A part of the laser output is introduced into the
second optical cavity (cavity 2). The second cavity is
nearly the same as the first except that the spacer is
made of ultralow-expansion glass, Corning 7971
(L = 0.3 m), and its linewidth is approximately 28
kHz. This cavity is also suspended by five wires and
mounted in a vacuum chamber. We used the same
Pound-Drever method for the frequency-noise mea-
surement. Because both cavities are nontunable,
one of the sidebands generated by an electro-optic
modulator is tuned to the resonance of the second
cavity. The slope of the dispersive signal of the
upper or lower sideband component is used as a
frequency discriminator. The rf sideband frequency
is typically between 10-80 MHz and the typical
modulation index is approximately 0.1. The rf fre-
quency is manually tuned to the cavity resonance
with a synthesized rf oscillator. During the measure-
ment time (~10 s), the sideband is kept on the
resonance of the cavity without the use of active
feedback to a rf frequency.

3. Spectral Analysis of Frequency Noise

Figure 2 shows the linear spectral density of the
frequency noise of the stabilized laser. The upper
curve is the absolute frequency noise measured with
the second cavity, whereas the lower curve is the
frequency noise obtained from the error signal of the
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frequency-feedback system. The frequency noise
from the error signal (lower curve) is reduced to less
than 3 x 10-4 Hz/Hz/2 at frequencies lower than 10
kHz. The shot-noise level for the frequency-stabili-
zation system is approximately 4 x 10-¢ Hz/Hz!/2
with an input power of nearly 2 mW. Throughout
the frequency region, the real frequency noise (upper
curve) is higher than that from the error signal. The
absolute frequency noise reaches nearly 2 x 10-2
Hz/Hz!/2 in the frequency region between 3—-30 kHz.
The shot-noise level for the upper curve is nearly
10-2/Hz!/2, which is verified by shifting the rf fre-
quency off-resonance from the second cavity. This
shot-noise level is rather high compared with that of
the frequency stabilization from a lower modulation
index of ~0.1. Considering the cut-off frequency of
the cavities, both frequency-noise spectra in Fig. 2 are
compensated at frequencies higher than the half-
linewidth of the individual cavities. The increase of
the absolute frequency noise (upper curve) to higher
than 20 kHz is due to this compensation. This noise
level is determined by the shot noise, and the real
frequency noise is probably lower than this shot-noise
level. The mechanical resonance frequencies of the
stretching vibration of the cavities is estimated to
range from 5-10 kHz. A weak noise peak at 12 kHz
is probably one of the resonances; however, its identi-
fication is not clear in the present measurement.
In the lower-frequency region, the frequency noise
becomes higher and there are two strong peaks at
several hertz, probably caused by the resonance fre-
quencies of the pendulum motion of suspended cavi-
ties. The isolation of the cavities from external
vibration and acoustic noise is not enough for frequen-
cies less than 1 kHz. At 1 kHz, the absolute fre-
quency noise is nearly 50 dB higher than the shot-
noise level of the frequency stabilization.
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Fig. 2. Linear spectral density of the frequency noise. Upper
curve: the frequency noise measured with the second cavity.
Lower curve: the frequency noise obtained from the frequency-
feedback error signal. Upper dashed line: shot-noise level of the
frequency-noise measurement. Lower dotted—dashed line: shot-
noise level of the frequency-feedback loop.
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4. Heterodyne Measurements

To measure the spectral linewidth and the frequency
stability, we prepared identical two-laser systems and
measured the beat note between them.® The first
system is exactly the same as that described in
Section 2. The second system is nearly the same
except that the laser is a Lightwave Model 122-500,
the reference cavity is made of ultralow-expansion
glass (L = 0.3 m, Av, = 28 kHz), and only the PZT
frequency feedback is used. The heterodyne beat
note is detected by a fast p-i-n photodiode. The beat
photocurrent is amplified and introduced into a rf
spectrum analyzer. Figure 3 shows a typical beat-
note spectrum. The beat linewidth is 30 Hz and is
limited by the resolution width of the spectrum
analyzer. The drift rate of the beat frequency is
approximately 50 Hz/s, caused mainly by the pres-
sure fluctuation in the vacuum chamber. Prior to
the above experiment, both chambers were evacuated
with turbomolecular pumps, and the pressure was
reduced to lower than 10-¢ Torr. These pumps are
disconnected from the chambers during the experi-
ment. The pressure inside the sealed chambers is of
the order of 102 torr because of outgassing. The
spectral linewidth is mainly determined by the fre-
quency noise at lower than 20 Hz.

Using a time-interval counter (Standford Research
Model SR620), we measured the variance of the beat
frequency. Figure 4 shows the root Allan variance
o,(t) of stabilized lasers. The minimum root vari-
ance is approximately 6 X 1014 at the sampling time
7=0.01s. Atr > 0.01s, the variance becomes large
mainly because of the frequency drift induced by the
thermal and pressure fluctuations of the cavity. At
T < 107* s, the measured variance is mainly deter-
mined by the instrumental resolution of the time-
interval counter.

The relation between the Allen variance and the
frequency noise is given by’

) = 2 fw S(f) (sin2 1'rf'r)2dﬁ

b Vol \ TfT

where 7 is the sampling time, S(f) is the power

Resolution Bandwidth: 30 Hz

S
8
® | d
c
2 Av <30 Hz
©
[ N f—
is]
IA—AJ Lh- -ton 1 1 1 1
Frequency 100 Hz/div

Fig. 3. Beat-note spectrum between two stabilized lasers.
The center frequency is approximately 60 MHz.
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Fig. 4. Root Allan variance of the beat note between two stabi-
lized lasers: t, sampling time.

spectral density of frequency noise in hertz squared
per hertz, and v, is the laser frequency. S(f) is the
square of the linear spectrum density shown in Fig. 2.
The root Allan variances calculated from the fre-
quency noise are 1.7 X 10-14 (1 = 0.001 s), 3 x 10-14
(r=0.015),3.5x 10" (1t = 0.1s),7 x 10~ (1 = 15).
The increasing of variance against the sampling time
7 is due to the large frequency noise at low Fourier
frequencies. At 7 = 0.1 s, the variance calculated
from the frequency noise is roughly consistent with
that from the beat-note measurement.

5. Discussion

To realize a detection sensitivity of 10-21 in interfero-
metric gravitational-wave detectors,? the frequency-
noise level of 10-6 Hz/Hz!/2 is required at ~1 kHz.
This noise level is nearly 107 smaller than that of the
monolithic diode-laser-pumped Nd:YAG laser in free-
running operation.? Because the feedback band-
width and gain are limited, it is not easy to realize the
above noise level directly through the use of one
feedback stage. Our first goal is to realize a noise
level of 10-* Hz/Hz!/2? at the first stage. Using a
reference cavity linewidth of 20 kHz and an incident
laser power of 300 mW, we calculated the shot-noise-
limited noise level to be 3 x 105 Hz/Hz!/2, In this
work, the noise level of the feedback error signal was
limited by the shot noise at frequencies less than 10
kHz, with the incident power of 2 mW (Fig. 2). As
the feedback gain is still high at 1 kHz, the above
noise level (10-6 Hz/Hz!/2) can be obtained, in prin-
ciple, by an increase in the incident laser power. The
frequency-noise measurement through the indepen-
dent cavity showed that the absolute frequency noise
that we achieved is the lowest level reported to data;
however, it was still much higher than that of the
feedback error signal. A further improvement is
needed for vibrational isolation of the reference cavity.
Next we are going to use a two-stage suspension for
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the reference cavity.2 The shot-noise-limited detec-
tion sensitivity in the frequency noise measurement
also needs to be reduced by an increase in the laser
power or rf power for sideband generation.

For gravitational-wave detectors, the long-term
stability of the laser frequency is not so important,
but it is important for other applications, such as
high-resolution spectroscopy. In the present experi-
ment, the laser linewidth is mainly determined by the
low-frequency components of the frequency noise.
In our next study we are preparing new cavities with
optical contact mirrors and ion-spattering pumps for
continuous pumping of the vacuum chambers to
improve the long-term stability. We also plan to
stabilize the temperature of the reference cavity to
reduce the frequency drift in future experiments.

6. Conclusions

We have measured the absolute frequency stability of
diode-laser-pumped Nd:YAG lasers locked to high-
finesse cavities. The absolute frequency noise was
reduced to 2 x 10-2 Hz/Hz!/2 at 3 kHz. The beat-
note linewidth between two stabilized lasers was
narrower than 30 Hz. The absolute frequency stabil-
ity is determined mainly by the mechanical and
thermal stability of the reference cavity and not by
the frequency-feedback system. This frequency-
noise measurement provides useful information for
further improvement of the frequency-stabilized la-
ser for gravitational-wave detectors.

We thank K. Ueda of the Electro Communication
University and M. Kourogi of the Tokyo Institute of
Technology for their helpful discussions. This work
was supported by Grant-in-Aid for Scientific Re-
search 04234204 from the Ministry of Education,
Science, and Culture of Japan.
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Performances of an optical frequency comb generator and nonlinear optical frequency con-
version of semiconductor lasers were reviewed. They are studied for realizing frequency refer-
ence grids for an accurate and wideband optical frequency sweep. Semiconductor lasers were
used as light sources by improving their frequency stability to 2.1X 1072 and by reducing their
field spectral linewidth to 7 Hz. A precise and continuous frequency sweep for 64 GHz was
realized by heterodyne-type optical phase locking. Frequency refrence grids with a span of 0.1
THz was realized by the optical frequency comb generator. Second harmonics, sum-frequency
and difference frequency signals were generated by using nonlinear optical crystals for the 180-
577 THz range, i. e., the wavelength range of 0.52-1.67 um.
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Pulling of the emission frequency

PACS numbers: 42.55.Px; 42.60.Fc; 42.65.Jx

of an injection laser by Doppler-free
absorption resonances in an intracavity cell

A M Akul’shin, M Ohtsu

Abstract. Optical frequency locking of two injection lasers
was achieved with the aid of a Doppler-free absorption
resonance, as the result of simultaneous interaction of
radiations from two lasers with rubidium vapour inside an
intracavity cell. Narrowing of the emission line width by a
factor of § and a reduction in the frequency noise by 15 dB
were achieved in a band up to 350 kHz. A nonlinear
frequency pulling by a resonance of coherent population
trapping in an intracavity cell was demonstrated for the first
time.

Injection lasers are used widely in spectroscopy, metrology,
and fibre-optic communications because of their outstanding
spectral characteristics, and also because of their relative
simplicity and low cost. Frequency chains for linking the
optical and microwave ranges, based on injection lasers,
have been proposed and are being actively developed (1, 2].
Generation of the second harmonics of injection lasers and
generation of the sum-frequency radiation of two lasers
makes it possible to access the green and blue parts of the
visible range [2]. Optical heterodyning can be used to
generate a beat signal at the difference frequency, which
can be tuned rapidly from the rf to the microwave ranges.
This can be done by employing injection lasers emitting at
any wavelength. However, the use of atomic absorption lines
as the frequency standards can increase the reproducibility
and long-term stability of the emission frequency. Moreover,
Doppler-free spectroscopy based on the D lines of Li, K, Rb,
and Cs in a system of unidirectional beams from two
independent lasers provides a series of contrast resonances
with the following important property: their spectral
positions depend on the difference frequency of the two
lasers [4]. These resonances are due to compensation of
rate-selective optical pumping or coherent population
trapping (/A resonances). The use of these resonances has
made it possible to lock the frequencies of two injection
lasers by a single electronic servo system and to obtain a
stable beat signal at the frequencies of the hyperfine
splitting of rubidium [3, 4].

An optical method for locking two injection lasers has
also been proposed: the locking is due to pulling of the
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emission frequency by a narrow A resonance resulting
from the interaction of radiations from two lasers in an
intracavity nonlinearly absorbing cell [3]. In the present
paper we report the first experimental realisation of optical
locking of the frequencies of two lasers. Fig. 1 shows the
optical part of the apparatus. A distributed-feedback
injection laser was tuned to the D, absorption line of
rubidium (4 = 780 nm) at 37 °C. In the absence of external
optical feedback the width of the emission line was 30 MHz
and the output power was 10 mW. An injection laser of this
type made it possible to achieve stable single-frequency
emission with an external nonselective resonator cavity
containing a cell. The cavity length was 7 cm. The sealed
glass cell was 3 cm long and had no antireflection coatings
on its windows. The cell contained saturated vapour of
¥Rb without a buffer gas and was placed on a support
whose temperature was controlled. After passage through
a beam-splitting mirror the radiation intensity at the entry
to the cell was 17 mW cm—2. Continuous frequency tuning
was performed by altering the length of the external cavity

D7

7 2 3 4
—

L1
Figure 1. Optical part of the apparatus: (1) distributed-feedback injec-
tion laser: (2) collimating micro-objective (numerical aperture 0.5);
(3) cell with rubidium vapour: (4) 100%-reflecting dielectric mirror with

a piezoelectric ceramicsupport; (5) injection laser with an external disper-
sive cavity; (6) confocal interferometer; (7) photodiode.

-7

or the pump current.

The spectral characteristics were determined with a
confocal Fabry—Perot interferometer (free spectral range
1.5 GHz, instrumental width 50 MHz) by a heterodyne
method in which an independent injection laser with an
external dispersive cavity was used. The width of the
emission line of this laser did not exceed 100 kHz in the
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free-running regime [4].

Since the intensity of a standing wave in the intracavity
cell considerably exceeded the intensity needed for
saturation of the optical transitions corresponding to the
D, absorption line of rubidium (for the cyclic F = 2-
F' = 3 transition this intensity was I, = 0.14 mW cm—2,
whereas for ‘open’ transitions the value of I, was a further
2-3 orders of magnitude less), the profile of the absorption
spectrum was strongly saturated. The emission frequency of
the injection laser experienced nonlinear pulling by Doppler-
free absorption resonances. This effect appeared most
strongly for the F = 2— F' = 3 transition and at adjacent
cross resonances. For example, when the rubidium vapour
temperature was 32 °C, the self-stabilisation factor S for
the F =2-F'= 3 transition, measured with the
interferometer, was 6.2. The frequency noise of the radiation
in a band from 100 Hz to 300 kHz then decreased by 10 dB,
in agreement with theoretical estimates 5}, and the width of
the emission line decreased by a factor of 8 (from 4 MHz to
500 kHz) when the averaging time was 1.5 s.

The radiation from a highly coherent laser was injected
into the cavity via a beam-splitting mirror in order to
saturate further the absorption in the intracavity cell and
to induce a A resonance. The intensity of the radiation
from the injection laser with an external dispersive cavity
was about 8 mW cm =2 at the entry to the cell. The angle
between the two laser beams did not exceed 5 mrad.

The radiation of the injection laser with an external
dispersive cavity, tuned to the F = 2—F' = 2 transition,
enabled us to realise stronger pulling of the emission
frequency by a contrast resonance due to the interaction of
the two laser beams with rubidium vapour at frequencies
of the F =2-F'=2 and F = 2-F' = 3 transitions.
This resulted in mutual frequency locking of the two lasers
with an offset equal to the splitting of the F' = 2 and
F' = 3 sublevels of the excited state. It manifested itself
by stabilisation of the frequency of the beats of the radiation
of the two lasers. Bleaching of the resonant medium because
of coherent population trapping occurred when the two lasers
were tuned to different hyperfine sublevels, F = 2 and
F =1, and the mutual frequency offset was precisely equal
to the hyperfine splitting of the ground state of 8’Rb.

By way of illustration, Fig. 2 shows a fragment of the
absorption profile in the vicinity of the F = 1-F' = 2
transition, recorded in the external cell when unidirectional
beams from two lasers were used and the highly coherent
laser was tuned to the F = 2—F' = 2 transition. The
radiation from this laser was blocked at the entry to the
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Figure 2. Doppler-free absorption peak in an external cell, induced by
compensation of the optical pumping with a A resonance of width
~ 6 MHz, resulting from the coherent population trapping at the peak
when the radiation from the injection laser with an external dispersive
cavity was blocked at the entry to the intracavity cell.
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intracavity cell. A A resonance was observed against the
background of a Doppler-free absorption peak due to the
compensation of the optical pumping. The width of this
resonance (~ 6 MHz) was governed by the relaxation time
of the ground state, by the field broadening, and by the width
of the emission lines of the two independent lasers.

When the A resonance occurred in the intracavity cell,
frequency pushing in the case of the nonlinear absorption
peak and pulling of the emission frequency to the centre of
the /A resonance were observed (Fig. 3). The upper part of
Fig.3 shows the transmission resonance of the
interferometer. When the cavity length was varied,
discontinuities were found in the variation of the emission
frequency. The degree of pulling was deduced from the ratio
of the slopes of the interferometer transmission profile inside
and outside the locking region. In view of the small width of
the A resonance the frequency pulling was twice as strong
(with the self-stabilisation factor of 15) than in the case
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Figure 3. Transmission resonance of the confocal interferometer (upper
trace) and the absorption profile in the intracavity cell (lower trace) in the
case of nonlinear pulling of the emission frequency by a A resonance.

when the two lasers were tuned to the same sublevel.

Such optical locking of the radiation frequency not only
makes it possible to obtain a frequency-stable beat signal,
and this is true also of the microwave range, but also opens
up unique opportunities for further narrowing of the
emission line of a laser with a nonlinearly absorbing cell,
so that the strong optical feedback can be made highly
selective,
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Sideband-locked stabilized semiconductor
laser for accurate frequency tunability

Takashi Fujii, Takuya Nayuki,

Koshichi Nemoto, Motonobu Kourogi,*
Motoichi Ohtsu,* Electrophysics Department,
Komae Research Laboratory, Central Research
Institute of Electric Power Industry 11-1
Iwado Kita 2-chome, Komae-shi, Tokyo 201,
Japan

In laser isotope separation, spectroscopy
and lidar, a frequency-tunable laser and
a technique to stabilize the frequency at
a required value are important. There
have been several reports on stabilizin,
the semiconductor laser (SL) frequency.
However, frequency stabilization has
been achieved only at particular values,
for example, the resonance frequency of
an atom such as rubidium,' or discrete
values defined by the free spectral range
(FSR) of the Fabry-Perot interferometer
(FPI).? In this paper, we propose a new
method to stabilize the laser frequency at
the required value by locking the side-
band generated by passage through the
traveling-wave EO-modulator (TWEOM)
to a actively stabilized FPI. Moreover, we
report the result of frequency stabiliza-
tion and tunability of a SL using this
method.

Figure 1 shows the experimental ap-
paratus of the sideband-locked stabilized
SL. The FPI has FSR of 2 GHz, and its
length was piezoelectrically modulated at
a frequency of 20 kHz. The output beam
of a frequency stabilized He-Ne laser is
injected into the FPL By controlling the
length of the FPI to pass the maximum
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FO5 Fig. 1. Experimental apparatus

of sideband-locked stabilized

semiconductor laser. PBS: polarizing

beam splitter; DBM: double balanced

mixer; LO: local oscillator. 143
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FO5 Fig. 2. Variation of modulation
frequency of TWEOM and PZT voltage
used for controlling diffraction grating
angle of SL external cavity.

value of the He-Ne laser beam, the FSR
of the FPI can be stabilized.** The line-
width of Littrow-type external cavity SL
(780 nm, Hitachi Corp. HL7952G) is sup-
pressed by optical feedback to lower than
60 HMz measured by the scanning FPI
After the SL output beam passes through
a TWEOM, the spectrum of the SL gen-
erates sidebands. The frequency differ-
ence between the carrier and the side-
bands can be precisely controlled by the
modulation frequency of the TWEOM.
Therefore, by locking one of the side-
bands to the resonant frequency of the
stabilized FPI and controlling the fre-
quency difference between the carrier
and the sideband, the SL frequency can
be stabilized at the required value. The
SL frequency is stabilized by controlling
the diffraction grating angle with electri-
cal feedback from the signal detected by
a photo-diode. In this experiment, the
modulation frequency of the TWEOM
can be varied from DC to 1 GHz. By us-
ing this TWEOM, the gap between reso-
nant frequencies of 2 GHz can be covered
in the range in which the sidebands do
not overlap each other or the carrier.

Figure 2 shows the variation of the pi-
ezoelectric transducer (PZT) voltage used
for controlling the diffraction grating an-
gle of the SL external cavity, when one of
the sidebands was locked to the stabi-
lized FPI and the modulation frequency
of the TWEOM was varied from 300
MHz to 500 MHz. It is shown that the
PZT voltage varies following the modu-
lation frequency of the TWEOM. By this
operation, the frequency of the carrier
stabilized at 300 MHz from the FPI res-
onant frequency was varied smoothly by
200 MHz because the sideband was
locked, and was stabilized at 500 MHz
from the FPI resonant frequency. This re-
sult shows that the SL frequency can be
stabilized at a required value in the fre-
quency range which can be oscillated by
the SL without mode hopping.
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Technology, 4259 Nagatsuta, Midori-ku,
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A frequency resettable semiconductor laser
system for 1.2 THz frequency span at 1.5
micron wavelength

Takanori Saitoh,* Eric Durand, Motonobu
Kourogi,** Motoichi Ohtsu,** Kanagawa
Academy of Science and Technology, KSP East
Building, Room 408, 3-2-1 Sakado, Takatsu-
ku, Kawasaki, Kanagawa 213 Japan

A semiconductor laser source, whose fre-
quency is stabilized and resettable to a
definite value, is necessary to realize an
optical heterodyne communication. We
have developed such a laser system us-
ing an optical frequency comb (OFC)
generator and two semiconductor lasers
at 1.5 um wavelength. Figure 1 shows a
schematic explanation of this laser
source. The OFC generator is a Ti-LleO,
waveguide type of OFC generator.! An
optical waveguide (Anritsu SC3B01A)
working at 1.5 pm was used as a phase
modulator and an optical resonator was
formed by coating high reflection films
(refrectivities = 97%) on the two facets of
the waveguide. The linewidths of the
master and slave lasers were reduced to
1 MHz by employing an external cavity
structure using a grating. Figure 2 shows
a spectral envelope of the comb, i.e,
modulation sidebands, which was gen-
erated by the waveguide type OFC gen-
erator. This OFC generator could gener-
ate modulation sidebands whose power
was higher than —80dBm in the fre-
quency span as wide as 4.3 THz (=35
nm). The modulation frequency and the
modulation index were 13 GHz and 2 =,
respectively. Figure 3 shows a heterodyne
signal between a 47th modulation side-
band and a slave laser. A frequency dif-
ference between a master laser and the
slave laser was 0.6 THz. A frequency off-
set locking between the 47th modulation
sideband and the slave laser was carried
out by controlling the injection current of
the slave laser so as to nullify the phase
difference between the heterodyne signal
and a microwave local oscillator signal.
A capture range of the frequency offset
locked loop was =200 MHz for each

Master OFC AR
Laser Generator
Slave
Laser
Output
Phase llrlrijtenc
Comparator D‘v‘i|d=r Y
Amplifier

Microwave
,\/ Osciflator

P17 Fig. 1. Schematic explanation of
a frequency resettable semiconductor
laser system.
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P17 Fig. 2. Spectral envelope of an
optical frequency comb.
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P17 Fig. 3. A heterodyne signal
between a sideband and a slave laser
under the condition of frequency offset
locking.

modulation sidebands. The range of
modulation sidebands to which the slave
laser can be frequency-offset-locked, was
+0.6 THz around their carrier frequency,
i.e., the master laser frequency. It was es-
timated that this range could expand to
be up to 2 THz by reducing the noise of
the feedback system. The slave laser fre-
quency can be improved by locking the
master laser frequency to an absorption
line of molecular reference such as ace-
tylene? Usmg a multiplex OFC genera-
tion system,’ it is expected that one can
develop a frequency resettable laser
source which can cover almost whole op-
tical window region of a low-loss optical
fiber, i.e., as wide as 10 THz.

In summary, a frequency resettable la-
ser source at 1.5 pm wavelength was de-
veloped by using a waveguide type OFC
generator and two semiconductor lasers.
A frequency resettable range was =200
MHz for about 100 maculation sidebands
which were generated in the range of 1.2
THz around the carrier frequency.
*ANRITSU CORPORATION, 1800 Onna,
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of Science and Technology, KSP East Room 408,
3-2-1 Sakado, Takatsu-ku, Kawasaki 213, Japan

Wide-span optical frequency reference grids
(OFRG) are required as markers for accurate
control and sweep of lightwave frequency.
The OFRG covering 0.3-1.7 pum wavelength
region has been realized by employing the
technique of nonlinear optical frequency con-
version, e.g., SHG, SFG, and DFG, of highly
coherent semiconductor lasers by using inor-
ganic crystals.1

However, as the separation between any
two adjacent elements of this OFRG is about
10 THz or even larger, a secondary OFRG is
required to fill this gap. To meet this require-
ment, we have developed an optical fre-
quency comb generator (OFCG). The OFCG
is an optical phase modulator employing an
electro-optical crystal.” In order to realize a
high modulation efficiency, the crystal is in-
stalled in an optical cavity (see Fig. 1) and is
driven by a microwave whose frequency is
integral multiples of the free spectral range of
the cavity. Modulation sidebands are effi-
ciently generated and their spectra look like
a "comb." Thus, the OFCG can be used as a
THz signal generator, and furthermore, as a
sub-pico second optical pulse train generator.

A LiNbO; was used as the electro-optical
crystal and its facets were coated by high-re-
flection films to form an optical cavity. Figure
2 shows the envelope of the generated side-
bands by injecting narrow-linewidth diode
laser beam of 0.8-um wavelength. Measured
frequency span was 7.1 THz, containing more
than one thousand sidebands.

We have also fabricated a waveguide-
type OFCG by using a Ti-diffused LiNbO;
waveguide at 1.5-um wavelength. Although
the finesse of the optical cavity was low, a
modulation index as high as 3n was obtained

E-O Phase Modulater

CFGS5 Fig. 1. The structure of an optical
frequency comb generator.
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CFGS5 Fig. 2. Envelope of the generated
sidebands at 0.8-um wavelength observed by
using an optical spectrum analyzer. Its reso-
lution was 0.5-nm. Modulation frequency:
6.3-GHz.
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CFG5 Fig.3. Envelopes of the sidebands at
1.5-um wavelength generated when four
diode laser beams were simultaneously in-
jected into the waveguide-type optical fre-
quency comb generator. Modulation
frequency: 13-GHz.

due to high optical power density in the guid-
ing layer. Figure 3 shows the spectral profiles
of the envelopes measured when four diode
lasers with different wavelengths were si-
multaneously injected into the waveguide
viaa fiber coupler. Total frequency span of the
four envelopes was as wide as 12 THz, which
could cover the optical window region of the
optical fiber. Optical phase locking between
the adjacent family of sidebands can <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>