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Chapter 1 : Introduction

1.1 Prologue

Silica-based optical planar waveguide technology is promising to realize diversified
functional devices. Current requirements for optical devices are flexibility and cost
effective fabrication. Ultra violet (UV)-written silica-based planar waveguide devices
are alternative option which may meat the requirements. We first investigate
UV-written waveguide structures for future highly functional devices. Sampled Bragg
grating-contained waveguides are fabricated by UV beam fabrication technique.
Although silica-based waveguide devices have many advantages, they have less
tunability than semiconductor-based devices. Recently, carbon nanotubes (CNTs) for
optical device applications are attracted much attention because of their distinctive
features as an optical material. Structures of conventional devices based on CNTs are all
bulky, and they have difficulty in integration. Another difficulty of CNT-based optical
devices is the difficulty of CNT handling. Hybridization of silica-based optical waveguides
and CNT devices are investigated in order to achieve synergistic effects of the two and
compensate their disadvantages with each other. Furthermore, a novel handling method

of CNTs is proposed.

1.2 Research Backgrounds and Motivation

Scientists have intensively investigated the optical communication after the invention
of laser to employ higher frequency of lights than that of microwaves. In 1970, the
two historic inventions were made, thereby optical communication technology has been
developed in drastic speed since then. One was low loss optical fiber (20dB/km)
developed by Corning Corporation, and the other was continuous wave oscillation of

a semiconductor laser in room temperature explored by Bell Laboratory. These two
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innovations have brought us the optical communication which can transmit data in much
higher bit-rates than electric communication.

Enhancing the data rate have been realized by densifying the data in time domain,
and a recent data rate in research stage reaches the data rate of 160 Giga Bit/sec
(Gbps), 640Gbps or even higher [1]. However, high data rate systems require electronic
components which can handle high frequency as high as 100GHz, and these components
make the system cost higher. To increase the data transmission capacity for single
optical fiber in low cost, wavelength devision multiplexing (WDM) technique, where
the lights which have different wavelengths and signals with each other are transmitted
in a single optical fiber, was invented. Although the loss of optical fiber was reached
almost the theoretic limit (~ 0.153dB/km at 1.55 pm), the loss limits the transmission
length and is not low enough for submarine systems that enables intercontinental
communication networks without repeaters. Invention of Er doped fiber amplifier
(EDFA) allowed us to realize the submarine system by WDM system in low cost because
EDFA can simultaneously amplify multichannels without converting the optical signals
into electronic signals. Densification of frequency spacing of data signals (channel
spacing) in WDM systems have been improved from 100GHz to 50 or 25 GHz [2, 3]
reach the maximized spectral efficiency in the EDFA gain bandwidth. Thus, optical
communication systems cover and connect all over the world efficiently.

The optical communication systems were employed first in long haul systems.
Recent transmission systems with much shorter span length that adopt the
optical communication systems include metro networks and subscriber networks,
fiber-to-the-home (FTTH) and fiber-to-the-office (FTTO). Reconfigurability and
scalability of the network are required in such networks to manage the network traffic
efficiently to meet with the user demands. Therefore, the networks need functional and
flexible devices such as optical filters, optical add-drop multiplexers(OADMSs), optical
cross connects(OXCs), optical switches. Planar waveguide devices are the one of the
technologies which can realize the functional devices. Silica-based waveguides have a
lot of benefits, such as high compatibility with optical fibers, long term stability, and

low insertion loss. Figure 1.1 shows the various devices which have been realized by
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Fig. 1.1: Applications of silica-based planar optical waveguide devices [4]

silica-based waveguides [4]. Devices shadowed are the applications which include not only
silica-based waveguide devices, but also the hybrids of the silica-based waveguide and
semiconductor active devices. Thus, silica-based waveguide technologies are applicable
to broad areas.

The silica-based waveguides have been commonly fabricated with silicon (Si) large
scale integrated (LSI) circuit technology, such as lithography, etching, etc. Recently, a
fabrication technique of silica-based waveguides by UV beam scanning has been studied
[5].  Optical devices have to be low-cost especially for subscriber networks. Device
flexibility, low cost and novel device realization are expected by the technique. The
UV beam scanning technique is a main scope in this thesis.

The principle of UV beam scanning technique is the photosensitivity in silica-glass.

The photosensitivity in silica-glass is occurs in Ge-doped silica-glass. We can induce
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permanent refractive index change of Ge-doped silica-glass by irradiating UV beam
through photosensitivity. The photosensitivity first discovered by K.O. Hill [6] and
has been utilized for realizing various optical fiber-based devices, such as fiber Bragg
gratings (FBGs) [7], long period fiber gratings (LPFGs) [8]. In silica-based planar
waveguides, Bragg gratings are inscribed in waveguides and used as mirrors for external
cavity lasers [9], and OADMs with Mach-Zehnder circuits [10]. Compensating phase
errors of optical circuits originated from fabrication errors is another important usage of
photosensitivity [11,12].

Photosensitivity has a lot of usages as mentioned above. The waveguide fabrication by
UV beam irradiation was first reported by Mizrahi et al. [13]. In the report, they used
pulsed excimer laser source. They needed a mask for every targeted waveguide patterns,
however as a result, laser beam power was not efficiently used. When the dimension
of the waveguide pattern was larger than the laser beam spot, they had to scan the
spot [14] because it is difficult to obtain wide and uniform laser beam. On the other
hand, a method of scanning the focused UV beam spot from a continuous wave laser
has the benefits in that we can utilize laser power efficiently and fabricate the devices
without patterning masks. Various waveguide patterns have already been fabricated
by the technique, such as low loss waveguides [15,16], Y-shape power splitters [17],
directional couplers [18,19], Mach-Zehnder circuit based attenuators [20], and Bragg
grating written waveguides [21]. Silica-based waveguide based integrated devices have
many benefits. However, one of the drawbacks of the devices is small tunability. Tunable
devices can be realized only by thermo-optic (TO) effect have the response time is slow
(~10msec), so that the devices cannot be employed in future high speed communication
systems.

Recently, carbon nanotubes (CNTs) emerged as a novel attractive material for
photonics devices. The material has attractive features, such as mechanical and chemical
stability, fabrication simplicity, easy attachment and embedding, small footprint, high
third order nonlinearity, ultrafast saturable absorption, and ultrafast recovery time.
Optical properties of CNTs have been investigated by many researchers, and saturable

absorber applications were demonstrated [22-24]. However, the device structures were all
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Fig. 1.2: Topics of this thesis

bulky and not suitable for integration. The handling of the CN'Ts can be considered as an
additional problem since the CNT's have small footprint and difficulty in being dispersed
in common solvents. Thus, a novel method for easy and efficient handling of CNTs is
required. In order to overcome the drawbacks, CNT-based planar waveguide-type devices
will be required for further highly functional and integrated devices. In this work, we
study the combination of silica-based waveguides and CNTs in this thesis to achieve the
additional advantages from the two as well as to overcome the drawbacks. We propose
and demonstrate a technique to handle CNTs which is based on optical tweezers. Topics
of this thesis are illustrated in Fig. 1.2.

Our device concept investigated in this thesis is depicted in Fig. 1.3. By UV
beam scanning technique, we fabricate functional planar waveguide circuits, such as

directional couplers, Mach-Zehnder interferometers. UV beam scanning technique make
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Fig. 1.3: Device concept investigated in this thesis

easy to integrate Bragg grating based devices and planar waveguide circuits. One of
our objectives is to fabricate optically tunable Bragg gratings based devices by using
interaction with CN'Ts in planar waveguide strucuture. This device is realized by both
advantages of UV-written waveguides and CNTs. Another objective is deposition of
CNTs with optical tweezers onto top surface of planar waveguides to realize CNT based
planar waveguide type devices. Optical tweezers allow us to fabricate CNT based optical
devices cost effectively. In this thesis, we investigate on these three topics, UV-written
waveguides, CN'T based optical devices and optical tweezer for CNT manipulation, and

also study their combination.

1.3 Overview

This thesis is structured as follows.
In chapter 2, we study the fabrication of functional silica-based waveguide devices
by UV beam scanning. Comparison between two silica-based waveguide fabrication

techniques, conventionally used deposition and etching techniques and UV beam
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scanning technique, is explained. The cross sectional refractive indices of waveguides
fabricated by UV beam scanning are measured as fundamental data for further complex
device realization. Sampled Bragg grating-based devices are examined for integrated
multi-wavelength OADMs. We introduce multiple phase shift technique to decrease the
device size and densify the channel spacing of sampled grating.

Chapter 3 focuses planar waveguide-type CNT devices. First, fundamental properties
of CNTs are reviewed. We propose and demonstrate CNT-based planar waveguide-type
devices. For the first step of planar waveguide-type CN'T device, we fabricate a saturable
absorber in planar structure. The saturable absorber is used to modelock a fiber ring laser
to achieve femtosecond pulses. All-optical switching with nonlinear optical loop mirror
configuration is also demonstrated using planar waveguide-type CNT-based nonlinear
device.

In chapter 4, we propose, for the first time, to use optical tweezers to handle the CNT's
in fabricating optical devices. We deposit CNTs employing the optical tweezers onto only
a desired core region of fiber end facet . We also propose to use optical reflectometry to
monitor the CN'T deposition to control the CNT layer condition precisely. We present
the formation of sphere-shaped super structures of the CNTs only by optical tweezers
without any chemical functionalization.

Finally, summary of this thesis is added in chapter 5.



Chapter 2 : Fabrication of Silica-Based
Optical Channel Waveguides by UV

Beam Scanning

2.1 Introduction to This Chapter

In this chapter, we study UV beam scanning technique and fabrication of functional
devices by the technique. Section 2.2 introduces a comparison between conventional
process and UV beam scanning technique. Principle of UV beam scanning technique,
photosensitivity in Ge-doped silica-glass, is also introduced.

For further sophistication of the devices which will be fabricated by UV beam scanning,
more fundamental data is necessary. In section 2.3, we present structure characterization
of silica-based optical channel waveguides fabricated by UV beam scanning technique.

Section 2.4 regards with fabrication of Bragg grating based devices by using only UV
beam scanning technique. We fabricate optical channel waveguides containing sampled
Bragg gratings, and introduce multiple phase shift technique to densify the channel
spacing of sampled Bragg gratings.

2.2 Fabrication Techniques of Silica-Based Optical

Channel Waveguides

2.2.1 Conventional Fabrication Technique

Generally, the optical waveguides have the structure where high refractive index material
is surrounded by low refractive index material. A light is guided by total reflection
at the boundary of the two materials. High and low refractive index regions are

called “core” and “cladding”, respectively. Functional devices have been realized by
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diversified waveguide patterns. The two materials are based on silica-glass in silica-based
waveguides. Doping of germanium (Ge) increases a refractive index of silica-glass, and
doping fluorine (F) or boron (B) into silica-glass decreases the refractive index of the
glass. These techniques are used in silica-based optical fiber fabrication. By these
techniques, we control the cross sectional refractive index profiles. In general, we just
dope Ge into the core region to form the refractive index difference of core and cladding.

Typically, silica-based planar waveguides are fabricated on silicon (Si) substrates.
Figure 2.1 shows the conventional fabrication process of silica-based planar waveguides
[25].

The process is as follows.

1. Depositing under-cladding layer and core layer by depositing glass particles with
flame hydrolysis deposition (FHD) method

2. Pattering desired waveguide design by lithography followed by reactive ion etching
(RIE) to get ridge waveguides

3. Covering core ridge with over-cladding by FHD method

RIE
Core
Q?\ HD
S Si0,-GeO, glass
— | particles
—__ SiO, glass particles @ FHD
O SiO, glass particles
Consolidation
—+— Core layer -
— Under cladding & Consolidation

- Over claddin
[ ’

Fig. 2.1: Conventional fabrication process of silica-based waveguides [25]
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As explained above, silica-based waveguides are fabricated by silicon large scale
integration (LSI) technology, and the technology is well matured during the long history.
However, the technique is complicated and high cost. On the other hand, optical devices
require the lower cost and flexibility. To meet with these requirements, one of the option
is to fabricate silica-based waveguides by UV beam. The next subsection introduces

principle of UV beam induced silica-based waveguide fabrication, photosensitivity.

2.2.2 Photosensitivity

The phenomenon which is denoted “photosensitivity” in this thesis represents UV
induced refractive index change in silica-glass. This phenomenon strongly occurs in
Ge-doped silica-glass, the material of core in silica-based optical fibers and waveguides.
Fiber Bragg gratings (FBGs) and long period fiber gratings (LPFGs) are the main
applications. In general, the refractive index of UV irradiated glass increases. K.O. Hill
first discovered the photosensitivity when he observed a formation of a Bragg grating
by injecting 488nm Ar-ion laser into optical fiber [6]. After then, scientists found that
the refractive index change was caused by two photon absorption, and the Ge-doped
silica-glass had an absorption band in UV light region [26]. The initial attainable
refractive index change was in the order of 107°. This value is not large enough
to fabricate waveguides or the complicated fiber Bragg gratings. Subsequently, high
pressure hydrogen loading was discovered to enhance the photosensitivity drastically [27],
and the refractive index increase reached up to the order of 1072 [13]. This value is as high
as that of the refractive index difference between the cores and the claddings of optical
fibers. The refractive index change depends on conditions of glasses, such as glass-type,
Ge concentration, the wavelength of the UV source, whether continuous wave laser or
pulsed laser, power density, whether hydrogen loaded or not, etc [28].

We review the photosensitivity in Ge-doped silica-glass, hydrogen loading technique
and the mechanism of the photosensitivity in followings. Photosensitivity had been
recognized to be inherent in UV light, at the wavelength of 240~250nm, and in highly
Ge-doped core of silica fibers. It was found that the light at the other wavelength could

10
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induce the refractive index change, and optical fibers having other dopants also possesed
photosensitivity. Photosensitivity was revealed even in the glass without OH groups [13].
However, there is no any other atoms which enhance photosensitivity better than Ge.
Therefore, optical absorption around 240nm wavelength range is very important. 240nm
wavelength is corresponds to the photon energy of 5eV.

The origin of photosensitivity is defects in Ge-doped silica glass. In Fig. 2.2, the defects
in Ge doped silica glass are depicted. The defect which contributes to photosensitivity is
called neutral oxygen mono vacancy (NOMV), a direct bonding between two Ge atoms.

During high temperature process, GeO, is decomposed to GeO molecule (Ge*")
because GeO molecule is stable at high temperature. The GeO molecules tend to form
“Ge - Ge” bondings (NOMV) and contribute to the index change. Therefore, doping
concentration of GeO, directly determine sensitivity to the index change. NOMV forms
an absorption band which has the center wavelength around 240nm. When UV light
which has the wavelength in the absorption band is irradiated, the bonds break, and
glass matrix changes as shown in Fig.2.3 . Subsequently, absorption peak changes, and
the refractive index changes due to Kramers-Kronig relationship. Another origin of

refractive index change is strain change in the glass. Glass matrix change results in

NODV
@ Neutyal Oxygen Mono Vacancy

Fig. 2.2: Various defects in Ge-doped silica glass

11



Chapter 2: Fabrication of Silica-Based Optical Channel Waveguides by UV Beam Scanning

strain distribution change in the glass. The strain change causes refractive index change
because of elasto-optic effect.

Since the photosensitivity was discovered, the studies about photosensitivity focused
on not only the mechanism but also how to enhance photosensitivity. Typical Ge-doping
concentration of 3% into silica-fiber core produces refractive index change of 1075 order.
High concentration of Ge allows to get refractive index change of 107® order [13].
However, enhancing photosensitivity of standard single mode fiber (SMF) is necessary to
keep compatible with optical communication systems. Enhancement of photosensitivity
in standard SMF was revealed by high pressure hydrogen loading technique, and
refractive index change exceeded 1072 [27].

High pressure hydrogen loading technique enhances photosensitivity by diffusion of
hydrogen into silica-glasses with keeping silica-glasses in hydrogen atmosphere at 20
~ 75°C in 20 ~ 750 atm (typically around 150atm) for 2 ~ 3 weeks. Hydrogen can
be diffused over 95% of saturation concentration even by treating hydrogen loading
at room temperature. Formation of OH-groups by hydrogen diffusion enhances the
photosensitivity because they absorb the electrons which emerge in the reaction which
was shown in Fig. 2.3. The reaction is not perfectly one-way. In a certain probability,
opposite reaction occurs and the refractive index change is suppressed. Absorption of the
electrons by OH-group prevents the opposite reaction. In Fig. 2.4, absorption spectrum
change due to hydrogen loading is shown [29]. The longer hydrogen loading treating
time, the stronger absorption band around 240nm wavelength range was formed. The
spectrum change indicates the enhancement of photosensitivity.

One of the benefits of high pressure hydrogen loading technique is that the technique

Fig. 2.3: Reaction when refractive index changes
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Fig. 2.4: Absorption spectrum change depend on hydrogenation time [29]

is applicable to various kinds of silica-glass, such as less concentration of Ge or lack
of Ge silica~glass. Another benefit is excess loss due to the technique is negligible
because hydrogen atoms in the area without UV light irradiation will out-diffuse. The
wavelength band which loss increase due to the technique are 1.39um band and 1.41um
band due to absorption of Si-OH bonding and Ge-OH bonding, respectively. The loss at
the wavelength bands can be avoided by using deuterium instead of hydrogen, because
absorption band shift to longer wavelength band, around 1.7um [13].

Mechanism of refractive index change starts from light absorption is often explained
mainly by Kramers-Kronig model and compression model. Typical Kramers-Kronig
model is that the refractive index change is calculated by absorption spectrum change.
During the UV-induced refractive index change process, NOMYV absorbs the UV light,
releases an electron, atom arrangement changes, and finally the absorption spectrum
changes. Refractive index and absorption spectrum change have the relationships which

is expressed as next formula.

An()) = 2;P/OOO W@ 2.1)

where P is main value of integration, A is the wavelength, Aae.g the difference of
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effective optical absorption coefficient. Aaeg is expressed in terms of the length of a
sample(L) as
1 L
Acea()) = (L) / Aa(), 2)dz (2.2)
0

Since the irradiated UV light is attenuated by absorption, we have to consider effective
optical absorption coefficient.

However, only by the model UV induced refractive index change cannot be explained
clearly. The value of the refractive index change which was calculated from this model
had big difference with the value of experimental result [30]. To explain the difference,
usually compaction model is used additional to Kramers-Kronig model. The atom
rearrangement due to UV light absorption results in physical compaction of the glass.
There is a report which represents observation of glass compaction with a microscope in
the preform of optical fibers [31]. The compaction is typically originated from the atom
rearrangement shown in Fig. 2.4. The bondings from Ge atom are three dimensional
in left hand side in Fig. 2.4. On the other hand, in right hand side the bondings from
Ge atom are all in the same plane, two dimension. This change of dimension denotes
the glass is compressed from three dimensional structure to two dimensional structure.
Hence, UV irradiation increase refractive index of Ge-doped silica-glass.

In this thesis, we utilize the refractive index increase to fabricate optical channel
waveguides. We form the refractive index difference between core and cladding by
UV-induced refractive index increase. Next subsection explains fabrication process of

silica-based optical channel waveguides by UV beam scanning.

2.2.3 Fabrication Technique by UV Beam Scanning

The fabrication process of UV-written waveguides is illustrated in Fig. 2.5.
Under-cladding layer, Ge-doped layer, over-cladding layer are deposited on the Si
substrate by single FHD process and consolidated. We scan focused UV beam spot in
desired waveguide pattern, and only the refractive index of Ge-doped layer increases. The
refractive index increase forms the refractive index contrast between core and cladding.

Through the process, we get desired waveguide pattern. Typically, the silica-based

14
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Fig. 2.5: Fabrication process of silica-based optical channel waveguides by UV beam
scanning

optical waveguides have the refractive index difference (delta, A) as high as 0.2 ~
0.3 %. However, the refractive index increase only originated from Ge-doping is not
enough for the light confinement. It is difficult to achieve the refractive index difference
of 3x 1073 ~ 5 x 1073 by UV-induced refractive index increase. Therefore, we treat
the samples hydrogen loading in advance. We keep our samples in 130atm hydrogen
atmosphere for 1 week. The hydrogen loaded samples are kept in -70°C to prevent out
diffusion of hydrogen atoms because diffused hydrogen atoms are not stable in the glass
at room temperature.

After waveguide fabrication by UV beam scanning, we anneal the sample in high

temperature. The annealing process have two meanings.

e Removing the bondings which are unstable at room temperature

e Out-diffusing the hydrogen atoms which did not react during UV irradiation

15
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The out-diffusion of hydrogen atoms has two meanings.

1. As well know from history of optical fiber fabrication, OH-group in silica-glass form
1.4 pm absorption band and propagation loss drastically increase within the band.
Out-diffusion of hydrogen reduces the 1.4um band propagation loss. However,
annealing process cannot out-diffuse all the OH-groups and weak absorption occurs
in the wavelength band. The absorption loss can be avoided by not using 1.4um
band or using deuterium instead of hydrogen for loading process. Deuterium
loading enhances photosensitivity, and absorption band is formed at 1.7um band,
not in 1.4 ym band. However, in this thesis, we use hydrogen instead of deuterium

because of the high cost of deuterium.

2. Hydrogen or deuterium atoms are unstable in silica-glass, therefore samples are
reserved in low temperature. At room temperature the atoms will out-diffuse and
the waveguide characteristics will change. The time-dependent change is prevented

by annealing-induced hydrogen out-diffusion process before the device use.

Distribution of refractive index pattern along a waveguide can be easily formed by
changing UV beam irradiated power. Bragg gratings are based on refractive index
perturbation along a waveguide, and they are useful to realize functional devices with
high integration and low loss. Functional devices based on Bragg gratings will be further
examined in section 2.4. Subsection 2.2.4 introduces experimental setup for waveguide

fabrication by UV beam scanning.

2.2.4 Experimental Setup for Waveguide Fabrication by UV

Beam Scanning

The experimental setup for waveguides fabrication by UV beam scanning is shown in Fig.
2.6. We use a frequency doubled Argon (Ar) ion laser for UV light source. An Ar-ion
laser is a gas laser which utilizes excited states of Art-ion, and posses several lasing
wavelengths in visible region. In this thesis, we select fundamental mode of 488nm

wavelength, and generate UV light of frequency doubled 244nm continuous wave (CW)
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light by inserting a second harmonics generation (SHG) crystal into the laser cavity.
The SHG crystal is inserted into laser cavity, and purged by nitrogen to be blocked from
humidity in air. The output light has beam diameter of 0.6~0.8mm, ~100mW output
power and 100:1 horizontal polarization.

To start the setup, we first insert a SHG crystal into laser cavity and align the laser
cavity. Front and back mirrors, the SHG crystal position and angle are controlled to
maximize the UV light output power. Since effective cavity changes by thermal effect due
to a lasing light in the laser cavity, it takes about an hour for warm-up to get stable laser
output. Typical maximum output power is about 100mW. If the cavity is considerably
misaligned, we first align the 488nm fundamental mode laser cavity to maximize 488nm
laser output, and align the 244nm cavity through the procedure explained above. During
the two cavities alignment, laser optics must be changed for each wavelength.

As explained above, the laser cavity needs alignment for every use, and optical path
changes every time. Therefore, we have to align the optical path every experiment.

First, angles of mirrors are adjusted without a lens so that an angle of incident to a

shutter
244 nm continuous wave slit
Frequency Doubled | ; \Tror
Ar-ion Laser | I
|
lens
Scan - = )(\

\

’
!
@ \\l substrate | P
N - vacuum

‘ ~@=—= chuck
XY stage

XY stage

Fig. 2.6: Experimental setup for waveguide fabrication
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sample is roughly perpendicular. After a lens is inserted, we adjust optical path to go
through center of the lens. The mirrors are aligned so that only a beam spot size changes
without shifting the incident position by moving the lens. When the path is shifted from
the center, the incident position at the sample moves by moving the lens up and down.

By the procedure mentioned above, the mirrors and lens are roughly adjusted, and
we perform succeeding precise alignments. The opposite direction light is used for final
precise alignment. We adjust the mirror angles so that the reflected light propagates
through the same optical path in opposite direction.

Then, we insert a slit to eliminate fringes of the laser beam. The output laser
beam profile has fringes because of phase match condition with SHG crystal. However,
narrow slit causes strong diffraction. Therefore, the width of the slit is adjusted with
observing the beam profile just before the lens. A shutter is inserted to select UV beam
irradiate position. In case that lens position is in proper position, we can observe the
red luminescence, and adjust the lens to get the strongest luminescence.

UV beam spot is aligned with the procedure mentioned above. To fabricate a
waveguide, we scan the focused spot desired waveguide pattern by moving a XY
translation stage where a sample is fixed. After the use, we take out the SHG crystal
and stop the nitrogen purging. Therefore, we need optical alignment for every use of the
laser.

Experimental setup for waveguide fabrication by UV beam scanning is constructed
and aligned as explained above. From next section, we investigate silica-based optical

channel waveguides fabricated by UV beam scanning.
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2.3 Structural Characterization of Silica-Based

Optical Channel Waveguides

2.3.1 Introduction

Structures and properties of silica-based waveguides fabricated by the conventional
process which were explained in 2.2.1 have been well studied in their long history. On
the other hand, those of waveguides fabricated by UV beam irradiation are not fully
investigated. One of the reason is the fabrication technique does not have long history
compared with the conventional technique. The another reason is the waveguides do
not have the steep refractive index distribution, and the refractive index profiles make
an analytic study difficult. Since Mizrahi et al. first reported the fabrication of a
silica-based optical channel waveguide by UV beam irradiation [13], all most all of the
reports were focused on the fabrication of functional devices, such as optical power
splitter [17, 18], directional coupler [18], Bragg grating [21]. There are few reports which
have studied about the waveguide characteristics [32-34]. However, the reports are
indirect study such as constructing a model from microscope image or using scanning
near-field optical microscope (SNOM) to measure asperity of waveguide top. For further
highly functional and integrated devices, we investigate on the structural characterization
of the waveguides. In this section, we present structures of silica-based waveguides

fabricated by UV beam scanning measured by refracted near field method.

2.3.2 Refracted Near Field Method

The basic physical characteristics of optical waveguides are given by cross-sectional
refractive index distributions. From the distributions, we can derive all optical
characteristics, such as mode profiles, dispersions, etc. However, characteristics of planar
optical waveguides cannot be calculated analytically in spite of some certain waveguide
profiles. Therefore, we simulate the waveguide properties by numerical analysis, such
as finite element method, beam propagation method. Cross sectional refractive index

profiles provide fundamental datas for the numerical analysis. The refracted near
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field method is the most advanced technique to measure refractive index profiles of
optical fibers [35] and optical planar waveguides. Since a reflection from Si substrate
affects the measurement accuracy, simple refracted near field method cannot be used
to silica-on-silicon planar waveguides. The experimental setup of refracted near field
method for silica-on-silicon waveguides is modified from that of optical fibers as shown
in Fig. 2.7.

Basic principle of refracted near field method is Snell’s law. A laser is focused on
the sample, and the intensity of the rerefracted light is measured to calculate refractive

index. We place the sample vertically and irradiate the focused laser at 656.5nm onto

Half-disk detector S0, Si
: —
\ Mask
core
\\\ /
\\\ ‘/

~ n(x,y)

< ﬁ‘ » Objective Lens

Light

Fig. 2.7: Experimental setup of refracted near field method [36]
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an end facet by an immersion objective lens. The sample cell contains index matching
oil to prevent reflection from various boundaries. It is necessary that the end facet is
perpendicularly cleaved and refractive index profile does not change along the waveguide
for about 1mm from the end facet. Three quarters of parallel beam were blocked to
prevent any light reflected from silicon substrate. For each (z,y) position, the detector
signal correspond to refracted light intensity I(x,y) is measured. From the I(z,y) datas,

refractive index profile n(z,y) is calculated.

2.3.3 Experimental Results and Discussion

First, we fabricated channel waveguides by UV beam scanning in various scanning speeds,
1000, 500, 250, 100, 90, 80 ,70, 60, 50 ,40 , 30, 20, 10 um/s. The waveguide fabrication
setup was just same as explained in subsection 2.2.4, Fig.2.6. We used UV beam at
244nm from a frequency doubled Ar-ion laser which has the optical power of 70mW
after the slit. The beam was focused down to around 5um at the sample. The substrates
had a silica-on-silicon three-layer structure which was deposited by the FHD method.
The thickness of the under-cladding layer, the Ge-doped layer and the over-cladding
layer were 15, 6, 30um, respectively. The refractive index difference between Ge-doped
layer and cladding layers was 0.75%. To enhance the photosensitivity, the substrates had
been loaded with hydrogen at 130 atm for 1 week. After UV scanning, the substrates
were annealed at 80°C for 24 hours to stabilize the UV-induced refractive index change.
We measured cross sectional refractive index distribution with the refracted near field
method.

Figures 2.8, 2.9 and 2.10 show the examples of cross sectional refractive index profiles of
the waveguides measured at 656.5nm. The refractive index distribution of the waveguide
fabricated at 30um/s was found to be the most square contours. In Fig.2.11, the
maximum refractive index increases of each waveguides are shown. The maximum
refractive index increases was saturated around 0.01 at scanning speeds slower than
100pm/s. Figures 2.12 and 2.13 show the horizontal refractive index distributions at the

mid-plane of Ge-doped layers and vertical refractive index distributions at the center of
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Fig. 2.8: Cross sectional refractive index distribution of the waveguide fabricated at the
scanning speed of 10um/s
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Fig. 2.9: Cross sectional refractive index distribution of the waveguide fabricated at the
scanning speed of 30um/s
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Fig. 2.10: Cross sectional refractive index distribution of the waveguide fabricated at the
scanning speed of 1000um/s
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Fig. 2.12: Horizontal refractive index distribution at mid-plane of Ge-doped layer

the waveguides, respectively. The refractive index distributions had the Gaussian profiles
in the horizontal direction, and the refractive index distributions were almost uniform in
the vertical direction. The channel width actually became wider as the scanning speed
became slower (Fig.2.14). We defined the waveguide width as the horizontal full width
of 1/e maximum at the mid-plane of the Ge-doped layer. With slow scanning speed,
the saturation of refractive index increase occured at the center of the UV beam spot,
whereas it did not occur at the other area. Thus, by changing the scanning speed,

we can control effective channel width. The controllability indicates that there is an
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optimum scanning speed for minimizing coupling loss between the waveguide and SMF.

On the other hand, the waveguides fabricated by slow scanning speed could be affected

by deviation of experimental conditions, such as vibration and fluctuation of UV beam

power. Therefore, there is an optimum scanning speed for minimizing propagation loss.

Propagation loss and coupling loss can be optimized by changing the scanning speed.

This is an advantage of this waveguide fabrication technique.
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2.4 Fabrication of Optical Channel Waveguides
Containing Sampled Gratings

2.4.1 Introduction

Since writing Bragg grating into silica-based optical fiber was first demonstrated by
K.O. Hill [6], FBGs have been intensively studied for OADMs, dispersion compensators,
optical sensor heads, etc. There are several types of Bragg gratings, uniform
Bragg gratings, phase shifted Bragg gratings, chirped Bragg gratings, sampled Bragg
gratings, etc [7]. Writing Bragg gratings into waveguides are promising technique to
realize functional and integrated devices. Bragg gratings are periodic refractive index
perturbations along the optical waveguide, and the structure can be written by UV beam
irradiation. Thus, Bragg gratings and UV beam scanning technique well match with each
other.

Sampled Bragg gratings are suitable for WDM systems because we can handle multiple
wavelength simultaneously with a single device. Sampled gratings are reflection type
filters which have comb-like reflection spectrums. Applications are multiwavelength
filters (multiwavelength OADMs and interleavers) [37,38], multiwavelength dispersion
compensators [39-41], filters for light sources, etc. Integration of sampled gratings with
other functional component decreases the number of required devices in the optical
communication systems. To handle the many signals with a single sampled grating,
we need the sampled grating which has a wide bandwidth and dense channel spacing.
However, widening the bandwidth and densification of the channel spacing is difficult
in some aspects, especially in planar waveguide structure. For example, longer device
size is necessary for sampled grating to densify its channel spacing. Since the device
length of planar waveguides directly correspond to device cost, elongating the sampled
grating should be avoided for planar waveguide devices. In this section, we investigate
on the fabrication of silica-based waveguides containing sampled gratings by UV beam
scanning. We first fabricate the simple sampled gratings in subsection 2.4.4, and we

introduced multiple phase shift technique [42] in subsection 2.4.5 to solve the device
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elongation problem.

2.4.2 Principles of Bragg gratings and Phase Mask Method

The periodic refractive index perturbation along the optical waveguides work as
band-reflection filter, and they are called “Bragg gratings”. Bragg gratings, for instance,
which reflect the 1.5um light have about 500nm period of the refractive index in
silica-based waveguides.

In Fig.2.15, schematics of Bragg gratings is shown. When a light propagates through
a Bragg grating, the light is slightly reflected at every position where the refractive
index changes. The reflected light grows if the lights which are reflected at the different
positions have the phase difference which is multiple of 27. In case the phase difference is
2w, the Bragg grating is especially called “fundamental Bragg gratings”. Reflected light
intensity depends on modulation depth of the refractive index and the length of the Bragg
grating. The reflection wavelength (Ag) corresponds to the period of the refractive index
perturbation. The wavelength and the period are called “Bragg wavelength” and “Bragg
period”, respectively. The reflection which have induced by fundamental Bragg gratings
is called “fundamental reflection”, and the wavelength of the light is called “fundamental
Bragg wavelength”. In case that phase difference is 47, the wavelength is called “second
order Bragg wavelength”. Generally, we use the fundamental Bragg wavelength. Bragg
gratings written in optical fibers are called “Fiber Bragg Gratings (FBGs)”. The lights
which are not at the Bragg wavelength propagate through the Bragg grating because the

phase matching conditions are not satisfied.

Fig. 2.15: Schematics of Bragg gratings
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Bragg wavelength Ap is expressed as

)\B = 2neffA (23)

where n.g is an effective refractive index of a waveguide and A is a period of refractive
index distribution. For a single mode waveguide, only a single wavelength match with the
Eq. 2.3. However, a birefringence generate two different reflection peaks for transverse
electric (TE) and transverse magnetic (TM) mode. The silica-on-silicon waveguides
usually have birefringence due to the strain from the silicon substrate. Therefore, the
Bragg wavelengths of TE and TM modes are different in the waveguides.

Figure 2.16 shows the schematics of considering Bragg gratings in wave number
domain. Black and white circles represent core-modes and cladding-modes, respectively.
Shadowed region express radiation modes, and the radiation modes have the continuous
propagation constant(/3). The lights which have negative propagation constants

13

propagate in “—z” direction. If the propagation constant (1) of the light change into
B2 by 27 /A perturbation due to the periodic refractive index distribution and [, is the
propagation constant which the light can propagate in the waveguide, the light will be

reflected by the Bragg grating. (3 is expressed as

m=-1 m=20
At o
~. 0,
=_ 2n
< B,=-By (_I)X
p
2nn, 27nn,,
A A

Fig. 2.16: Schematics of wave number domain
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P =1+ WQI (2.4)

For single mode waveguides, 35 which satisfy the Eq. 2.4 is only y = —f;. m = —1
represents the fundamental Bragg reflection. To increase the reflectivity of a Bragg
grating, the modulation depth of refractive index and the elongation of the Bragg grating
is necessary. Narrowing the reflection band of the Bragg grating can be realized by
elongation of the length.

There is non-uniform Bragg grating which is called “apodized Bragg grating”. The
apodized Bragg gratings have the distribution of the modulation depth of the refractive
index along the waveguides. The apodized Bragg gratings are used to suppress the
sidelobes which strongly emerge in uniform Bragg gratings [7,43-45]. In general, we use
apodization profiles of commonly used profiles, such as Gaussian, Sinc, etc.

Here, the fabrication methods of Bragg gratings are explained. K.O. Hill et al. [6] first
fabricated Bragg gratings by using counter propagating beams. By this method, the
wavelengths of writing and reflection lights are identical, and there is no controlability
to fabricate Bragg gratings which have various Bragg wavelengths. For example, the
period of refractive index distribution of Bragg gratings is around 500nm for 1550nm
reflection band in silica-based waveguides. The sub-micrometer order periodicity cannot
be written by focused UV beam because of the diffraction limit. Then, a technique
of transversely irradiating interference pattern in suitable angled two UV beams was
invented. There are two major methods to form interference patterns, the two beam
interference method [46] and the phase mask method. Emmerson et al. proposed and
demonstrated the simultaneous fabrication of silica-based optical channel waveguides
and Bragg gratings by two beam interference method [21]. This method needs precise
control of two beam interference angle and UV irradiation position. In this work, we
employ phase mask method because of its simplicity.

A schematic of phase mask method is illustrated in Fig. 2.17. Phase mask is a quarts
substrate which has periodic grooves (period d and groove depth d,). The UV beam is
separated into +1st and -1st diffraction beams after the phase mask. The two diffracted

30



Chapter 2: Fabrication of Silica-Based Optical Channel Waveguides by UV Beam Scanning

UV interference pattern

Phase Mask ‘ ‘nin‘
]

- (101 Y]] N 1

! | —_— 1 - = -]~ .9

1 ~alifme— _,J*_ L LL \ <4— Over cladding layer
o /[ \ / \ 4 Ge-doped layer

e [\ /  \__ <4 Under cladding layer

pattern pitch -1

A=diz
A
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beams interfere with each other and form a interference pattern which has a period of
d/2. The periodic UV beam power distribution which correspond to the interference
pattern is written into the silica-based waveguides. The depth of the grooves (dg) is
designed to suppress the Oth order diffraction beam. The advantages of the method are
its simplicity and reproducibility.

In this subsection, we introduced basics of Bragg gratings. Next subsection 2.4.3
explains our main topic of this section, sampled Bragg gratings and multiple phase shift

technique.

2.4.3 Sampled Gratings and Multiple Phase Shift Technique

Here, we introduce the basic principle of sampled gratings. Sampled gratings consists of
several separated individual Bragg gratings as shown in Fig. 2.18. Sampled gratings have
a multiwavelength reflection spectrum originated from the Fabry-Perot interference. The
width of the spectrum envelope is inversely proportional to the length of individual Bragg
gratings (L,), and the channel spacing (Af) is inversely proportional to the sampling

period(Lg). Therefore, to achieve dense channel spacing and wide-bandwidth, writing
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Fig. 2.18: Schematics of Sampled gratings
(a) Schematics of refractive index distribution of sampled grating and fabrication method
(b) Relation between reflection spectrum and sampled grating parameters

short individual grating with long sampling period is necessary. However, the total length
becomes long for high reflectivity because the individual gratings are short. Multiple
phase shift (MPS) technique can solve the problem [42].

The channel spacing (Af) is expressed in terms of the speed of light in vacuum (c)

and effective refractive index (neg) as

. C
N 2neffLs

Af (2.5)

From this equation, sampling period becomes 2L to densify channel spacing to be A f/2,
and the total length needs twice length (2Lia1) to maintain the reflectivity. In like
manner, sampling period becomes 3Ls to densify channel spacing to be Af/3, and the
total length is 3 Liotar-

By MPS technique, we can densify channel spacing without elongating sampling
period. For example, we can halve the channel spacing to Af/2 by applying phase shift
between individual Bragg gratings as 0, 7, 27, 37, - - - or 0, 7, 0, 7, 0, w. Triple densification
can be realized by applying phase shift as 0,27/3,47/3,67/3,--- or 0,27/3,47/3,0, - - -.
In the two cases, the total length of sampled grating (Liota) is maintained. To densify

channel spacing to be A f/m, phase shift (¢;) between kth and (k+ 1)th Bragg gratings
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Fig. 2.19: Schematics of Multiple phase shift technique

is expressed as,

=T (k—1)

[0 <k < Ngg|
m

(2.6)

where Npg expresses total number of Bragg gratings. By applying these phase shifts,
channel spacing will be densified to be 1/m.
In the next subsection 2.4.4, we represents the fabrication of sampled Bragg gratings

by UV beam scanning.

2.4.4 Sampled Grating Fabrication

First of all, we prepared the silica-on-silicon substrates which had been treated hydrogen
loading. The substrates had silica-on-silicon three-layer structures which were deposited
by the FHD technique. The thickness of the under-cladding layer, the Ge-doped
layer and the over-cladding layer were 15, 6, 30um, respectively. The refractive index
difference between Ge-doped layer and cladding layers was 0.75%. We treated the
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substrates hydrogen loading at 130 atm for 1 week. The substrates were ready after
the hydrogenation process.

We fabricated optical channel waveguides containing sampled gratings in two steps
(Fig.2.20). First, we fabricated uniform channel waveguides by scanning the focused UV
beam. Then, we exposed the UV beam through the phase mask to write sampled Bragg
gratings.

Experimental setup was explained in section 2.2.4, Fig.2.6. After fabricating a uniform
waveguide at the scanning speed of 100um/s, we removed the lens to make the beam
parallel, and fixed a phase mask which had 1068.52nm pitch just above the waveguides.
The length of the individual Bragg gratings were controlled by a slit. We measured
the waveguide transmission spectrum by butt-coupling SMFs with index matching oil to
suppress Fresnel reflection.

Figure 2.21 shows the transmission spectrum of the 10mm-long waveguide containing
sampled gratings whose individual gratings length is 300 and 500pm. The number of
gratings was 10. Sampling period was 1mm which correspond to 100GHz channel spacing.

Sampled gratings which have the channel spacing of 100GHz(0.8nm) were successfully
fabricated. The reflectivity was as high as 99%. Sampled Bragg gratings which have
shorter length of individual Bragg gratings have the wider bandwidth of reflection
envelope. Since the waveguides posses birefringence, whole the reflection spectra of

TE and TM modes was shifted with each other. To achieve polarization independence,

0,
100um/s uv
~5pum =» Scan
M 1

Fig. 2.20: Schematics of Sampled grating fabrication process
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Fig. 2.21: Transmittance spectrum of waveguide containing sampled grating
(a)TE mode (b)TM mode

we have to eliminate the birefringence. However, only by UV beam scanning technique,
it is difficult to solve the problem. We usually make a groove beside the waveguides to
protect the waveguides from the strain due to the Si substrate.

From Fig. 2.21, the number of channels seems to be small. However, from the reflection
spectrum in Fig. 2.22 shows the more reflection channels which are hided by the high
reflectivity channels in 2.21. Since there was a coupling loss between the waveguides

and SMFs, we could not measure reflectivity. The reflection spectrums in Fig. 2.22
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Fig. 2.22: Reflectivity spectrum of waveguide containing sampled grating
(a)TE mode (b)TM mode

are calculated from the transmission spectrum in Fig. 2.21. Although there is a large
background reflection about -10 dB in Fig. 2.22, this does not represent actual reflection.
Small deviation in the data of transmission spectrum causes large difference in reflection
spectrum because we calculated reflectivity from transmittance. Therefore, only the
reflection peaks have the meanings in Fig. 2.22. The large side peaks in every channels
might be caused by the reflection of UV beam from Si substrate affected the Bragg

gratings. We successfully fabricated the optical waveguides containing sampled grating
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which have 100GHz channel spacing and 99% reflectivity. To enhance the channel density,

we introduce MPS technique in the next section.

2.4.5 Fabrication of Sampled Grating with Multiple Phase
Shifts

In this subsection, we examine the densification of channel spacing with MPS technique.
There are several methods to induce the phase shift between the individual Bragg
gratings, such as shifting the phase of Bragg gratings, UV beam irradiation, thermo-optic
effect, opto-elastic effect. We used the simplest method to introduced the phase shifts,
the UV beam induced refractive index change.

Figure 2.23 shows the waveguide design for double densified sampled grating (m =
2). We fabricated waveguides containing MPS introduced sampled gratings in two steps
(Fig. 2.24). First, we fabricated a straight waveguide which has a periodic refractive
index distribution like long period grating by periodic UV beam scanning speed. The
period of twice of the sampling period of the sampled grating, in this case 2mm. Phase
shift regions which have higher refractive index than other waveguide sections were
preprocessed by slowing the scanning speed and located between the Bragg gratings
every four Bragg gratings. The other waveguide sections were fabricated at the scanning
speed of 100pum/s. Then, we exposed the UV beam through a phase mask. We fabricated
sampled grating which has sampling period of Imm correspond to 100GHz channel
spacing with 1068.52nm pitch phase mask. Individual Bragg gratings were 300pm long,
and the number of the gratings was 9. The lengths of phase shift sections were 500um.

To determine the scanning speed of the phase shifting region, we estimated scanning

speed dependence of effective refractive index increase by utilizing weak Bragg gratings.

The phase shift (A¢) induced by refractive index change is expressed as following

equation.
27
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Fig. 2.23: Designed Waveguide containing MPS Introduced Sampled Grating
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Fig. 2.24: Fabrication Process of Waveguide containing MPS Introduced Sampled
Grating
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where A\, Anqg, AL are the wavelength, the effective refractive index, the length of
refractive index changed region, respectively.

As mentioned previously, the Bragg wavelength depends on effective refractive index
(Eq. 2.3). Therefore, writing the weak and long Bragg grating into the waveguides, we
can measure refractive index increase. We fabricated the weak and long Bragg gratings
into the waveguides fabricated by scanning speed of 10, 20, 30, 40, 50, 60, 70, 80, 90,
100pm/s.

Figure 2.25 depicts the scanning speed dependence of effective refractive index increase
regulated with 100um/s value. AL is 500um from design pattern in Fig. 2.23, and A
is 1.55 pum for communication wavelength. For a double densification, 7 phase shift is
needed. Therefore, the required effective refractive index difference (An.g) is 1.55 x 1073
from Eq.2.7. From Fig. 2.25, 10um/s is suitable for our design. The phase shift condition
cannot perfectly match both in TE and TM mode because the refractive index increase

has the polarization dependence.
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Fig. 2.25: Scanning speed dependence of effective refractive index increase regulated by
the waveguide fabricated at the scanning speed of 100um/s

Finally, we fabricated MPS introduced sampled gratings. Experimental setup has
already explained in section 2.2.4 (Fig.2.6). We fabricated the waveguides with and
without phase shift region. The phase shift sections were fabricated by 10pum/s scanning
speed and uniform channel waveguide sections were fabricated by the 100um/s scanning
speed. After the waveguides fabrication, the lens was removed to make the beam parallel
and phase mask was set just above the waveguides. The phase mask which has the
1068.52nm pitch was used. We set the length of individual Bragg gratings 300 um by a
slit.

Figure 2.26 shows the transmission spectrums of the 10mm-long waveguides containing
sampled grating whose individual gratings length was 300 ym with and without phase
shift region. The number of gratings was 9. Sampling period was 1mm which correspond
to 100GHz channel spacing. We successfully densified the channel spacing of 100GHz
to b)0GHz by introducing MPS technique. Since it is difficult to observe small peaks in
transmittance spectrum, we calculated the reflectivity spectrum from the transmittance
data. The reflection spectrums in Fig. 2.27 are calculated from the transmission
spectrum in Fig. 2.26. By introducing 7 phase shift between every two Bragg gratings,
we successfully halved the 100GHz channel spacing to be 50GHz. However, we could
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Fig. 2.26: Transmittance spectrum of waveguide containing MPS introduced sampled
grating (a)TE mode (b)TM mode

not densify channel spacing at longer wavelength range. It is required to control more

precise phase shift induction.
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2.5 Summary of This Chapter

In this chapter, we investigated on the UV beam scanning technique and the functional
device fabrication by the technique. Section 2.2 gave comparison between conventional
process and UV beam scanning technique. We also presented the principle of the UV
beam scanning technique, photosensitivity in Ge-doped silica-glass.

In section 2.3, we studied the structural characterization of silica-based optical channel
waveguides fabricated by UV beam scanning technique. By using refracted near field
method, we measured the cross sectional refractive index profiles of the waveguides which
had been fabricated at the scanning speed of 1000, 500, 250, 100, 90, 80 ,70, 60, 50 ,40 ,
30, 20, 10 pm/s. The maximum refractive index increase were saturated around 0.01 at
the scanning speed of 100um/s. The horizontal and vertical refractive index distributions
were found to be Gaussian and uniform profile, respectively. We defined the waveguide
width as the horizontal full width of 1/e maximum at the mid-plane of the Ge-doped
layer. With slow scanning speed, saturation of refractive index increase occurs at the
center of the UV beam spot, whereas it did not occur at the other area. Hence, we can
control effective channel width with the scanning speed.

Section 2.4 focused on the fabrication of Bragg grating based devices by using only UV
beam scanning technique. We fabricated optical channel waveguides containing sampled
Bragg gratings, and introduced MPS technique to densify the channel spacing. First, we
realized 10mm-long waveguide which contains sampled grating constructed by 9 Bragg
gratings with 1mm sampling period, and achieved maximum reflectivity of 99%. By

introducing MPS technique, 100GHz channel spacing was halved to be 50GHz.
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Carbon Nanotube Photonic Devices

3.1 Introduction to This Chapter

Since CNTs were applied to a saturable absorber [22-24], applications of CNTs to
photonics field have been intensively investigated. Up to now, the most of the studies
about CNT photonic applications have focused on saturable absorption of CNTs.
Saturable absorption, or optical induced transparency, of CNTs has been applied to
passive mode-locker at several wavelength bands [23,24,47]. It has been reported that
CNTs have strong third-order nonlinearity [48] and ultrafast recovery time shorter than
1ps [49-51]. These characteristics are attractive for future ultrafast photonic networks
and can be used in ultrafast photonic devices, such as ultrafast all-optical switches and
all-optical logic gates, etc.

CNTs were sprayed [23, 24] or directly synthesized onto quarts substrates and
optical fiber ends [52], or embedded into polymer [53] to use as the photonic devices.
However, these device structures are all bulky and not suitable for integration. If the
waveguide-type CN'T devices are realized, we can realize highly integrated CN'T based
devices. On the other hand, silica-based planar waveguides have small tunability, and
CNTs are very attractive material to introduce tunability. In this chapter, we investigate
a hybridization of silica-based planar waveguides and CNT's to combine their advantages
and compensate their drawbacks with each other. We propose and demonstrate a planar
waveguide-type CNT devices for future highly integrated CNT devices.

Section 3.2 introduces the basic properties of CNTs. The structure of CNTs,
electronic properties, saturable absorption properties and optical nonlinearity of CNT's
are explained.

Section 3.3 gives a first proposal and demonstration of a planar waveguide-type
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CNT based device. By using UV-written silica-based waveguides, we fabricate planar
waveguide-type saturable absorbers based on CNTs. We present a passively modelocked
fiber ring laser which produce femtosecond pulses by using the saturable absorber.

In section 3.4, we investigate on all optical switching using a CNT loaded planar
waveguide.  We focus on all optical switching in nonlinear optical loop mirror

configuration by using the waveguide as a optical nonlinear processing device.

3.2 Carbon Nanotubes

3.2.1 Basic Properties of Carbon Nanotubes

Figure 3.1 depicts the fourallotropes of carbon. Graphite and diamond have been
well known allotropes of carbon. In 1985, the third allotrope of carbon, fullerene,
was discovered by Kroto et al. [54], and carbon based nanomaterial research field
emereged. CNTs are the forth new group of carbon materials which have nearly
identical one-dimensional cylindrical structures, and their structures are assumed to
be rolled sp?-bonded graphene sheets. Graphene sheet is a sheet which carbon atoms
are hexagonally bonding with each other. Since the discovery of CNTs by lijima in
1991 [55], theoretical studies of CNTs have been intensively examined. The studies
brought out the distinctive physical properties of CNTs, such as their electronic density
of states (eDOS), and metallic and semiconducting distinction that depends only on their
structure, chirality [56]. There are two types of CNTs, single walled nanotubes (SWNT's)
have only single cylinder called, and multi walled nanotubes (MWNTSs) have two or more
cylinders. The CNTs which have optically interesting properties are SWNTs.
Experimental studies on CNTs became possible after the establishment of production
methods in the late 1990s, such as laser-furnace [57], arc-discharge [58], and catalytic
CVD methods with supported catalysts [59] and floated catalysts [60]. These methods
are intended for use in the mass synthesis of CN'Ts in which the CNTs are obtained as
soot adhered on the wall of the production chambers. Since the as-obtained soot contains

amorphous carbons, multi-shelled graphites, fullerenes, and /or catalyst metal particles as
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Fig. 3.1: Allotropes of carbon

impurities, a purification process [61-66] is generally required prior to its use. Although
the CNTs produced by these methods usually necessitates such a purification process,
these production methods are firmly established at present. In particular, the HiPco
method [67] that utilizes the disproportionation reaction of CO gas is now regarded as
a commercially feasible method for the mass production of CNTs. At the same time,
the CVD method with a supported catalyst is currently being intensively studied as a
promising technique. The alcohol CCVD method [68] is one of such technique and can
produce high-quality CN'T's that are almost free from the aforementioned impurities even
in the as-synthesized state.

With the development of production methods of CNTs, experimental studies for
specific applications have become active, and many innovative applications have been
studied and proposed, such as one-dimensional (1D) quantum wire [69], field effect
transistor (FET) [70, 71], cold cathodes for electron emitters [72, 73|, probe tips for
atomic force microscopes (AFM) [74,75], and saturable absorbers for ultrashort pulse

generation [22,49,50,52]. In any application, the 1D geometry, nanoscale size, and the
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physical /chemical properties of CNTs are of great importance.

CNTs have typically 0.6 ~ 2 nm diameter and 1um length which is nearly identical
1D structure. CNTs structures and their physical properties are determined by their
diameter and chiral angle (rolling direction of graphene sheet). The structure of the
graphene sheet is schematically presented as a hexagonal lattice as shown in Fig.
3.2. The shadowed rhombus indicates a unit cell of the graphene, which contains two
non-equivalent C atoms. The distance between neighboring atoms a._. is 1.42 A, and
vectors a; and as represent the unit vectors of the cell. The Brillouin zone of the
graphene is denoted in Fig. 3.2 as a shadowed hexagon, and vectors b; and b, are the

reciprocal vectors. These vectors are expressed as

a, = (?a ;) oy = <\§a—;> (3.1)

2 27 2T 27
b, — ), by=|—, - 3.2
' ( 3a a) ’ (ﬁa a) 82)

based on the x —y and k, — k, coordinates, respectively, as shown in Fig. 3.2. In these

and

equations, the lattice constant of the 2D graphene is defined as a = |a;| = |as| = 1.42
Ax3'/2 = 2.46 A. By convention, high symmetry points at the center, corner, and the
midpoint of the neighboring corners of the Brillouin zone are expressed as I', M, and K

points, respectively.

Fig. 3.2: Schematics of Unit Cell of 2D graphene sheet
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The unit cell of a CNTs is enlarged when it is compared to that of the graphene due to
the lower symmetry of CNTs. Figure 3.3 shows an unrolled hexagonal lattice of a CN'T, in
which the unit cell of a certain type of CN'T is indicated as a shadowed area. The vectors
C), and T that connect two crystallographically equivalent sites in the circumferential
and axial directions of CNTs, respectively, are also shown. These vectors are called the
“chiral vector” and the translational vector, respectively, as further explained below.

The chiral vector C}, is expressed in terms of real-space unit vectors a; and a, and

two integers n and m (0 < m <n) as

Cy = na, +may = (n,m) (3.3)

The type of CNT is completely specified by the two integers (n, m) through the definition
given in Eq. 3.3. Since the length of C}, indicates the circumferential length of the CNT,

YA

Fig. 3.3: Schematics of 2D graphene sheet
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the diameter of the CNT, d;, is expressed as

. 2 2
_ Gl _ VO Gy _ avn? +m? + nm (3.4)

™ ™ ™

dy

Here, a = |a)| = |ay| = 1.44 Ax3Y/? = 249 Ais the lattice constant of the honeycomb
lattice of the CNT. A slightly greater C-C bond length in CNTs compared to that in the
graphene (1.42 A) should be noted.

The angle formed by C} and a; is termed chiral vector 8, and its value is 0 < 6 < 30°

due to the hexagonal symmetry of the honeycomb lattice; specifically, it is expressed as
C, - a 2n +m

6 = = 3.5
BV ICal ~ 2V £ m? + nm (35)

The translational vector T' is defined as the unit vector of a 1D CNT, which is parallel
to the CNT axis. From the relationship C}, - T = 0 (Fig. 3.3),
2m+n B 2n+m

T =tiay + taag = (ty, 1), ¢ = , la=
dr dr

(3.6)
where dp is the greatest common divisor (ged) of (2m + n) and (2n + m). Using the
above defined dg, the number of hexagons in the unit cell of a CNT N is expressed as

|Gy x T 2(n®+m? 4 nm)
’0,1 X a2| dR

N (3.7)

Therefore, there are 2N carbon atoms in the unit cell of a CNT. For example, (n,m) =
(4,2) CNT shown in Fig. 3.3 has 28 hexagons in the unit cell.

Since the unit cell of a CNT is 2D and specified by the orthogonal lattice vectors C} and
T, as shown in Fig. 3.3, the reciprocal lattice vectors corresponding to the circumferential
direction K, and the axial direction K are defined such that the following relationships
are satisfied:

Ch'KlzT'KQZQTF, Ch-ngT-Klz() (38)

Solving these relations using Egs. 3.6 and 3.7, K; and K, are expressed as
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1
K1 == N(—thl -+ t1b2> (39)

1

The electronic structure of a CNT can be obtained from that of 2D graphite. When
the energy dispersion relation of 2D graphite is expressed as Fjop, N pairs of 1D energy

dispersion relation E,(k) are written as

K, r
By(0) = Eyan (g + 1K1 )« (0= 0.0 N = Lond = T <k <
k) = Egan (M T

™

) (3.11)

Here, k denotes the wave number along the CNT axis. If these energy dispersion curves
are collected (or folded) into the first Brillouin zone of the 2D graphite by translating
them using multiples of K; and K.

Such a quantized wave vector of CN'T's causes a sharp divergence in their eDOS, termed
“van Hove singularities,” that is characteristic of 1D materials. Since it is obvious that
the cutting line of this CNT-described by Eq.3.11-does not pass the K-point, in which the
valence and conduction bands meet in the case of 2D graphite, the (n,m) = (4,2) CNT
is semiconducting in which eDOS is absent at the Fermi level. On the other hand, the
CNT is metallic in which eDOS exists at the Fermi level. In general, mod(n —m,3) =0
CNTs are metallic and mod(n — m,3) # 0 CNTs are semiconducting. One of the
most important characteristics of CNTs is that the difference of metallic/semiconducting
transport properties is determined solely by the chirality. Figuire 3.4 shows the simulated
eDOS of the two CNTs, (9,0) and (10,0). mod(n —m,3) # 0 for (10,0) for CNTs and
mod(n —m) = 0 for (9,0) CNTs, thereby (10,0) CNTs are semiconducting which do not
have eDOS at Fermi level and (9,0) CNTs are metallic which posses eDOS at Fermi level
as shown in Fig. 3.4.

Figure 3.5 shows the chiral mapping of (n,m) CNTs that are either metallic (open
circles) or semiconducting (solid circles). Any chirality is specified either by two integers

(n,m) or equivalently, a combination of diameter d and chiral angle 6, as schematized
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Fig. 3.4: Examples of eDOS (a) (10,0) semiconducting, (b) (9,0) metallic [56]

in this figure. Among these, the CNTs with m = 0(i.e.,# = 0°) and n = m(i.e.,§ = 30°)
chirality are termed “zig-zag” and “armchair” types, respectively.

As already mentioned, each semiconducting CN'Ts has a bandgap and absorbs the light
which has the wavelength corresponding to the energy gap. Band gap is almost inversely
proportional to the tube diameter. Figure 3.6 shows the diameter dependence of bandgap
which often called “Kataura-plot” [76]. By selecting the CNTs diameter, absorption

wavelength band is tunable. The tunability is of importance to realize various CNT's
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Fig. 3.5: Schematics of Chiral Mapping

based optical devices. Figure 3.7 is an example of CN'Ts absorption spectrum which
weree sprayed onto quarts substrate and covers optical communication band 1.55um.
The saturable absorption which will be explained in subsection 3.2.2 has been reported
in several groups [22,49]. The attractive CNTs properties not only saturable absorption
but also the chemically, mechanically stability, easy fabrication, small footprint, ultrafast
response time and ultrahigh optical nonlinearity which is described in subsection 3.2.3.
Because of these characteristics, optical applications of CNTs (“CNTs photonics”) have
been intensively investigated. Figure 3.8 shows examples of CN'T photonics applications.
For non-telecom applications, passively mode-locked fiber laser which has low repetition
rates (~MHz) can be used as optical processing and optical coherence tomography
because the lasers has the high peak power pulse and broad optical spectrum. On the
other hand, for telecom applications, we can realize CNT based nonlinear optical devices
which work in ultrafast network systems. CN'Ts optical properties have been studied for
a long time, however CNTs applications for optical devices is now cutting edge research

field. CNTs photonics have a large potential in photonics applications.
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Fig. 3.6: Kataura Plot [76]

3.2.2 Saturable Absorption

Basic properties of CNTs are explained in previous subsection, and in this subsection
especially the saturable absorption property of CNTs is introduced.

Semiconducting CNTs absorb the light whose energy is same as CN'Ts bandgap, and
the bandgap is controllable by choosing appropriate CNTs diameter. The CNTs work
as saturable absorbers in the absorption band. A saturable absorber is a material which
change its absorbance depends on the power of incident light. Saturable absorbers absorb
the light which has low intensity, whereas the attenuation decreases due to the saturation
of absorption in case of high intensity light.

This phenomenon can be understood as eDOS occupation in conduction band of
saturable absorber material (Fig. 3.9). If the low intensity light incidents, the electrons
in valence band are excited up to conduction band, and all photons are absorbed. On

the other hand, if the optical intensity is high, some photons are not absorbed because
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the eDOS in conduction band is occupied with other electrons which excited by the light.
Thus, the optical intensity dependent transparency, the saturable absorption reveals.

This kind of intensity dependent attenuation allows the high-intensity components
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of an optical pulse to pass through the saturable absorber, while the lower intensity

components of the pulse, such as the pulse wings, pedestals, and background CW

radiation do not pass (Fig. 3.10). When a saturable absorber is inserted in a laser

cavity, amplified spontaneous emission (ASE) noise of gain medium will be shaped to be

a pulse train. Every round trip, light pass the saturable absorber as high intensity noise

with low loss and low intensity noise with high loss, resulting in intensity contrast will

be emphasized. Finally, light start to oscillate in pulsed state.

For the ultrashort pulse generation application, a saturable absorber with a fast
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recovery time is required for stabilizing laser mode locking, while a slower recovery
time could facilitate laser self-starting. Recovery time of CNTs have been reported
to be less than 1ps, and CNTs are suitable material for ultrashort pulse generation.
However, recovery time is not so fast of CNTs only consisted by semiconducting CNT's
(30ps) [77]. The ultrafast response time of CNTs are based on bundle and entanglement
of semiconducting and metallic CNTs because electrons which are excited by photons
in semiconducting CNTs tunnel and couple to metallic CNTs, resulting in ultrafast
recovery time of semiconducting CNTs. Up to now, selective fabrication technique of
semiconducting and metallic CNTs have not been developed yet. As fabricated CNT
samples consists of CNTs which has several different chirality. Therefore, the CNT

samples inherently have ultrafast recovery time less than 1ps.

3.2.3 Optical Nonlinearity of Carbon Nanotubes

In subsection 3.2.2, light induced transparency, saturable absorption characteristics is
explained. This section overviews the second attractive characteristics of CNTs for
optical device applications, ultra high optical nonlinearity.

In general, high optical nonlinearity and recovery time are trade-off. CNTs ultrafast
response time is due to the tunneling to the neighbouring CNTs as mentioned in
subsection 3.2.2. The materials which have high optical nonlinearity posses following

features.
e Nanostructure
e sp? bonding (7 electrons)
e saturable absorption

CNTs have all the features listed above and have been expected as ideal materials for
nonlinear optical processing.
For example, third order optical nonlinearity (ns) of CNTs is reported as ny = 2 x

1078cm?/W in reference [78]. In nonlinear optical processing research fields, nonlinear
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coefficient () is used to express nonlinearity of materials. The nonlinear coefficient is

expressed as

27Tn2
= 3.12
Y= N (3.12)

where \g and A.g are the wavelength of light and effective area. The nonlinear coefficient
of CNTs calculated to be v = 1.0134 x 10°W~'km™" from reference [78]. Here, we
assumed Az = 80um? which is typical value for singled mode optical fibers. The
nonlinear coefficient in the order of 10W~km ™! is quit high compared with commonly
used devices. Fiber type devices and semiconductor type devices are often used types
of optical nonlinear devices. High nonlinear coefficient and high speed response time are
in trade-off relation. Typically, the optical fiber type has low nonlinear coefficient and
high response time. On the other hand, semiconductor based devices has high nonlinear
coefficient and low response time. CNTs posses much higher nonlinear coefficient and
response speed because of their nanostructures and bundled conditions.

There are two relaxation process in bundled CNTs. One is a non-radiative relaxation
such as multi-phonon emission through electron-phonon coupling [79]. Another is an
excited electron tunneling to neighbouring CNTs. Since the CNTs whose electrons are
excited and whose electrons are relaxed are different, this relaxation process is high speed
shorter than 1ps, and both high speed recovery and high nonlinearity reveal in bundled
CNTs. It indicates the device size and power consumption can be drastically reduced
and highly integrated devices are potentially expected. The CNTs are used in section

3.4 as nonlinear processing materials.
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3.3 Planar Waveguide-Type Saturable Absorber

Based on Carbon Nanotubes

3.3.1 Introduction

After CNT optical devices were first demonstrated, three types of CNTs based device
structures have been proposed. They are depicted in Fig. 3.11, transmission-type,
reflection-type and fiber-type. However, these devices are all bulky and have difficulties
in enhancing CNTs effect and integration. A solution to these problems is distributing
the CNTs along the waveguide instead of using CNT thin layer.

In this section, we examine the CNT-based planar waveguide-type saturable absorber
as a first-step to realize integrated all-optical waveguide devices based on CNTs. CNTs
were sprayed onto over-cladding-less silica-based waveguides fabricated by UV beam
scanning as described in chapter 2. The CNT sprayed waveguide perform as a saturable
absorber with an interaction between evanescent wave of guided light and sprayed CNTs.
For demonstration of the saturable absorber, we inserted the saturable absorber into the

fiber ring laser cavity as a passive mode-locker.

3.3.2 Saturable Absorber Fabrication Process

Fabrication process of planar waveguide-type saturable absorbers based on CNTs is

described in Fig.3.12. First, we fabricated over-cladding-less silica-based waveguides by

Substrate Substrate Sleeve .
Fiber
In
—— —
£ Out
Ferrule CNT-layer
AR Coating HR Mirror
AR Coating CNT-layer CNT-layer
— Transmission Type — Reflection Type Fiber Type

Fig. 3.11: Schematics of CNTs based devices
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UV beam scanning using the experimental setup described in section 2.6. Then, we
sprayed purified CNTs onto the waveguide to form the CNTs-layer. Detail fabrication
process is explained in followings.

The substrates which had a silica-on-silicon two-layer structure fabricated by the FHD
technique were prepared. We used over-cladding-less two layer structure for exudation
of evanescent field out to air. The heights of the under-cladding layer and the Ge-doped
layer were 40, 6um, respectively. The refractive index difference between Ge-doped layer
and under cladding layer was 0.75%. To enhance the photosensitivity, the substrates
had been loaded with hydrogen at 130 atm for 1 week. UV beam from a frequency
doubled argon ion laser which has the power of 90mW was focused so that the spot
diameter became around 5um at the substrate fixed on a two-dimensional translation
stage. Waveguides were fabricated by translating the stage under the focused spot in
60pum/s. After UV scanning, the substrates were annealed at 80°C for 24 hours to
stabilize the UV-induced refractive index change.

We sprayed purified CNTs onto the waveguides. The utilized CNTs sample is
synthesized by the HiPco method [67] that uses the disproportionation reaction of CO
(Carbon Mono-oxide) gas.

The purification process which is used in this thesis described in followings. First,
CNTs were immersed into the solution, N, N-dimethylformamide (DMF), and CNTs
were separated and dispersed by sonication bath. DMF is a solution which is commonly
used for dispersing CNTs. CNT's have light weight and big aspect ratio, therefore CNTs
easily gather each other and form large bundles. DMF has the suitable properties

uv CNT spraying

Ge-doped layer

Corg / CNT layer
Si0, Cladding
siswsrate L] T /[

Fig. 3.12: Schematics of planar waveguide type CNTs based devices fabrication process
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Fig. 3.13: FE-SEM image of sprayed CNTs (a)10,000 magnitude (b) 50,000 magnitude
(¢)100,000 magnitude

to prevent the bundling. The sonicated solution was centrifuged at 5000G for 5
minutes, and supernatant was decanted for use. By the centrifugation and decanting
process, impurities such as amorphous carbons, catalysts, strongly bundled CNTs were
eliminated. We sprayed the solution onto the over-cladding-less waveguides, and dried
up DMF by heating them. By these succeeding process, CNTs layer was coated on top
of the over-cladding-less waveguides. For instance, we represent the example of a field
emission scanning electron microscopy (FE-SEM) image of sprayed CNTs onto glass
substrate in Fig. 3.13. CNTs were randomly deposited onto the substrate surface and

bundled with each other. Density of CNTs is not so high as shown in the figure. It is
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difficult to deposit uniform and thick CN'T layer because spray method sputter the DMF
granules and desipate many CNTs.

We prepared three CNTs-sprayed waveguides samples, sample A, B and C. Sample A
and B were 10mm-long and 5mm-long, respectively and had CNTs-layer from end to end.
Sample C was 5mm-long and had two parallel waveguides whose length of CNTs-layer

was different. The structure of sample C will be described later in detail.

3.3.3 Saturable Absorption Characteristics

We prepared three samples in previous subsection. We examine the basic properties of
the samples, especially properties corresponding to the absorption in this subsection.
The properties of samples were measured by butt coupling with SMF without index
matching oil.

Figure 3.14 depicts the transmission spectrum of sample A for maximum loss
polarization and minimum loss polarization. Absorption band of sample A covers broad
wavelength range from 1400nm to 1700nm, including around 1550nm communication

band. Since the CNT layer was not uniform and caused scattering, insertion loss of

——  Minimum Loss Polarization
— — — Maximum Loss Polarization

Transmittance [dB]

1200 1300 1400 1500 1600 1700
Wavelength [nm]

Fig. 3.14: Transmittance spectrum of sample A
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sample A was high. CNTs have high polarization dependence of absorption due to their
asymmetric structure [80,81]. We explain the reason of high polarization dependence of
the device later in detail.

To measure saturable absorption, we used nonlinear polarization rotation passively
mode-locked pulsed laser [82,83] which has the center wavelength of 1562nm, the pulse
width of 1.05ps and repetition rate of 4.2MHz. We amplified the output light by an
EDFA and controlled its polarization state by a polarization controller(PC). The light
was butt-coupled into a sample, and transmitted power was measured by an optical power
meter. By changing the EDFA gain, we measured the saturable absorption characteristics
of three samples. The saturable absorption characteristics of sample A in maximum
loss polarization is illustrated in Fig. 3.15. From Figs. 3.14 and 3.15, we confirmed
sprayed-CNTs and evanescent wave interacted with each other, and these samples worked
as saturable absorber. Comparing with sample A, sample B had smaller insertion loss and
polarization dependence. Figure 3.16 depicts the saturable absorption characteristics of
sample B for two polarization, maximum loss polarization and minimum loss polarization.
In minimum loss polarization, there is no obvious saturable absorption characteristic.
On the other hand, in maximum loss polarization, we observed saturable absorption

characteristic.

0 5 10 15 20
Pulse Peak Power [kW]

Fig. 3.15: Saturable absorption characteristics of sample A
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Fig. 3.16: Saturable absorption characteristics of sample B

CNTs absorption is highly polarization dependent because of their asymmetric
structure. It is theoretically [84] and experimentally [80,81] confirmed that absorbance is
maximum when electrical field and CNT axis vector are parallel, and is minimum when
electrical field and CNT axis vector are perpendicular. Considering these results, we can
understand the polarization dependence of samples as followings. The axis vectors of
CNT's sprayed on top surface of the waveguide are in random direction as shown in Fig.
3.13. The axis vector components are all in XZ-plane and are not in Y-axis direction
(Fig. 3.17). CNTs axis vector are perpendicular for TM mode which electrical field are
mainly in Y-axis. For TE mode, CNTs axis vector components which are in X direction
contribute to absorption. Hence, TE mode is maximum loss, or absorption, polarization
state and TM mode is minimum loss, or absorption, polarization state.

Controlling CNTs effect is one of the important factors for realizing integrated optical
circuits. There are two ways to control CNTs effect, controlling CNT-layer thickness
and CNT sprayed region length. We can not compare sample A and B for CNTs effect
with different length because two samples had too high loss and total waveguide lengths
were different with each other. Therefore, we prepared 5mm-long two waveguides, which
have different CNTs-sprayed region length with each other, on a single substrate, sample

C. One waveguide had 0.5mm-long of CNT-sprayed region length, and the other had
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Fig. 3.17: Schematics of the structures of the samples (a) side view (b) top view

2.0mm-long. Figure 3.18 shows the saturable absorption characteristic for maximum loss
polarization. Data points are normalized with lowest input power data. The waveguide
which had longer CNT-sprayed region length has the deeper saturable absorption depth.
We confirmed CNTs effect can be controlled by changing CNTs sprayed region length.

3.3.4 Application to Passively Mode-Locked Fiber Laser

In previous subsection, saturable absorption characteristics of three samples were

confirmed. In this subsection, we applied the saturable absorber in a fiber laser cavity,
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Fig. 3.18: Saturable absorption characteristics of sample C in maximum loss polarization
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and the demonstrate the system application of the planar waveguide-type CNTs device.

The schematic of the mode-locked fiber ring laser is shown in Fig. 3.19. Since the
samples had the high insertion loss, high power EDFA was used as the laser gain medium.
An isolator was inserted to prevent back reflection in the cavity, especially at two end
facets of a sample. We controlled the polarization state inside the ring cavity by a PC to
match the best polarization state for the sample which had the polarization dependence.
The 20m-long SMF was inserted to control the total dispersion in the ring cavity to be
nearly zero. We amplified the light produced from 3dB coupler by an EDFA enough
to detect autocorrelation traces. Omne of the CNTs-sprayed silica-based over-cladding
less waveguides was inserted for passive mode-locker. We used the same samples in
subsection 3.3.3.

First, we inserted the 5mm-long sample B. By controlling the polarization state,
the pulse oscillation was realized. Optical spectrum, autocorrelation trace of the laser
output are shown in Fig.3.20(a),(b), respectively. The 3dB spectral width is 2.2 nm
and measured SHG autocorrelation trace had the full-width half-maximum (FWHM)
width of 1.1 ps. When transform limited sech? pulse waveform is assumed, pulse width
is calculated to be 709 fs. To realize much shorter pulse, we utilized 10 mm long sample
which has higher CNTs effect than 5 mm long sample.

Figure 3.21 shows the pulsed laser output characteristics using 10 mm long

[—— | |
L~ |
Isolator 30dBm E|DFA

PC
SMF 20m

3dB

Coupler @)
7

CNTs-sprayed \[> Outout
over-cladding less HiPY

silica-based waveguide EDFA

Fig. 3.19: Experimental setup for passively mode-locked laser.
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Fig. 3.20: Passively mode-locked laser output with sample B (a) Optical spectrum (b)
Autocorrelation trace

sample. The laser output had the 8nm spectral width, and 290fs of FWHM of SHG
autocorrelation trace (187 fs transform limited pulse). Repetition rate was measured to
be 1.55 MHz. Background noise which is shown in Fig. 3.21(b) and (c) was originated
from EDFA ASE noise which was located outside the laser cavity. We had confirmed
pulsed oscillation did not occur by removing the samples or sprayed CNTs even if the
high gain EDFA was used.

The pulsed oscillation may not be only from the saturable absorption. The

combination of saturable absorption effect and nonlinear polarization rotation effect
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may be the principle of this pulsed output, because the samples have PDLs. 10mm-long
sample A had 15dB PDL and 5mm-long sample B had 3dB PDL. We used high power
EDFA for gain medium, therefore polarization rotation effect may be occurred in the
cavity. The two effect formed the pulse simultaneously at the position where the sample
was inserted. These effects allow us to easily achieve the pulsed output. However, the

laser stability decreased because the whole system became polarization sensitive.
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3.4 All Optical Switching Using Carbon Nanotube

Loaded Planar Waveguide

3.4.1 Introduction

We realized the CNTs based planar waveguide type devices which have potential for
high integration in previous section 3.3. The samples revealed saturable absorption and
were used for passive mode-locker. CNT's attractive characteristics, saturable absorption
and ultrafast recovery time, were used. Moreover, CNTs have another attractive
characteristic, high optical nonlinearity. This section is motivated to realize all optical
switching using optical nonlinearity of CNTs.

There are a lot of papers that reports third order nonlinearity of CNTs theoretically [78]
and experimentally [79]. However, the actual device or system application have not been
yet realized for all optical switching. Motivation of this section is to realize actual system
application of CNTs device for all optical switching. Although our final goal is to realize
integrated CNT's based all optical switches, we employed nonlinear optical loop mirror

configuration because of the device simplicity.

3.4.2 Nonlinear Optical Loop Mirror

In this section, optical nonlinearity of CNTs are utilized for all-optical switching.
Before presenting the results, this subsection explains basics of optical nonlinearity and
nonlinear optical loop mirror (NOLM).

NOLM is first proposed by Doran et. al in 1988 [85]. NOLM operates by nonlinear
phase modulation through optical nonlinearity. Nonlinear optical phase modulation can
be induced by self phase modulation (SPM) and cross phase modulation (XPM).

Optical nonlinearity is due to optical intensity dependent nonlinear response of
dielectric materials. When the optical intensity of propagating light in a dielectric
material is low, stimulated polarization is proportional to optical intensity. Contrary,

when the optical intensity is high, stimulated polarization P reveals nonlinear response
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to F,
P=c(xV - E+x?P . EE+\® . EEE+ ... (3.13)

P is mainly related to linear susceptibility x(", and effects of refractive index and
absorbance are included in this value.

x? reveals in materials which are not symmetric in molecular size. In materials which
have the second order nonlinear susceptibility y?, we can induce second order nonlinear
effects, such as second harmonic generation (SHG), sum frequency generation (SFG),
difference frequency generation (DFG), etc. There are some theoretical and experimental
reports of CNTs second order nonlinearity [86,87].

SPM is based on third order nonlinearity, and efficiency of SPM induction depends
on third order nonlinear susceptibility. Third order nonlinearity can be understood by
nonlinear response to electric field intensity of the refractive index, and it is expressed
as,

n(w, |E[*) = n(w) + ny| EJ? (3.14)
where n, is expressed by y®) as,

ny = —Re(x?) (3.15)

SPM is a phenomenon where a phase of a light is modulated by the intensity of the
light. Phase shift during propagating in a material is expressed by

¢ = nkoL = (n + no|E|*) koL (3.16)

where L is propagation length and kg = 27/ is the wavenumber. Therefore, phase shift

which is contributed by SPM is expressed as
¢spm = nokoL|E|* = yPL (3.17)

where v = ngky is nonlinear coefficient of the material which often used expression to

compare optical nonlinearity of the material in optical communications fields.
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Fig. 3.22: Basic nonlinear optical loop mirror configuration

Figure 3.22 shows the simplest NOLM configuration. A input light is split into two
counter-propagating lights, which return to recombine at the coupler. The optical path
length is precisely the same for both propagating lights, since they follow the same path
but in opposite directions. Nonlinear effect of propagation will no longer be identical
for the two paths if @ # 1/2, since the phase velocity is intensity dependent. The
device responds to differences in phases between two overlapping fields and is thus phase
sensitive, but there is no need for interferometric alignment of the optical paths.

The phase shift induced by a field E propagating a distance L under the influence of

SPM is given by
2, |E|°L

3.18
where ny is nonlinear (Kerr) coefficient.
E3 = Oél/QEl + Z(l — O{)l/QEQ
Ey=i(1—a)Y?E, + o*?F, (3.19)

The input light incident from port 1, E;,. After propagating around the loop length L,
the light fields F3 and FEj is given by

E; = oY?Enexpl(ia|Ewn|*2mnoL/\)

Ey = i(1—a)Y?Enexpli(l — a)|En[*2mn, /)] (3.20)
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To calculate the outputs Ey; and Epy, we make the transformations F3 = E} and Ey = Ej

and invert Eqs. 3.19 to obtain the following for the output at port 2.
|Ena|* = |En[* {1 — 2a(1 — a)[1 + cos(1 — 2a)| Ex[*2mno L/} (3.21)

This equation shows that for any value of @ = 1/2, 100% of the power emerges from port

2 whenever
T

|E|*2mnoL/\ = e

(3.22)

for m odd. The minimum power occurs for m even and is given by the linear output

power, or

|Ege|? = |Ex|?[1 — 4a(1 — a)] (3.23)

The output switches from the low-power value to 100% every time the power increases
by A/[2(1 — 2a))nyL]. The best switching ratio (i.e., the contrast between the linear off
and the higher-intensity on) occurs for a closest to 0.5, but the switching energy increases
correspondingly.

In this thesis, we utilized CNTs as a nonlinear optical materials to realize short loop

ring.

3.4.3 Experimental Results and Discussions

We constructed NOLM configuration based all optical switch using CNT loaded
silica-based waveguide as shown in Fig. 3.23. The sample which was used in this setup
is the same sample which denoted as “sample A” in section 3.3. A light from laser diode
at 1560nm was amplified with a 30dBm EDFA, and has been divided into two lights
by 95:5 coupler. The two lights whose polarization states were controlled by two PCs
counter-propagated through the sample. The sample was at slightly shifted from the
center of the fiber loop. Since the length of fiber loop was ~10m and nonlinearity of
SMF is small, SPM effect was negligible in fiber loop and almost all SPM induced phase
shift occurred in the sample. The optical power from through port and reflected port

were measured with two power meters.
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The splitting ratio contrast of NOLM is expressed as 1 —4a(1 —«)(3.23). The contrast
is 19% for 95:5 couplers. Switching characteristic is shown in Fig. 3.24. We realized the
splitting ratio contrast of ~19% by the configuration.

Phase shift by SPM is given by ¢ = vPL (3.17). When we ignore the loss of the
sample and SPM in pigtailed fiber of coupler and PCs, and phase shifts were purely from
optical nonlinearity in the sample, v of the sample is estimated to be the magnitude of
10°Wtkm ™.

As explained in subsection 3.2.3, simulated optical nonlinearity of CNTs is around the
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Fig. 3.23: Nonlinear optical loop mirror configuration
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Fig. 3.24: Switching characteristics
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order of 10W~'km™'. The estimated optical nonlinear coefficient of the sample was
two magnitude smaller than that of simulated value, ~ 10W~'km ™. The difference
of this two values might be due to the sample structure. The CNT loaded waveguide
used interaction between CNT-layer on top surface of over-cladding-less waveguide and
evanescent component to work as CNT based nonlinear device. Since the evanescent
wave component is small, optical power is not efficiently utilized. Therefore, nonlinear
coefficient of the sample is much smaller than the simulated value.

However, considering the results in the previous section, the estimated value is too
high. We used the same 10mm-long CNT-loaded waveguide sample as previous section
(Section 3.3). In the subsection 3.3.4, we realized a passively modelocked fiber laser which
produce femtosecond pulse trains. When the enormously high nonlinear device is inserted
inside the laser cavity, nonlinear phenomenon (mainly SPM) occurrs at the device and
broad spectrum will be produced. The spectrum width in Fig. 3.21(a) is normal for
femtosecond-pulse lasers. Therefore, the estimation, especially the assumptions, might
not be correct. We assumed the phase shifts occured purely at the sample by optical
nonlinearity. However, considering the results mentioned above, we cannot assume the
phase shifts of two counter propagating lights were occured purely by optical nonlinearity,
SPM. They might be induced by the combination of the SPM and the other effect, the

thermal effect, and also we have to take into account the effects of polarizations.
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3.5 Summary of This Chapter

In this chapter, we investigated the combination of CNTs and planar waveguides
fabricated by UV beam scanning. In section 3.2, basic properties, especially the optical
properties, of CN'Ts were explained. The CNTs properties are determined solely by their
chirality. Once chirality is determined, all CN'Ts properties can be calculated. There
are two types of CNTs, semiconducting and metallic CNTs, and semiconducting CNT's
absorb the light which has the same energy as bandgap. The absorption wavelength is
almost inversely proportional to the CNTs diameters. For optical device applications,
the absorption characteristics have been mainly focused. CNTs reveal the saturable
absorption characteristics for the absorption band. CNTs have another attractive
characteristics for optical device application, high optical nonlinearity. Their high optical
nonlinearity can shorten the nonlinear optical processing devices.

In section 3.3, we proposed and demonstrated planar waveguide type saturable
absorber based on CNTs. For future highly integrated CNT devices, planar waveguide
type CNTs device is required. Since this is the first step of planar CNTs device, we
demonstrated saturable absorber which had been already realized function by CNTs.
To realize the planar waveguide type device, interaction between CN'Ts and evanescent
wave component was employed. By spraying purified CNTs onto the over-cladding-less
silica-based planar waveguide which was fabricated by UV beam scanning, we fabricated
the waveguide-type saturable absorber samples. The samples had large polarization
dependence because of their device structures. We constructed passively mode-locked
fiber laser by inserting the sample as a passive mode-locker, and obtained the pulse train
which had 187fs temporal width and 1.55MHz repetition rate.

Section 3.4 focused on all optical switching using CN'Ts. High optical nonlinearity of
CNTs was used to shorten the optical nonlinear processing device length. We introduced
10mm-long CNTs loaded over cladding less planar waveguide as a nonlinear device in
NOLM configuration. By using 95:5 coupler, splitting ratio contrast of about 20% was
realized, and this result well matches with theory. The nonlinear coefficient () of the

device was estimated to be in the order of 10°W~'km ™" which is two magnitude smaller
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than the simulated value. However, considering the results in section 3.3 the estimated
value was too high. The phase shifts might be induced by thermal effects in addition to

SPM, and also we have to take into account the effects of polarizations.
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Chapter 4 : Optical Tweezers for

Carbon Nanotubes Deposition

4.1 Introduction to This Chapter

In previous chapter, we investigated optical applications of CNTs to introduce their
distinctive features into photonics. We used spray method to deposit CNTs. However,
deposited CNT layer had low uniformity and density, and efficiency of CNT use was low.
Thus, handling of the CNT's is one of the largest problems for device applications. Several
methods have been reported to fabricate optical devices, such as spray method [23,24],
direct synthesis method [52], and polymer embedding method [53]. These methods
require complicated process and dissipate excessive amount of CNTs. Therefore, an easy
and cost effective handling technique of CNTs is required. In this chapter, we propose
and demonstrate an novel method to area selectively deposit CNT's onto desired position
by optical tweezers.

Section 4.2 introduces the principle of optical tweezers. Optical tweezer is a technique
where we can manipulate micro-, nano-objects three dimensional by focused beam.

In section 4.3, for the first time, we propose and demonstrate CN'T deposition by
optical tweezers with simple setup. We deposit CNT's area selectively onto core regions
of optical fiber end facets using optical tweezers. This technique requires a very simple
setup and consumes only a small amount of CNTs. We confirm presence of CNT's at the
selected region by microscopic Raman spectroscopy. As an optical device application, we
insert the CN'T deposited fiber into the fiber ring laser cavity as a saturable absorber,
and made a passive mode-locked fiber laser.

For precise control of CNTs deposition by optical tweezers, we require the method
to obtain information of CNT layer condition during the deposition. We adopt optical

reflectometry for in-situ monitoring of CNTs deposition by optical tweezers in section
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4.4.

In section 4.5, we investigate fabrication of CNT super-structure, sphere shape, by
optical tweezers without chemical functionalization of CNTs. CNT spheres are quite
stable in the solution, and can be physically manipulated. We can deposit CNT's easily
at desired position by this technique.

4.2 Principle of Optical Tweezers

Optical trapping of a micro-sized object was first proposed by Ashkin [88] and
succeedingly optical tweezers using single beam was demonstrated [89]. Recent
applications are not only manipulating dielectric particles but also biological and medical
applications [90, 91], micro-machines [92, 93|, etc. The benefits of optical tweezers

compared with physical manipulation are followings [94].
e Trapping and manipulation of objects without physical contact and corrosion
e Easy release of objects by eliminating the light
e Simultaneous manipulation of multi-objects without interference [95]

There are several explanations to understand principle of optical tweezers. Here, we
explain principle of optical tweezers by ray optics. Lights, or photons have momentum.
A radiation force emerges for a counteraction of reflection, refraction, emission and
absorption of light due to conservation of momentum. Although the radiation force
emerge elsewhere, the force is negligible in common case.

Since the radiation force is the counteraction due to the conservation of momentum,
the force vector direction seems to “push” an object. By focusing the light, the total
direction of the force results in “pulling” the object at the focus point. Figure 4.1 shows
the optical path of the light which is irradiated to the Mie object, whose size is similar
to the wavelength of the light (Mie object). The object has the higher refractive index
than the surrounding materials. In Fig. 4.1(a), two rays (A) are refracted twice by the

object and changed their direction to be A’.
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Fig. 4.1: Principle of optical tweezers (a)trapping principle (b)trapped at focused point
(¢) the reductive force

By integrating the optical path of all direction, the radiation force results in trapping
the object toward focusing point. On the other hand, the lights have the component
which reflected by the object and they emerge the pushing force to the object. Finally,
the object trapped at slightly shifted point from the focusing point(Fig.4.1(b)). Even
if the object moved from the trapping point by external disturbance such as thermal
fluctuation, the reductive force make the object back toward the trapping point(Fig.
4.1(c)).

In above, the sizes of objects are considered as similar to or longer than the wavelength
of light. Rayleigh objects whose sizes are smaller than the wavelength of light can be
trapped by another principle, Lorentz force. A Rayleigh object is assumed as a single
electric dipole moment in a nano-particle. The Lorentz force is formed by two forces
which have different direction. One is divergence force whose direction is same with the
direction of optical intensity divergence. The other is scattering force whose direction is
same as the direction of optical path. Divergence force become larger than the scattering
force by focusing the light with high NA lens. Thus, the Rayleigh object can be trapped
at the focusing point by Lorentz force.

Generally, the objects should be transparent at the wavelength of the light and should

have the higher refractive index than that of surrounding materials. The large metallic
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objects are affected by large scattering force on surface of the objects and can not be
trapped. When the sizes are small, scattering force becomes small and the objects can

be trapped.
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4.3 Area Selective Deposition of Carbon Nanotubes

by Optical Tweezers for Optical Devices

4.3.1 Introduction

There is a problem in handling CN'Ts because CN'T's tend to entangle each other and they
are difficult to be dispersed in common solvents. In optical device applications, CNTs
are conventionally used by spraying, directly synthesizing onto a device, or embedding
into a polymer material. These processes are mostly complicated, large-scale setups are
required and CNTs are not efficiently used in these methods. Incidentally, there are
several methods of CNT manipulation, such as using an atomic force microscopy (AFM)
tip [96], an electric field [97], a magnetic field [98], etc. Although these methods can
control CNTs positions, they also needs large scale equipments. also needs large scale
equipments.

In this section, we propose and demonstrate a novel technique to solve the problems
of conventional techniques. Recently, three dimensional manipulation of bundled CNT's
were demonstrated [99-102]. Since CNTs has high refractive index [103], focused beam
trapped bundled CNTs and three dimensionally manipulated them. We employ optical
tweezers to deposit CNTs selectively onto only a core region of an optical fiber end.
Existence of CN'Ts only in selected area is confirmed by microscopic Raman spectroscopy
and FE-SEM. To ensure the deposited CNTs can be utilized for optical application, a
CNT deposited fiber is inserted as a saturable absorber in a fiber laser cavity. This
technique will drastically improve the efficiency of CNT usage and the fabrication costs

of CNT-based photonic devices.

4.3.2 Raman Spectroscopy of Carbon Nanotubes

We explain here Raman spectroscopy of CNTs. Detailed interpretations of the Raman
spectrum of CNTs were reported in elsewhere [104,105], and basics are explained here.
CNTs are synthesized by various techniques, there is no technique where they can

selectively synthesize CN'Ts which have all same chirality. Therefore, as synthesized CNT
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samples are consists of several kinds of CNTs. Generally, CVD method produce broad
diameter range of CN'T's and laser ablation and arc discharge method give small diameter
distribution. Since the samples are mixture of several kinds of CNTs, it is difficult to
precisely interpret the samples. In spite of the difficulty, we have to measure CNTs for
future applications of CNTs in some method, and we often use Raman spectroscopy to
obtain properties of CNTs.

Figure 4.2 shows an example of Raman spectrum of CNTs sprayed onto silica-glass
substrate. In the figure, the Raman spectrum of silica-glass substrate is included. Raman
peaks at 500cm~! and small peaks buried in other peaks at 1450 and 1500cm ™! are due
to silica-glass substrate.

There are three main peaks in Raman spectrum of CNTs. One is the peak correspond
to radial breathing mode (RBM) which appears in low wavenumber range around
200cm~!. This is the most unique peak of CNTs. Its Raman shift is correspond to
diameter vibration of CNTs, and the vibration frequency almost inversely proportional
to the diameter (D). Generally, D[nm] = 248 /wrcm™! is reasonable value to estimate
the diameter from the spectra.

Second is the G-band which appears at 1593cm ™! and lower wavenumber range which
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Fig. 4.2: Example of Raman Spectrum
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is consisted of several peaks. G-band appears in 1584cm ™" for graphites, 1593cm~! for
CNTs and 1600cm ™ for amorphous carbons.

Third is the D-band which appears at 1350cm™!. This peak appears when there are
defects in carbon materials, such as graphites and CNTs. Therefore, we usually estimate
the crystallinity of the carbon materials.

Raman spectra of CNTs are useful for analyzing CNTs, such as diameter distribution
[104], temperature [106, 107], purity [108], etc. In this thesis, we perform microscopic

Raman spectroscopy and confirm the existence of CNTs.

4.3.3 Experimental Results and Discussions

Figure 4.3 shows the concept of this study. Optical intensity divergence is the most
important for optical tweezers. Generally, a focused spot of a light traps a dielectric
objects and it is usually formed through objective lens or fiber lens. Strong confinement
of light in optical fibers can produce the optical intensity divergence at the cleaved
end. The light spread out from the cleaved end of an optical fiber has a light intensity
profile very similar to that in the focused spot as shown in Fig. 4.3. In this case, the

trapping point is at the end facet of optical fiber core region. When the light which

Optical Fiber
Light Light Light
Lens
'\ Trapping /j_& Z &
Point
| | CNTs

Fig. 4.3: Concept of area selective deposition to fiber end facets
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has appropriately controlled intensity is injected through a fiber into CNTs dispersed
solution, CN'T particles are expected to be trapped by optical tweezers, and deposited
onto the end facet of the optical fiber.

Our experimental setup is very simple as shown in Fig. 4.4. It is composed of just
two equipments, a laser diode and an EDFA. We prepared the CNTs dispersed DMF
solution by the purification procedure which was mentioned in chapter 3.

Light produced from a laser diode which has the wavelength of 1560nm and the
optical power of ~10dBm is amplified by a high-power EDFA. The light is incident
into CN'T dispersed DMF solution through a perpendicularly cleaved fiber end facet.
The divergence of optical intensity traps the CN'T's by optical tweezer effect and deposits
them onto the fiber end. We observed CNT's deposition conditions on the fiber end facets
using a microscope for several different optical powers. Microscopic Raman spectroscopy
was used to confirm existence of CNTs at the selective area. To find the dependence
of numerical aperture(NA) of optical fiber, we used two types of optical fibers having
different NAs, SMF and dispersion shifted fiber(DSF).

In Fig. 4.5, microscopic images and Raman spectra of CNTs deposited fiber ends
of standard SMFs are shown. Fig. 4.5(a),(b),(c) correspond to incident optical power
of 20dBm, 21.5dBm and 22.0dBm, respectively. Red circles in Fig. 4.5(al), (bl), (c1)
indicate core are of SMF, and corresponding Raman spectra are shown with red curves
in Fig. 4.5(a2), (b2), (c2). Blue circles are the areas where CNTs are deposited outside

of the core, and corresponding Raman spectra are shown with blue broken curves.

Cleaved, Light

LD Fiber End

1560nm  30dBm
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S

CNTs dispersed
DMF Solution CNTs Bundle

Fig. 4.4: Schematics of experimental setup for CNTs deposition by optical tweezers to a
fiber end
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Fig. 4.5: Microscope image and Raman spectra of deposited CNTs onto fiber ends by
optical tweezers (a)20.0dBm (b)21.5dBm (¢)22.0dBm
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Most typical Raman spectrum of CNTs is the peak around 250cm~! which is due to
RBM which explained in subsection 4.3.2. We confirmed the presence of CNTs by the
peak. Optical power of 20.0 dBm was not enough to trap the CNTs, whereas Fig. 4.54(a)
shows the existence of CNTs which might happen to be attached to the cladding region
of the fiber end. In Fig.4.5(b), CNTs were area-selectively deposited onto the fiber end
only around the core region, and Raman spectrum shows the existence of CNTs. By
increasing the optical power up to 22.0 dBm, CN'Ts were not deposited onto core region
but deposited around the core-cladding boundary. It is probably because the radiation
force by photon at the core center was too strong to gather CNTs. The radiation force
at the cladding region was weaker than the core region, and CNTs were deposited onto
outside from the core-cladding boundary.

To ensure the area selective deposition of CNTs onto fiber end, FE-SEM image was
taken by JEOL JSM-7000F. Figure 4.6 shows the FE-SEM image of fiber end onto which
CNTs were deposited onto the fiber end by optical intensity of 22.0dBm so that CNTs
deposited onto outside core-cladding. Figure 4.6(a) shows the area selective deposition
of CNTs just around the fiber core. CNTs do not exist on the core in the magnified
image (Fig. 4.6(b)). From Fig. 4.6(c), the clear boundary which separate the two areas
with and without CNTs.

Thus, we successfully deposited CNTs onto the core region of the fiber end facet.
However, we find that we had to control the optical power precisely. Margin of optical
power to deposit CNTs onto the core region was very narrow, about £ 1dB around
21.5dBm. It is because the NA of SMF is so small that the trapping point was not
confined. When we use fibers with high NA, the margin will be wider and required
optical power will be small.

To widen the margin of optical power, we used DSF which has higher NA than SMF.
We deposited the CNTs onto the DSF end facet with optical intensity of 19.0dBm.
Fig.4.7 shows the microscope image of the fiber end facet and its Raman spectrum at
the core center. Strong confinement of a light reduced the required optical power for
CNT deposition by 2.5dB, and widened the margin to be £ 2dB.

We used bare fibers in previous experiments. To reduce the alignment cost after
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CNT deposition, we deposited CNTs onto a fiber ferrule end as shown in Fig. 4.8. We
deposited CN'T's onto an end facet of standard SMF with fiber ferrule by optical intensity
of 21.5dBm, as same experimental condition as the fiber which is shown in Fig.4.5(b).
Raman spectra shows that CNTs were area selectively deposited onto only the core
region. The fiber can be used as an alignment-free CNT device.

As an optical application of the CNT deposited fiber by optical tweezers, we
demonstrate a passively mode-locked fiber laser which employs the fiber as a saturable
absorber. The experimental setup is shown in Fig.4.9. An EDFA was used as the
laser gain medium and an isolator was inserted to prevent back reflection in the cavity to
ensure the one-directional lasing. We controlled the polarization state by a PC. The total
dispersion in the laser cavity was adjusted to be nearly zero by inserting a 20m-long SMF.
The output light came out from a 3dB coupler. CNT-deposited fiber ferrule was inserted
as an alignment-free passive mode-locker. Insertion loss of the fiber was about 4.2dB. We
measured the optical spectrum by an optical spectrum analyzer and the autocorrelation
trace by a SHG autocorrelator. Resolutions of OSA and SHG autocorrelator were 0.1nm
and H0fs, respectively.

By controlling the polarization state inside the laser cavity, pulsed output is
successfully realized. Figure 4.10 shows the properties of optical output of passively
mode-locked fiber ring laser using CNTs deposited fiber by optical tweezers. The 3
dB spectral width is 3.2nm and measured SHG autocorrelation trace had the FWHM
width of 630fs. When transform limited sech? pulse waveform is assumed, pulse width
is calculated to be 400fs.

CN'T's were successfully deposited onto fiber end by optical tweezers and the fiber could
be used as nonlinear optical device, saturable absorber. This technique allows us to solve
the some problems of handling CNT's such as area selective deposition and efficient use
of CNTs. CNT deposition by optical tweezers is useful technique especially for optical
device fabrication because CNTs were gathered to an optical path by the light which
propagates along the optical path. In next section, we propose a technique to realize

accurate control of CNT deposition by optical tweezers.
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Fig. 4.6: FE-SEM image of SMF end onto which CNTs were deposited core-cladding
boundary (a) Whole Fiber End Image (b) Magnified around Core (¢) Magnified around
Core-Cladding Boundary
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Fig. 4.7: Microscope image and Raman spectra of deposited CNTs onto fiber ends by
optical tweezers using a DSF fiber by 19.0dBm
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Fig. 4.8: Microscope image and Raman spectra of deposited CNTs onto SMF end with
ferrule by optical tweezers

89



Chapter 4: Optical Tweezers for Carbon Nanotubes Deposition

000 |
[ PC |

EDFA

l Isolator
SMF 20m

3dB

\___,  cowler (OD)
/@ Fiber

Ferrule CNT-layer

[ R NI 4

Output

e ————————
~————————

Fig. 4.9: Experimental setup for passively mode-locked fiber laser using CN'T's deposited
fiber by optical tweezers
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4.4 Optical Reflectometry for In-situ Monitoring of

Carbon Nanotubes Deposition

4.4.1 Introduction

In previous section, we employed optical tweezers for CN'T's deposition, and demonstrated
area selective deposition of CNTs to fiber ends. However, it is difficult to monitor and
control the condition of CNT layer which is deposited by the technique. Since we deposit
CNTs which happen to float in front of fiber end, we cannot determine starting time of
deposition. For precise control of CNT layer conditions, such as thickness and uniformity,
a technique to monitor CN'T deposited layer condition during the deposition is required.

Optical sensing is the one of the most important method to measure the properties
of an object during the fabrication process. There are many kinds of optical sensing,
optical reflectometry, optical spectroscopy, Raman spectroscopy, optical tomography,
etc. Non-contacting and non-corrosive sensing can be made by optical sensing and its
suitable for monitoring device fabrication processes, such as semiconductor devices and
also CNTs [109]. In this section, we propose and demonstrate an optical reflectometry

for in-situ monitoring of CNT deposition by optical tweezers.

4.4.2 Experimental Results and Discussions

Optical reflectometry is a technique to measure the reflection from the object.
Reflectivity data gives us the information of the object. By measuring the time trace
of reflectivity from the fiber end which is dipped into the solution, CNT attachment
starting can be detected because of scattering and reflection once CNTs attached.
Attachment of small entanglement of CNTs causes scattering, and when large number of
CNT entanglements are attached and form a layer is occurred at the boundary Fresnel
reflection. Fortunately, the refractive indexes of silica-glass which is material of optical
fiber and DMF are approximately 1.46 and 1.42, respectively, and the Fresnel reflection
at the boundary of optical fiber and DMF is suppressed to be low. In simulation, the

refractive indexes of CNTs is around 3.0 [103], and the large refractive index difference
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between optical fibers and CNTs causes high reflection. Therefore, attachment of CNT's
can be detected by measuring time trace of reflectivity.

Figure 4.11 shows the schematics of experimental setup. The light from a laser diode
is used for both optical tweezers and optical reflectometry. The light at the wavelength
of 1560nm was amplified by a high-power EDFA, and 10% was split and attenuated by
20dB to monitor the input power. 90% of light was incident from the cleaved fiber end
into DMF solution, where purified CNTs were dispersed. The Fiber end serves as the
focused spot for optical tweezers, and CNTs bundles were deposited onto the fiber end
as shown in Fig. 4.11. The power of reflected light from the fiber end was measured by
another power meter through a circulator. Input and reflected powers were measured
at every 500ms. After the deposition, DMF was dried up, and FE-SEM image of the
fiber end was taken. We deposited thick and thin CNT layer onto fiber ends by simply
changing the deposition time.

Figures 4.12 and 4.13 show the in-situ reflectometry data series and FE-SEM images
of low- and high-density deposition, respectively. The EDFA was off at first, and once it
was turned on, the gain was kept constant. Reflectivity was small around -40dB before
CNT deposition. When CNTs are deposited onto the fiber end, reflectivity is expected
to drastically increase. It takes a short period of time (10-100s) to start deposition and
the period is not definite because CNTs are not dispersed uniformly in the solution.

When a CNTs bundle happens to come close to the core of fiber end, the bundle is

Light
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1560nm  30dBm
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Solution (DMF)

Fig. 4.11: Schematics of Reflectometry for monitoring CNT's
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trapped and deposited. Once a single CNT bundle is deposited, it becomes a seed of
deposition, and it entangles the other bundles to start the deposition process. Figures
4.12(a) and 4.13(a) clearly indicate the drastic increase of reflectivity due to the CNT
deposition as expected. The deposited CNTs do not form uniform layer at first, and the
reflectivity fluctuated due to the non-uniformity and the flow of DMF. For low-density
deposition, the EDFA was turned off at 8 seconds after the start of deposition (Fig.
4.12(a)). For high-density deposition, the EDFA remained on for about 4 minutes.
During the deposition, fluctuation of reflectivity becomes smaller(Fig. 4.13(a)). It
indicates that the CNTs-layer becomes more uniform as the layer becomes thicker. The
above observations through the reflectometry were supported by the FE-SEM images,
where a thin CNT layer was clearly observed only at the core region in Fig. 4.12(b)(c),
whereas the deposited layer is very thick in Fig. 4.13(b)(c). From the magnified image
(Fig. 4.12(c) and 4.13(c)), area selective deposition was confirmed. Circular like area

deposition is realized by optical tweezers and their diameter was around 15um.
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Fig. 4.12: Thin CNT layer deposition by optical tweezers with monitoring (a) In-situ

reflectometry (b) FE-SEM image of fiber end (Low Magnitude) (¢) FE-SEM image of
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Fig. 4.13: Thick CNT layer deposition by optical tweezers with monitoring (a) In-situ
reflectometry (b) FE-SEM image of fiber end (Low Magnitude) (c¢) FE-SEM image of
fiber end (High Magnitude)
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4.5 Fabrication of Carbon Nanotube Sphere

4.5.1 Introduction

Easy handling of CNTs the main topic in this chapter. Even if the CNTs are deposited
onto fiber ends by optical tweezers, it is not enough cost effective for industry use
compared with other materials which can be handled with macroscopic manipulation.
Super-structures of CNTs have many applications, such as hydrogen storage materials
[110,111]. Constructing the super structures made of CNTs which we can manipulate
physically is one of the important tasks. Up to now, CNT based super structures have
been demonstrated in ring-shape, star-shape and sphere shaped cage [112-114], etc.
Difficulty in formation of super structures made of CNTs is their large van del Waals
force interaction with each other. The force makes it difficult to disperse CNTs into
common solvents because of spontaneous aggregation and fabrication of super-structurer
has many problems. Conventional techniques to fabricate the super-structures utilize
templates of super-structures and chemical functionalization of CNTs. In this section,
we investigate fabrication of sphere shaped super-structures made of CN'Ts by optical

tweezers without chemical functionalizations.

4.5.2 Experimental Results and Discussions

The experimental setup which is used in this section is illustrated in Fig. 4.14. There
is no special difference between experimental setups which were used in this section and
those in previous setups (Fig. 4.4, Fig. 4.11). The differences between previous sections
are microscope which is used for observing fiber end. In previous sections, fiber end was
dipped into DMF solution and fiber end was faced downward. In this section, we fixed
a fiber end on a slide glass, and dropped DMF solution droplets. Another difference of
experimental condition is a condition of CNT solution. The sizes of entangled CNT's
in DMF solution were smaller than previous sections. Since CNT entanglement size is
small, higher optical intensity is required compared with previous sections. It had been

already confirmed that formation of sphere cannot be observed only with DMF without
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Fig. 4.14: Experimental Setup for Formation of CNT Sphere

CNTs.

Figure 4.15 shows a fiber end and a CNT sphere which was fabricated by the light at
the wavelength of 1560nm which had 25.0dBm intensity. The diameter of optical fiber
is 125um, and the diameter of CN'T sphere was estimated to be around 20um. The
diameter of CN'T sphere could be controlled by changing injected optical intensity and
time period. Figure 4.16 shows a growing process of a CNT sphere along time. The
injected optical intensity was constant at 28.0dBm. First, a small sphere was formed
(Fig. 4.16(a)), and it became larger and larger and finally its diameter reached around
100pm(Fig.4.16(b)~(h)).

Large sphere could be formed by high optical intensity and injecting a light for a
long time. However, by high optical intensity, optical radiation force was too large and
broke the sphere. The reflection and refraction of light by large CN'T sphere prevent
stable sphere growing. We fabricated large CNT sphere by precise control of optical
intensity as shown in Fig. 4.17. Its diameter exceeded the diameter of an optical fiber
and reaches 200um. Increasing rate of optical intensity was controlled with monitoring
the sphere stability with microscope, and final injected optical intensity was 29dBm. By
high increasing rate of optical intensity, the formed sphere was relatively unstable.

Only from the Figs. 4.15, 4.16 and 4.17, sphere shape could not be confirmed. Figure
4.18 shows the succeeding images of rotating an optical fiber with a CNT sphere. We
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Fig. 4.15: Formation of CNT sphere

confirmed the super-structures have the sphere shape structures.

Small spheres whose diameters were smaller than 15um were relatively unstable. On
the other hand, large spheres which have larger diameter than 15um are quite stable.
Those stable spheres can be manipulated macroscopically (Fig. 4.19). A sphere formed
on the fiber end was detached from the fiber with another fiber, and attached to the side
of another fiber. The adsorption force was quite strong and the sphere did not detached
spontaneously. The spheres had the elasticity and even if a sphere is compressed, the
shape became sphere shape by releasing force for compression (Fig. 4.20).

The spheres which had low stability collapsed gradually as shown in Fig. 4.21. The
initial diameter of the sphere was about 50um. The sphere shown in Fig. 4.21 had been
gradually collapsed and became smaller.

Although the spheres were stable in DMF, we could not take out CNT sphere from
DMEF solution in sphere shape. It was difficult to maintain the shape when the object
pass through the liquid and air boundary and collapsed at the boundary. We could
not measure what the spheres were consisted of, because it was difficult to take Raman

spectrum or SEM image since the objects were in liquid. To confirm that CNTs were
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(a) Osec (b) 10sec

(c) 20sec (d) 30sec

(e) 40sec (f) 50sec

Fig. 4.16: Growing of CNT sphere (a)0sec (b)10sec (c)20sec (d)30sec (e)40sec (f)50sec

included inside the spheres, we inserted a CNT sphere into fiber ring laser cavity as
saturable absorber. Passive mode-locking would not occur, if CNTs were not included
in the sphere.

Figure 4.23 shows the experimental setup for passively mode-locked fiber ring laser
using CNT sphere. A small CNT sphere was inserted into fiber ring laser cavity between
the gap of two fiber ends. The gap was around Hum, and was immersed in a CNT
dispersed DMF droplet. An EDFA was used as a laser gain medium and an isolator was
inserted to prevent back reflection in the cavity. We controlled the polarization state
inside the ring cavity by a PC. The SMF was used to control the total dispersion in the

ring cavity to be nearly zero. The output light came out from 3dB coupler and optical
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Fig. 4.17: Formation of CNT large sphere

spectrum was measured by OSA. Resolution of OSA was 0.1nm.

The gain of the EDFA was controlled to form a small CNT sphere. Once a small
sphere was formed, optical path between the fiber gap changed. Therefore, the fiber
alignment was slightly changed after the formation. Figure 4.23 shows the gap of two
fibers with a small sphere. We obtained broad lasing spectrum which is the feature of
pulsed laser as shown in Fig. 4.24. However, the oscillation was not stable enough to
measure SHG autocorrelation trace. It is because the pulse inside the cavity has high
peak power, and disturb the stability CNT sphere. Although stable pulsed output could
not be maintained, we confirmed CNT existence in the sphere by this result.

Most probable mechanism of CNT sphere formation is that micro bubbles adsorbed
the CNTs around their surface(Fig. 4.25). CNTs attached to a fiber end was heated
by the high intensity laser light and evaporate DMF solution. Evaporated DMF formed
a sphere shaped micro bubbles. Micro bubbles in a liquid tends to adsorb the small
particles like CNTs to their surface. CNTs which were floated in DMF solution were
gathered and deposited on the micro bubbles, and the sphere shaped super structure

would be formed.
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Fig. 4.18: Rotation of CNT sphere
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Fig. 4.20: Elasticity of CNT Sphere
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(a) (b)

(c) (d)

Fig. 4.21: Collapsing of CNT sphere
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Fig. 4.22: Experimental setup for passively mode-locked fiber ring laser Using CNT
sphere
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Fig. 4.23: CNT sphere for passively mode-locked laser (approximately 5um diameter)
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Fig. 4.24: Optical spectrum of passively mode-locked laser using CNT sphere
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Fig. 4.25: Mechanism of CNT sphere formation
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4.6 Summary of This Chapter

In this chapter, optical tweezers was employed to solve a handling problem of CNTs for
many applications. In section 4.2, the principle of optical tweezers was explained using
simple ray optics. Optical radiation force which “push” an object will change into the
force which “pull” or “trap” the object by focusing the light. Large divergence of optical
intensity can trap the micro-, nano- materials at focusing point.

In section 4.3, we proposed and demonstrated the deposition of CNTs onto optical
fiber by optical tweezers. The light spreads out from the optical fiber end was used as an
optical intensity divergence for optical tweezers. The experimental setup was very simple,
composed only of a laser diode and an EDFA. We successfully deposited the CNTs onto
the fiber end by injecting the light into CNT dispersed solution through a perpendicularly
cleaved fiber end. Microscopic Raman spectroscopy proved the area selective CNT
deposition only around the core region. Optimum optical intensity was found to be
21.5dBm for SMF, and 19.0dBm for DSF. The optimum intensity highly depends on
the NA of the fibers and the condition of CNT dispersion. We also demonstrated a
passively mode-locked fiber laser using a fiber whose one end was coated by CNTs with
our technique. We generated short pulses with a temporal pulse width of as short as
400fs. This technique will reduce the fabrication cost of the CN'T based devices, especially
optical devices.

Section 4.4 represents the optical reflectometry for precise control of CN'T deposition
by optical tweezers. Only by the technique which was employed in section 4.3, we could
not detect when CNT deposition started and how much CNTs were deposited. We
introduced optical reflectometry to detect them for estimation of CNT layer condition.
FE-SEM images supported the validity of this technique.

In section 4.5, fabrication of CNT spheres by optical tweezers without templates or
chemical functionalizations was investigated. Formation of CN'T sphere and growing of
CNT sphere was shown by microscope images. CNT spheres had quite high stability
so that they could be physically manipulated and had elasticity. It is difficult to take
them out from DMF, and Raman spectroscopy and FE-SEM could not be performed.
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By using the tiny sphere inside the laser cavity, passively mode-locked fiber ring laser

was successfully realized. We confirmed that the sphere includes CNTs by the result.
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Chapter 5 : Summary

In this thesis, we focused on fabrication of silica-based waveguides by UV beam
scanning and CNT optical devices for future highly functional devices. Hybridization of
silica-based optical waveguides and CNT devices were investigated in order to achieve
synergistic effects of the two and compensate their disadvantages with each other.
Finally, we investigated an optical tweezers based novel handling method of CNTs to
develop efficient fabrication of CNT optical devices.

In chapter 2, we presented the UV beam scanning technique and the functional device
fabrication by the technique. Section 2.2 gave comparison between conventional process
and UV beam scanning technique. Principle of the UV beam scanning technique,
photosensitivity in Ge-doped silica-glass, were also introduced. Results which were

obtained in chapter 2 are followings:

e In section 2.3, we studied structure characterization of silica-based optical channel
waveguides fabricated by UV beam scanning technique. By using refracted near
field method, we measured the cross sectional refractive index profiles of the
waveguides which had been fabricated at the scanning speed of 1000, 500, 250, 100,
90, 80 ,70, 60, 50 ,40 , 30, 20, 10 pm/s. The maximum refractive index increase
saturated at the scanning speed of 100um/s. The horizontal and vertical refractive
index distribution were found to be Gaussian and uniform profile, respectively.
We defined the waveguide width as the horizontal full width of 1/e maximum at
the mid-plane of the Ge-doped layer. With slow scanning speed, saturation of
refractive index increase occurs at the center of the UV beam spot, whereas it does
not occur at the other area. Hence, we can control effective channel width with

the scanning speed.

e Section 2.4 focused the fabrication of Bragg grating based devices by using only

UV beam scanning technique. Optical channel waveguides containing sampled
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Bragg grating were fabricated, and multiple phase shift technique was introduced
to densify the channel spacing. We fabricated 10mm-long waveguide which contains
sampled grating constructed by 9 Bragg gratings with 1mm sampling period, and
achieved maximum reflectivity of 99%. By introducing MPS technique, 100GHz
channel spacing was halved to be 50GHz.

In chapter3, we investigated the combination of CNTs and planar waveguides
fabricated by UV beam scanning. In section 3.2, basic properties, especially the optical
properties, of CN'Ts were explained. The CNTs properties are determined solely by their
chirality. Once chirality is determined, all CNTs properties can be calculated. There
are two types of CNTs, semiconducting and metallic CNTs,; and semiconducting CN'T's
absorb the light which has the same energy as bandgap. For optical device applications,
the absorption characteristics have been mainly focused, and the absorption wavelength
is almost inversely proportional to the CNTs diameters. CNTs reveal the saturable
absorption characteristics for the absorption band and used as saturable absorber for
passively mode locker. CNTs have another attractive characteristics for optical device
application, high optical nonlinearity. Their high optical nonlinearity can shorten the
nonlinear optical processing devices. Results which were obtained in chapter 3 are

followings:

e In section 3.3, we proposed and demonstrated planar waveguide type saturable
absorber based on CNTs. For future highly integrated CNT devices, planar
waveguide type CNTs device is required. Since this is the first step of integrated
CNTs device, we demonstrated saturable absorber which have been already realized
function by CNTs. To realize the planar waveguide type device, interaction between
CNTs and evanescent wave component was employed. By spraying purified CNTs
onto the over-cladding-less silica-based planar waveguide which was fabricated by
UV beam scanning, we fabricated the waveguide-type saturable absorber samples.
The samples have large polarization dependence because of their device structures.
We constructed passively mode-locked fiber laser by inserting the sample as a

passive mode-locker, and obtained the pulse train which has 187fs temporal width
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and 1.55MHz repetition rate.

e Section 3.4 focused on all optical switching using CNTs. High optical nonlinearity
of CNTs was used to shorten the optical nonlinear processing device length. We
introduced 10mm-long CNTs loaded over cladding less planar waveguide as a
nonlinear device in NOLM configuration. By using 95:5 coupler, splitting ratio
contrast of about 20% was realized, and this result well matches with theory.
The nonlinear coefficient () of the device was estimated to be in the order of
10W—'km ™" which is two magnitude smaller than the simulated value. However,
considering the results in section 3.3 the estimated value was too high. The phase
shifts might be induced by the thermal effect in addition to SPM. We have to take

into account the polarization effects.

In chapter 4, optical tweezers was employed to solve a handling problem of CNTs for
many applications. In section 4.2, the principle of optical tweezers was explained using
simple ray optics. Optical radiation force which “push” an object will change into the
force which “pull” or “trap” the object by focusing the light. Large divergence of optical

intensity can trap the micro-, nano- materials at focusing point.

e In section 4.3, we proposed and demonstrated the deposition of CN'Ts onto optical
fiber by optical tweezers. The light spreads out from the optical fiber end was
used as an optical intensity divergence for optical tweezers. The experimental
setup was very simple, composed only of a laser diode and an EDFA. We
successfully deposited the CNTs onto the fiber end by injecting the light into
CNT dispersed solution through a perpendicularly cleaved fiber end. Microscopic
Raman spectroscopy proved the area selective CN'T deposition only around the core
region. Optimum optical intensity was found to be 21.5dBm for SMF, and 19.0dBm
for DSF. The optimum intensity highly depends on the NA of the fibers and the
condition of CNT dispersion. We also demonstrated a passively mode-locked fiber
laser using a fiber whose one end was coated by CNTs with our technique. We

generated short pulses with a temporal pulse width of as short as 400fs. This
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technique will reduce the fabrication cost of the CNT based devices, especially

optical devices. Results which were obtained in chapter 4 are followings:

e Section 4.4 represents the optical reflectometry for precise control of CNT
deposition by optical tweezers. Only by the technique which was employed in
section 4.3, we could not detect when CN'T deposition started and how much CNT's
were deposited. We introduced optical reflectometry to detect them for estimation

of CNT layer condition. FE-SEM images supported the validity of this technique.

e In section 4.5, fabrication of CNT spheres by optical tweezers without templates
or chemical functionalizations was investigated. Formation of CN'T sphere and
growing of CNT sphere was shown by microscope images. CNT spheres had quite
high stability so that they could be physically manipulated and had elasticity. It
is difficult to take them out from DMF, and Raman spectroscopy and FE-SEM
could not be performed. By using the tiny sphere inside the laser cavity, passively
mode-locked fiber ring laser was successfully realized. We confirmed that the sphere
include CNTs by the result. The techniques which are reported in this chapter allow

us to easily fabricated CNT based devices, especially optical applications.

We investigated both UV beam scanning technique and CNTs to achieve synergistic
effects of the two, and examined optical tweezers to efficiently and easily fabricate the
planar waveguide-type CNT devices. Although we could not realize the synergistic
devices, we demonstrated the fundamental results. We believe that our results
obtained in this thesis will contribute the future developments of optical communication

researches.
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