











Abstract

Silica has been widely employed as a host material for passive optical devices including fibers,
couplers, and filters because this material has an extremely low absorption and scattering loss
and can be easily processed. However, despite its excellent properties, silica has rarely been
used for active optical devices such as optical switches and memories. This is owing to a
small nonlinear coe cient and absence of with carrier-induced and electro-optic e ects in
silica. Nevertheless, it is possible to control light e ciently even in a material with a small
nonlinear coe cient if a microcavity with an ultra-high Q factor and a small mode volume
is used. Specifically, the “dynamic control” method for controlling light, which is achieved
by time-dependently changing the microcavity characteristics, is expected to be employed for
optical switches, memories and frequency converters. The goal of this study is to demonstrate
the dynamic control of an ultra-high Q silica microcavity and to use it for an all-optical memory,
switching, frequency conversion, and tunable bu ering.

Chapter 1 describes the background and objective of this study.

Chapter 2 deals with the basic theory, fabrication, and characterization of a silica toroid
microcavity that is used in this study.

Chapter 3 describes the development of a theoretical model for nonlinear optical e ects
such as optical Kerr and thermo-optic e ects in a silica toroid microcavity, and then uses it to
confirm numerically the feasibility of an all-optical memory in a microcavity.

Chapter 4 reports proof-of-principle all-optical switching experiments that were performed
using the optical Kerr e ect in a silica toroid microcavity. The results proved that a moderate
input control power of 2.1 mW issu cient for switching, and the required power can be further
reduced to 36 W when a Q value of over 107 is employed.

Chapter 5 describes the achievement of all-optical frequency conversion based on an adia-
batic frequency conversion (AFC) process. The use of the optical Kerr e ect in an ultra-high
Q silica toroid microcavity made it possible to demonstrate AFC with arbitral amount of fre-
quency shift, conversion time width, and number of conversions. In addition, the e ect of the
relative phase between the fundamental and converted lights on the optical output was revealed.

Chapter 6 reports the experimental observation in the time domain of the strong coupling
between ultra-high Q optical modes in a silica toroid microcavity. The numerical model and the
experimental techniques developed in this chapter were employed for the experiments described
in Chapter 7.

Chapter 7 describes a demonstration of all-optical tunable bu ering both numerically and
experimentally. All-optical tunable bu ering was achieved by coupling ultra-high and moderate
Q modes in two di erent silica toroid microcavities and controlling the coupling between the
two modes dynamically via the Kerr e ect.



Chapter 8 summarizes the knowledge obtained in each chapter, and concludes the thesis.
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Chapter 1

Introduction

1.1 Introduction

Technologies manipulating light have had a great impact on people’s lives. In ancient times,
light would be used for lighting up things lying in darkness. The light emitted from a fire
enabled the human being to act in the nighttime and sometime could be employed for exploring
a deep cave. In the later era, a human being learned other usages of light that are not just
lighting up. For instance, light was used as a medium transmitting information. In the
beginning, a beacon, which utilize light emitted from the fire, had been used to transmit simple
information for a distant place. Currently we can send and receive complex information via
optical telecommunication network, which is composed of lasers, optical fibers, modulators and
detectors. Besides transmitting information, measuring something is a major usages of light.
In the Middle Age, invention of a telescope enabled scientists to observe stars and planets in the
sky. In addition, carefully designing lenses and optical system a microscope was developed in
the same period. These measuring technology based on light deepened the insight into nature.
Today such technology was expanded to, for example, laser measurement and spectroscopy.
Considering the above discussion, technologies utilizing light can be regarded as the base of
our society. They are expected to show further progress in the future.

In general, many technologies and science that are developed by a human being progress
toward an extreme of downsizing. Field of electronics is one of good examples. In this
field, there is a famous law named Moore’s Law, which is a empirical law of downsizing of a
transistor and claims that a number of transistors on a chip becomes twice every 18 months.
Following this law, the number of transistors on a chip reaches 10° in the present. Moreover, in
a laboratory, a transistors which is driven with a single electron has been studied. As an another
example, the trend of physics is also described. In the Middle Age, physicists were focusing
their interests on macroscopic phenomena and principles such as free fall, electromagnetic
wave and thermodynamics. However, in the modern times new fields in physics, for example
guantum and atomic physics, are playing a major role in physics. They are now dealing with
microscopic particles whose size ranges from m to less than nm. Downsizing of technologies
brings a huge benefit to our society. If a size of a product is reduced, the product should be
cheaper. This leads the wide-spread of the product. In addition, the reduction of the size
allows to improve the degree of integration, which contributes to increase the performance of
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the product. Therefore, downsizing is not only a trend but also a direction that technologies
should take.

When considering downsizing of technologies related to light, “interaction length” emerges
as an important issue. A performance of many kinds of technologies and techniques based
on light relies on interactions length between light and a material. For instance, sensitivity
of absorption spectroscopy has a strong dependency on a length of a sample (i.e. interaction
length) that is being tested. Light traveling in the sample experiences attenuation. Measuring
dependency of the attenuation on a wavelength of light, it is possible to know the shape of
the absorption spectrum of the sample. However, it is clear that if the interaction length is
very short, light passed through the sample is not attenuated largely, which makes di cult to
recognize the absorption spectrum. Similar to the case of absorption spectroscopy, reduction of
an interaction length leads poor performance in other light-related technologies such as lasers
and nonlinear optics. Downsizing of devices manipulating light results in the reduction of their
interaction length, thus downsizing has an issue when we consider technologies related to light.

Overcoming the reduction of the interaction length accompanied by downsizing, optical
micro- and nano-cavities have recently gained an great attention. Optical micro- and nano-
cavities have a m- and nm-order size, thus they are regarded as a well-downsized optical
components. In spite of such a small size, they exhibit a su ciently long interaction length
thanks to high Q factor. This can be understood by imaging two m-size mirrors facing each
other. Although the distance between the two mirrors are very short, light in the gap between
the mirrors goes back and forth many times due to the reflection of the mirrors. This reflection
virtually extends the size of micro- and nano-cavities, which solves the issues of poor interaction
length. Therefore optical micro- and nano-cavities can be regarded as the key for achieving the
downsizing of technologies manipulating light. Downsizing such technologies will contribute
to the further development of our technology.

In this chapter, optical micro- and nano-cavities and their applications are reviewed. First,
basics, classification, and applications of optical micro- and nano-cavities are summarized.
Next, how to control the property of optical micro- and nano-cavities are discussed. Finally,
the objective of this study is described.

1.2 Optical micro- and nano-cavities

1.2.1 Characteristics

Recent development of micro- and nano- fabrication technology enabled us to fabricate a cavity
with micro- and nano-order size. To the present, various optical micro- and nano-cavities, for
instance microring, photonic crystal nanocavity and whispering gallery mode microcavity,
have been proposed [1]. For example, a state of art optical nanocavity exhibits a volume of
< 0:1 md3. They have several advantages in comparison to classical mirror-based cavities.
However, basic characteristics of microcavities are almost the same as those of mirror-based
ones. Considering this fact, three characteristics of optical micro- and nano- cavities, that are
(1) resonance, (2) quality factor, and (3) mode volume are explained by taking a Fabry-Perot
cavity as an example.
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Resonance

As described in 81.1, optical micro- and nano-cavities hold both a small size and a long
interaction length (i.e. high Q factor) simultaneously. An optical cavity is regarded as a
container that can confine light. However, this understanding is not enough to completely
understand an optical cavity; The cavity is sometimes called “resonator,” thus the “resonance”
is one of the key words to fully understanding characteristics of the cavity.

Light in a Fabry-Perot cavity, which is composed of two mirrors facing each other, goes
back and forth by being reflected on the mirrors (Fig. 1.1(a)). In the situation where phase are
aligned between pathways, the constructive interference is created; this phenomenon is called
“resonance”. When resonance occurs, the equation below should be satisfied [2];

m = 2nL; (1.1)

where n, n, L and m are the resonant wavelength, the refractive index of the cavity, the
cavity length (distance between the two mirror) and the mode number (integer), respectively.
Equation (1.1) shows that an optical path length of a cavity 2nL has to be equal to m
to obtain the resonance. When the resonant condition (Eq. (1.1)) is satisfied, optical modes
corresponding to m values are formed as shown in Fig. 1.1(b). There can be several optical
modes in the cavity depending on the value of m. If Eqg. (1.1) is not satisfied, destructive
interference occurs and the light cannot be confined in the cavity. As a result, the transmission
spectrum of the Fabry-Perot cavity becomes like Fig. 1.1(c), where only the light with its
wavelength that is equal to the resonance can transmit. Quantitatively, the transmittance Trapry
IS written as

(1 R)’G .
(1 GR)2+4GRsin?( =2)

G=exp( L) =4nt

Trabry( ) = (1.2)

; (1.3)

where R and are the power reflectance of the mirrors and the absorption coe cient of the
cavity medium, respectively.

Quality factor

Here, quality factor (Q), that is one of the most important characteristics of the cavity, is
defined. As mentioned in 81.2.1, light inputted through the left mirror reflects at the right
mirrors and goes back and forth again and again. As a result, light is captured between the
two mirrors. However, it is clear that light cannot be captured in the cavity forever. Owing to
the losses originating from, for instance, the imperfection of mirror surface, the absorption of
medium with which the cavity is filled, and the transmission through an out-coupling mirror,
light intensity in the cavity gradually decays after the input light is switched o . Hence the
temporal change of light intensity in the cavity can be expressed by a very simple di erential
equation, which is given as

di(t) _ .
T 1(t); (1.4)
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where | and are the light intensity in the cavity and the decay rate in the cavity, respectively.
The solution of Eq. (1.4) is simply obtained as

I(t) = loexp( t) =loexp( t=); (1.5)
where lpand = 1= are the light intensity at t = 0 and the photon lifetime, respectively. It is
clear that photon lifetime gives the time until the intensity 1(t) become lp=e. Therefore can

be used as an indicator that how long time light is captured inside the cavity. Using the photon
life time or the decay rate , quality factor Q can be defined as

Q=1y =1¢=; (1.6)
where 1 is the angular resonant frequency. Q factor represents how small the loss of the cavity
is. Therefore, higher-Q is preferred in many applications of optical micro- and nano-cavities.

Note that Q factor can also be defined in the frequency and the wavelength region. As seen

in Fig. 1.1(c), each peak in the transmission spectrum has a finite width. This width is related
to Q factor, which is given by

Q="fo= frwnm = 0= FwHMm; (1.7)
where fo, o, frwawm and  pwHm are the resonant frequency, the resonant wavelength, and
the full-width of half-maximum (FWHM) of the linewidth of the transmission spectrum in
the frequency and wavelength region, respectively. In general, Q of micro- and nano-cavities

is evaluated by measuring the linewidth of the peak in the transmission spectrum following
Eq. (1.7).

m=1
(a) (b) (©)
)\1 K Z
A
m=2
Forward =
In Out A, K Z
Backward s
m=m R
)\m )\2 )\1 i
)\m

Fig. 1.1: (a) Schematic illustration of Fabry-Perot cavity. (b) Modes excited in a Fabry-Perot
cavity. m indicates an integer mode number. (c) Schematic illustration of a resonant spectrum
of a Fabry-Perot cavity.

Mode volume

Optical micro- and nano-cavities have a small size. For qualitatively evaluating how small

volume cavitj&s have, “mode volume” V, is widely used. The definition is [3]
"JE(x; y; ) j?dxdydz

max["jE(x; y; 2)}]

(1.8)
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where " and E(x; y; z) are the permittivity of the cavity medium and the electric field in the
cavity, respectively. Obviously the definition based on Eq. (1.8) considers the distribution of
light in the cavity. This is useful when the mode volumes for di erent optical modes in the same
cavity are compared. As described in Fig. 1.1(b), each optical mode has its own optical path,
which means that each mode has each mode volume. It is possible to consider this di erence
by Eq. (1.8).

1.2.2 Classification

To the present various kinds of micro- and nano-cavities have been proposed. Each cavity has
its own characteristics, which expand a range of applications of micro- and nano-cavity. Here,
four classes of micro- and nano-cavities, (1) microring cavity, (2) photonic crystal nanocavity,
(3) whispering gallery mode microcavity, and (4) the others are reviewed.

Microring cavities

One of the most simple and commonly-used optical microcavity is a microring cavity. As
shown in Fig. 1.2, it is composed of a ring-shaped and straight optical waveguides. Light
is inputted through the straight waveguide. The ring and the straight waveguide are placed
with a distance of < m, thus light propagating in the waveguide is coupled into the microring
via evanescent field. When the circumference of the microring is the integer multiple of the
wavelength, the light coupled from the waveguide experiences constructive interference with
the light propagating in the microring, which induces the resonance.

The microring cavities were first developed as a small-footprint semiconductor lasers [4,5].
Cleaved facets as the reflection mirrors are not needed to achieve the resonance in the microring
because of its ring-shaped structure. The freedom from the cleaved facets makes microring
cavity-based laser suitable light source for an on-chip integrated optical circuit. At that time
the microring was fabricated with GaAs-AlGaAs platform because its major application was a
laser. However, around 2000 the microring cavity was started to use as an optical modulator
(switch) and optical filter [6,7]. From the view point of the above applications, fabricating
the microring with silicon is the most straightforward because we have a good fabrication
technology on Si developed through large scale integration of electric circuit on a Si chip. In
the beginning of the Si microring cavity, Q of silicon microring stayed below half million.
For example, Xiao et al. [8] reported that Q of 4:2  10° was achieved with silicon microring.
Its cross-section and diameter was 250 nm 500 nm and 10 m, respectively. The low Q of
the microring was believed to be attributed to the surface roughness of the microring which
is resulted from etching during the fabrication. Then, for relaxing surface roughness, several
etchless silicon microrings were developed [9-12] and the highest Q among them reached
1:6 108 [9]. In addition, taking advantage of local oxidation process, silicon microring with
Qof 5:3 106 was achieved recently [13].

As described, the silicon microring is suitable for integration into a optical circuit and is
easy to fabricate. However, silicon (and other semiconductors) has a small bandgap, thus light
absorption via multi-photon process is likely to occur when a high optical power is coupled to the
microring cavity. The carriers generated by two photon absorption (TPA) induce an additional
loss named free carrier absorption (FCA), which severely degrades Q factor. Degradation of
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Q becomes an issue in particular when the silicon microring is employed as a platform for
nonlinear optics, which requires high optical input power. Considering the disadvantage of
silicon, the microrings fabricated with other materials such as silicon nitride (SizNg) [14-16],
hydrogenated amorphous silicon (a:Si-H) [17,18], silica [19, 20], Hydex [21], and AlGaAs [22]
were developed. The most popular and attractive one among the above materials would be
silicon nitride. Silicon nitride has a large band gap which suppress TPA process greatly, and its
refractive index and nonlinear refractive index are large, which results in smaller mode volume
and moree cient nonlinear optical process [23]. Inaddition, even in the linear regime, asilicon
nitride microring shows higher Q than a silicon microring. For example, Gondarenko et al. [14]
reported a silicon nitride microcavity with Q of 3 10°. Recently the Q factor were further
improved. Q sof 7 10° and 8:1 10° were achieve by relaxing the stress in the silicon
nitride [15] and optimizing the coupling between the waveguide and the microring [16].

54800 10.0kV x7.00k SE(

Fig. 1.2: Scanning electron microscope (SEM) image of a silicon microring cavity [8].
[Reprinted with permission from S. Xiao, M. H. Khan, H. Shen, and M. Qi, “Compact silicon
microring resonators with ultra-low propagation loss in the ¢ band,” Opt. Express 15, 14467
- 14475 (2007).]

Photonic crystal nanocavities

Photonic crystal (PhC) nanocavities confine light taking advantage of a photonic bandgap. The
photonic bandgap is a region in the wavelength domain where prohibits the propagation of
light is prohibited. As a result, the light whose wavelength is involved in the photonic bandgap
is reflected perfectly when it is irradiated to a structure which has the photonic bandgap. In
addition, if the defect is introduced into the PhC and light remains in the defect, light cannot
escape from the defect because the defect is surrounded by the photonic bandgap. This means
that the defect acts like a cavity (i.e. PhC nanocavity). Hence, PhC nanocavity is usually
equivalent to a defect involved in a PhC.
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PhC exists in nature. For example, bright and diverse colors of wings of butterflies are
created by the photonic bandgap involved in their wing. However, it should be emphasized
that PhC can also be created and designed in an artificial way. The word “PhC” was first
used in Yablonovitch et al. [24], which theoretically revealed that a structure with periodically-
modulated refractive index shows a photonic bandgap. After the above paper was published,
PhC gained a great attention and was fabricated and characterized experimentally by many
researchers [25-29]. Although experiments were performed in a microwave regime [25, 26]
owing to the di culties in the fabrication in the beginning, later, experiments were expanded
to the optical regime [27-29].

PhCs can be classified into three categories such as three-, two-, and one-dimensional PhCs.
Three dimensional (3D) PhC confines light with photonic bandgap from the three sides [30,31].
Hence 3D PhC can create a perfect photonic bandgap. However, it can be easily imagined that
fabricating periodic structure three-dimensionally is not so easy, thus not many researchers
are dealing with it. On the other hand, 1D PhC confines light with photonic bandgap from
one side [32,33]. In the other sides, the confinement relies on total internal reflection. The
advantage of 1D PhC is a smaller mode volume and foot print than those of the other types
of PhCs. However, the confinement of light of 1D PhC is not strong, which results in low Q
factor. Considering the above discussion, 2D PhC is the most widely-used category in the field
of PhC.

To achieve high-Q in a 2D PhC the design of the defect is crucial. The 2D PhC employs
total internal reflection for confinement in vertical direction. Hence the optical mode confined
in the defect must satisfy the total internal reflection condition to minimize the radiation loss.
Akahane et al. [34] revealed that the radiation loss can be minimized if optical mode in the
defects have Gaussian shape and achieved Q factor of 4:5 10, After that various designs for
the defect in 2D PhC, for instance L3-type [34], Hexpole-type [35], Multi hetero-type [36], HO-
type [37], and width-modulation-type [38, 39], have been proposed and tested experimentally.
Among them, multi hetero-type exhibits an ultra-high Q reaching 9  10° [36].

PhCs are usually fabricated with semiconductors. However, recently, PhC made of an
optical material and an amorphous material were developed. For example, Diziain et al. [40]
fabricated L3-type PhC with lithium niobate aiming to second harmonic generation. On the
other hand, Freeman et al. [41] developed a chalcogenide glass PhC. The advantages of these
kinds of PhC cavities are the suppression of TPA and use of characteristic features of other
materials (e.g. @™?).

Whispering gallery mode microcavities

Whispering gallery mode (WGM) microcavities are  m-size (sometimes mm-size) circular or
spherical cavities. The name “whispering gallery mode” was named after Whispering Gallery
of St. Paul’s Cathedral in London [43,44]. The gallery has a smooth circular sidewall (see
Fig. 1.4(a)). When someone whispers along the sidewall, his whisper propagates along the wall
around the gallery, and then, he will hear the whisper from his back. WGM is an optical analogy
to this phenomena. When light is inputted into a circular or spherical cavity, it propagates along
the inner surface of cavity by total internal reflection, and then it returns to the position where

*23Some semiconductor materials also exhibit  ®-nonlinearity (e.g. GaAs [42])
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Fig. 1.3: SEM images of PhC nanocavities. (1) 1D PhC nanocavity. Periodic holes in
a waveguide create photonic bandgap. (2) Width-modulation-type 2D PhC nanocavity. By
shifting the position of holes in the center part, the cavity can be formed in a waveguide. (3)
3D PhC nanocavity. By stacking layers with latticed pattern it is possible to form 3D photonic
bandgap. [Reprinted by permission from Macmillan Publishers Ltd: Nature (J. Foresi, P.
Villeneuve, J. Ferrera, E. Thoen, G. Steinmeyer, S. Fan, J. Joannopoulos, L. Kimerling, H.
Smith, and E. Ippen, “Photonic-bandgap microcavities in optical waveguides,” Nature 390, 143
- 145 (1997) [32]), copyright (1997) / Sci. Rep. (Y. Ooka, T. Tetsumoto, A. Fushimi, W.
Yoshiki, and T. Tanabe, “CMOS compatible high-Q photonic crystal nanocavity fabricated with
photolithography on silicon photonic platform,” Sci. Rep. 5, 11312 (2015) [39]), copyright
(2015) / Nat. Mater. (M. Deubel, G. Von Freymann, M. Wegener, S. Pereira, K. Busch,
and C. Soukoulis, “Direct laser writing of three-dimensional photonic-crystal templates for
telecommunications,” Nat. Mater 3, 444 - 447 (2004).) [31]), copyright (2004).]
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it is inputted. If the phase of the returned light is the same as the initial phase, a resonance
occurs. This is the qualitative understanding of WGM.

The basic idea of WGM microcavity was first proposed in 1939 by Ritchtmyer et al. [45].
The early experiments of WGM microcavities were performed with microdrops of aerosol in
1980 [46], but Q factor is limited < 10° due to large loss. The first ultra-high Q (> 108)
WGM microcavity was reported in 1989 by Braginsky et al [47]. They employed a silica
microsphere on the top of a optical fiber formed by the laser annealing. Such a high Q factor
was achieved due to the small absorption coe cient of a silicaand a smooth surface attributed to
the laser annealing. In particular, the latter di erentiated WGM microcavity from a microring
cavity and a PhC microcavity whose Q factor is limited by the surface roughness originated
from the fabrication process. Later, further optimization of the fabrication process of silica
microsphere made Q of 8 10° [48] possible. Considering a small absorption coe cient
and the compatibleness of the laser annealing process of silica, various kinds of silica-based
WGM microcavity were proposed. A “silica bottle microcavity” is fabricated on the middle
of a silica optical fiber [49]. It exhibits an ultra-high Q of over 108 and a great tunability of
its resonance. Changing the tension applied between the top and the bottom of microcavity,
the resonance can be controlled; the maximum shift of the resonant frequency is 700 GHz. A
“silica rod microcavity” is formed on a silica rod [50]. The major advantage of this kind of
microcavity is the controllability on the diameter from few-hundreds m to to few-mm. The
diameter determines a free spectral range (FSR), which is an important parameter, in particular,
for optical Kerr comb [51]. Such a controllability is di cult to obtain with microcavities
formed on a optical fiber whose diameter is very small. In addition, the resonant frequency
of the silica rod microcavity can be finely-tuned over about 800 MHz by applying mechanical
stress. In contrast to the microcavities introduced so far, a “silica toroid microcavity” [52]
and a “silica disk microcavity” [53] can be fabricated on a Si chip. This feature makes them
suitable for mass-production and integration with other optical components such as an optical
waveguide [54]. They have torus- or disk-like shapes with a diameter or a thickness of around
few- m. Such kinds of shape prohibit propagation of higher optical modes, which results in
discrete resonances in a transmission spectrum. The discrete resonances relax a complexity of
the measurement of the microcavity.

Instead of silica, WGM microcavities [55-60] fabricated with optical transparent crystals
are also studied. As predicted in Savchenkov et al. [55], some optical crystal, for instance CaF»,
has a potential to exhibit Q of over 103, which is 50 times higher than that of silica. In the
beginning, Q factor of crystalline WGM microcavities was limited by the surface roughness
because there was no fabrication technique to form smooth surface as silica WGM microcavities.
The breakthrough of the fabrication process was diamond polishing, which was first reported
by Ilchenko et al [56]. Polishing the surface of the crystalline WGM microcavity, Q of the
microcavity made of periodically-poled LiNbO3 reached 2 108. Q factor was further increased
to2 10'° employing CaF, as a base material of the microcavity [55]. Currently, microcavities
fabricated with CaF, and MgF, [57] are employed for pursing an ultimately-high Q factor. On
the other hand, crystals such as LiNbO3; and BBO [58] are employed for nonlinear wavelength
conversion utilizing their .

Besides silica and optical crystals, there are other WGM microcavities that are fabricated
with interesting materials. Flatae et al. [61] reported a WGM microcavity fabricated with
photo-responsive liquid crystalline elastomer. This kind of elastomer expands and shrinks in
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response to the irradiation of light. Thus it is possible to tune the resonance by controlling the
diameter of the cavity via the irradiated light. The tunable range reached up to 5:7 THz in this
study. In addition to that, recently, WGM microcavity which has a water wall was developed
by Maayani et al. [62]. The water droplet held on a nano water bridge acts as a WGM cavity.
In contrast to WGM microcavities fabricated with solid materials, the water-wall microcavity
can be easily deformed. This feature makes the water-wall microcavity an ideal platform for
experiments of optomechanics [63].

(b)

Silica microsphere CaF, microcavity

100 um

Silica toroid microcavity

Fig. 1.4: (a) Schematic illustration of Whispering Gallery. (b) Image of silica microsphere [64]
[Reprinted with permission from I. Kandas, B. Zhang, C. Daengngam, 1. Ashry, C.-Y. Jao, B.
Peng, S. K. Ozdemir, H. D. Robinson, J. R. Heflin, L.Yang, and Y.Xu, “High quality factor silica
microspheres functionalized with self-assembled nanomaterials,” Opt. Express 21, 20601 -
20610 (2013).], silica toroid microcavity, and CaF, microcavity.

Other micro- and nano-cavities

In the following, some other kinds of cavities are described. Besides a microring cavity and
a PhC nanocavity, an other type of on-chip cavity, which is called “a micropillar cavity” has
been studied so far [65,66]. The micropillar cavity is a kind of Fabry-Perot type cavity which
is sandwiched by two Bragg grating mirrors. The Bragg mirrors consist of several layers of
di erent semiconductors (e.g. GaAs/AlAs). The micropillar cavity is fabricated by etching
the layers of semiconductors. Thus the light is confined in vertical direction in the cavity.
The advantage of this kind of cavity is a small size. Thanks to a high refractive index of a
semiconductor and a compact geometry of the Bragg mirrors, its size can be reduced down to
diameter of around 1 m. In addition, it can be densely fabricated on a chip. For example,
Jewell et al. [67] reported a density of 107 devices/cm?. Because its geometry is formed by
etching, its Q factor is not so high. However, it usually contains the laser medium, thus its loss
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can be compensated thanks to the gain of the laser medium. The micropillar cavity has been
employed, for instance, for a low-threshold laser [66] and a single photon source [68].

Moreover, a microcavity fabricated on a tapered optical fiber has been reported recently
by several research groups [69-73]. The tapered optical fiber is fabricated by heating and
stretching a commercial single-mode optical fiber (see §2.4.2). Its diameter is usually smaller
than 1 m at its thinnest region, thus light-matter interaction is enhanced in that region. In
addition, if a cavity structure is introduced into the tapered optical fiber, light-matter interaction
is strengthened further. The simplest way to form cavity structure into the fiber is to put Bragg
reflectors on the both edges of the fiber [69, 71]. If the reflectance of the mirrors is maximized
and the transmission loss of the tapered optical fiber is minimized, the linewidth can be
reduced to around 10 MHz [69]. As an alternative way, the cavity structure can be directly
fabricated in the tapered region by using focused ion beam milling [72, 73] or femtosecond
laser ablation [70]. It is possible to fabricate m-size Bragg reflectors with these methods. An
advantage of these methods is that they can fabricate a cavity with very small mode volume.
For example, Schell et al. [73] reported a mode volume of 0:7 mS3. A major application of the
cavity on the tapered optical fiber is cavity quantum electrodynamics. This kind of cavity can
be directly connected to the fiber, which results in high out-coupling e ciency.

1.2.3 Comparison among various micro- and nano-cavities

As reviewed above, although there are three major classifications of micro- and nano-cavities
such as the microring cavity, PhC nanocavity, and WGM microcavity, various types (e.g.
material and design) of cavities exist in each of classes. Thus it is worth summarizing and
comparing the performances and characteristics of the micro- and nano-cavities which were
introduced in 81.2.2 here.

According to 81.2.1, Q factor and mode volume Vy, are the main parameters of the cavities.
It is intuitive that a cavity which has a high Q and a small mode volume exhibits a strong light
confinement. Therefore, a cavity with high Q=Vy, is generally regarded as a good micro- (nano-)
cavity. Figure 1.5 illustrates a distribution of Q s and mode volumes V;, for various micro-
and nano-cavities. The figure indicates that WGM microcavities with crystalline material and
silica are capable of showing high Q factors. This can be explained by the fabrication process.
For the fabrication of these cavities a laser annealing or a polishing process are employed.
These processes allow these cavities have a smooth surface, which results in great reduction
of scattering loss induced by surface roughness. On the other hand, for example, microring
cavities and PhC nanocavities are generally fabricated with a etching process after which
surface roughness remains on the cavity’s surface. As a result of the roughness, their Q factor
stays below 107. In addition, WGM microcavities with semiconductors such as silicon [74]
and GaAs [75] do not show high Q factor because their fabrication process is not compatible
to the laser annealing or the polishing processes. Therefore, use of WGM microcavity with
a crystalline material or silica is reasonable if high-Q factor is necessary. On the other hand,
use of PhC nanocavity fabricated with semiconductor is better to obtain a small mode volume.
When the size of the cavity is reduced, the radiation loss generally increases and limits Q factor.
However, carefully designing a photonic bandgap it is possible to minimize the radiation loss in
a PhC nanocavity. In addition, semiconductors usually have a higher refractive index than silica
and other optical materials. Such a high refractive index relaxes the condition for total internal
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reflection, which allows the decrease of cavity mode volume without increase of the radiation
loss. Therefore, if the cavity with small-Vy, is needed, a PhC nanocavity with a semiconductor
should be used.
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Fig. 1.5: Q factors and mode volume of micro- and nano-cavities [3, 13, 15, 22, 36, 40, 48,
76-81]. The blue, red, and green color indicate microring cavity, PhC nanocavity, and WGM
microcavity, respectively. The circle, triangle, square, and star represent semiconductor, silica,
optical crystal, and other material, respectively. The blue and gray dashed lines are plotting
Q=V = const: and Q?=V = const:, respectively.

The discussion above infers that there is a trade-o between Q factor and mode volume
Vm; WGM cavities with silica or optical crystal exhibit high Q factor but their mode volume is
relatively large. On the other hand, PhC nanocavities have a small mode volume, but their Q
factor is poor. In addition, microrings pose moderate Q factor and mode volume. Therefore,
practically, performance of micro- and nano-cavities should be assessed with not only Q=Vy,
but also suitability for the application which is in mind™. Examples of characteristics of
micro- and nano-cavities other than Q=Vy, are described as follows; “Ease of fabrication”
should be considered if possibility of mass-production is important. Basically, micro- and
nano-cavities which are compatible to semiconductor process (e.g. microring cavities and PhC

*dWhen considering the fact that an e  ciency of nonlinear optical e ects usually depends on Q%=V (e.g. four-
wave mixing) or Q3=V (e.g. second harmonic generation and optical parametric oscillation) of a cavity, WGM
cavities appear to be a good platform.
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nanocavities) have this characteristic. For instance, a CMOS-compatible PhC nanocavity was
reported recently [39], which eases its fabrication process further. On the other hand, it is
said that WGM microcavities are di cult to fabricate because they sometimes require hand-
polishing [55-58], which is time-taking process, and needs matured know-how. Note that,
however, fabrication of WGM microcavities which can be fabricated on chip is not so di cult
because they can be fabricated with a combination of a standard semiconductor process and
the laser annealing [52,53,82]. When practical use of micro- and nano-cavities is considered,
“on-chip integration” is important. Microring cavities and PhC nanocavities can be usually
fabricated on a substrate and integrated with waveguides and other cavities easily [83,84]. As
for WGM microcavity, on-chip integration is generally di  cult due to their structure. However,
some kinds of WGM microcavities, for instance a silica toroid and a silica disk microcavity,
can be integrated with a waveguide [54, 85] and microcavity [86]. If cavities are applied to
loss-sensitive applications, “coupling e ciency” should be considered. When light is coupled
into a microring cavity or a PhC nanocavity from a single-mode fiber, mismatch occurs between
the modes in optical fiber and the waveguide on the chip. The mismatch leads a coupling loss.
Although such loss can be reduced by introducing a spotsize converter [87], the fabrication
of the spotsize converter is not so easy and the loss cannot be perfectly canceled. On the
other hand, it is possible to couple light into a WGM microcavity with 100% e ciency if
a tapered optical fiber is used [88,89]. There are other characteristics such as “tunability,”
“reconfigurability,” and “material”, but detailed explanations on them are not described here.
In summary, micro- and nano-cavities have various characteristics, thus it is better to choose
the cavity which is suitable for a given application.

1.2.4 Fields utilizing micro- and nano-cavities

To the present optical micro- and nano-cavities have been employed as a platform of experiments
in various research fields which range from quantum optics to bio-sensing. In the following,
major fields such as (1) cavity optomechanics, (2) cavity quantum electrodynamics (QED),
and (3) nonlinear frequency conversion are reviewed, and usefulness of optical micro- and
nano-cavities is emphasized.

Cavity optomechanics

When light with a high power is confined in a Fabry-Perot cavity, the mirrors are deformed
by the radiation pressure of light. Such a deformation leads the change of the optical path
length of the cavity, then, the resonance condition is changed. Hence the light confined
in the cavity is also a ected by the deformation. A phenomenon where the above cycles
occur repeatedly is called “optomechanics [90-92].” In the beginning, optomechanics was
considered in the large-scale Fabry-Perot cavity which is designed for detecting a gravitational
wave [93]. Recently it was proven experimentally that optomechanics can be observed with
not only in the large-scale Fabry-Perot cavity but also in a micro- and nano-cavities [94-96].
For example, Rohksari et al. [94] observed the coupling between the mechanical and optical
modes via radiation pressure circulating in a silica toroid microcavity for the first time. It
is natural to observe optomechanics in micro- and nano-cavities because its high Q factor
and small mode volume V;, enhance the light intensity in the microcavity, which results in
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Fig. 1.6: Schematic illustrations of (a) cavity optomechanics, (b) cavity QED, and (c) nonlinear
frequency conversion.
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large radiation pressure. After the pioneering works achieved with a silica toroid microcavity
[94-96], optomechanics is observed in many kinds of micro- and nano-cavity systems including
a spoke-supported silica toroid microcavity [97], a double-disk microcavity [98], and a PhC
nanobeam cavity [99] towards obtaining higher mechanical Q factor and frequency.

In those days, optomechanical coupling was regarded as an unwanted phenomenon. This is
because the vibration of mirrors induced by the light propagating in the cavity limits a sensitivity
of an interferometer. However, today it is known that optomechanical coupling can be utilized
to suppress the vibration by carefully arranging the detuning between the cavity resonance
and the laser frequency [100]. In addition, it is also known that optomechanics can be used
for a wide range of applications. For instance, Deotare et al. [101] reported a reconfigurable
optical filter using optomechanics with a PhC zipper nanocavity. In addition, Weis et al. [102]
observed “optomechanically” induced transparency in a silica toroid microcavity. The similar
phenomenon was also observed in a PhC nanobeam cavity [99]. Moreover, Hill et al. [103]
demonstrated wavelength conversion based on a optomechanical coupling. Other applications
of optomechanics include optical isolation [104], optical bu ering [105, 106], optical memory
[107], generation of optical chaos [108], and sensing [109].

Cavity quantum electrodynamics

Usually a single atom excited in a free space emits light, and then, returns to its original states
following its decay rate. However such a behavior is modified if the single atom is placed in
a cavity and the atom’s transition frequency and the cavity’s resonant frequency are matched.
When the coupling between the atom and the cavity is weak (i.e. weak-coupling condition),
Purcell e ect, which strengthens the decay rate of the atom, occurs. Purcell e ect can be
applied for controlling an emission rate of a single atom. On the other hand, Rabi oscillation
where light is exchanged between the cavity and the atom in turn is observed when the atom
and the cavity couple strongly (i.e. strong-coupling condition). Rabi oscillation in a time
domain is equivalent to Rabi splitting, where the resonant mode of the cavity (or the atom) is
split due to the strong coupling, in a frequency domain. Applications of the strong coupling
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condition are, for instance, generation of single photons [110], photon blockade [111], which
is an optical analogue to a Coulomb blockade, and a photon router [112]. The field studying
an interaction between the cavity and the atoms is called “cavity quantum electrodynamics
(QED)” [113] and cavity QED has been regarded as one of the major applications of optical
micro- and nano-cavities.

In an earlier period, Fabry-Perot cavity was used as a platform for the experiments, and
the strong coupling with a single atom was observed [114]. Although a great e orts were
made to reduce the reflection loss at the mirrors, Q and the mode volume were limited at that
time. Later, micro- and nano-cavities were started to be used for cavity QED experiments.
For taking advantage of higher Q factor, WGM cavities such as silica toroid [115, 116] and
silica bottle [117] microcavities were employed and strong coupling was observed. However,
the experiments with WGM cavities are usually performed with the free-falling atoms, which
makes the experiments time-dependent. For solving this issue, cavity QED experiments with
micropillar [118] and PhC nanocavities [119, 120] were performed. These cavities contain a
single quantum dot, which acts like an artificial atom, thus, the experiments can be conducted
time-independently and stably. In addition, they have much smaller mode volume than Fabry-
Perot and WGM cavities. Recently, use of microcavity fabricated on a tapered optical fiber
[69,71,73] gained a wide interest. The cavity is formed by the Bragg reflectors introduced into
the fiber. The advantage of this kind of cavity is that experiments can be performed with an
all-fiber configuration.

Nonlinear frequency conversion

Micro- and nano-cavities have been widely used as a platform of frequency conversion via
nonlinear optical processes. In those days, nonlinear frequency conversion was usually per-
formed in a bulk optical crystal placed in a Fabry-Perot cavity. If such an experiments can
be performed with micro- and nano-cavities, the conversion process should be more e cient
thanks to their high Q factor and small mode volume.

Nonlinear frequency conversion with a microcavity was first observed in a microdroplet
cavity [121]. However, it does not exhibit high Q factor and is inconvenient for a practical use.
Later, Spillane et al. [122] reported the first observation of Raman lasing in a silica microsphere.
In contrast to the microdroplet, the microsphere has an ultimately-high Q factor of > 108, which
leads to an ultra-low threshold power for Raman lasing. After that the use of (®)-process
(e.g. four-wave mixing and third harmonic generation) became a main stream of the field of
microcavity-based frequency conversion. Kippenberg et al. [123] and Savchenkov et al. [124]
reported four-wave mixing for the first time in a silica toroid microcavity and CaF, WGM
cavity, respectively. These pioneering works paved a way to generation of Kerr combs [51]
where cascaded four wave mixing creates a comb-like spectrum. Kerr combs are expected to
miniaturize current frequency comb sources, which usually have a large size and are expensive.
Kerr combs were generated in various systems including a silica toroid microcavity [125], a
silica rod microcavity [126], CaF, and MgF, WGM cavities [127,128] and a SisN4 microring
cavity [129]. Recently, it was proven experimentally by Gri th et al. [130] that generation of
Kerr comb is possible even with a silicon microring in which large TPA and FCA exist. They
solved the issues on TPA and FCA by carrier extraction via p-i-n structure embedded near the
microring. In addition to four wave mixing and Kerr comb, other  (®)-process such as a third
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harmonic generation and a sum-frequency generation were also observed [131].

In optical micro- and nano-cavities (-process is also enhanced. For example, second
harmonic generation was observed in LINbO3 WGM cavities [56] and a PhC cavity [40], and
microcavities made of other materials [132, 133]. In addition, optical parametric oscillation
was achieved in lithium niobate WGM cavity [134]. Recently, WGM cavity fabricated with
radially-poled lithium niobate was also reported [135].

Besides @-and (®)-processes, Brillouin process was utilized in microcavities. Gru-
dinin et al. [80] reported the first observation of Brillouin lasing in a CaF, WGM cavity. Later,
Brillouin lasing was also observed with other microcavities [136—139]. However, in contrast to
Raman or  ©®)-process, the gain bandwidth of Brillouin process is very narrow. This indicates
that it is tough to match the cavity resonance spacing (i.e. FSR) to the Brillouin shift. To
overcome the issue, Lee et al. [53] developed a silica disk cavity of which diameter can be
controlled precisely. The precise control of the cavity diameter (i.e. FSR) made possible to
tune the FSR into the Brillouin shift and induce Brillouin lasing deterministically.

1.3 Control of resonance

As described in §1.2.4, there are various fields utilizing micro- and nano-cavities. To employ
the cavities in those fields an ability to control their resonance is often important. For example,
matching the cavity resonant frequency to the atom’s transient frequency is crucial to perform
cavity QED experiments. In addition, a dynamic (i.e. time-dependently) control of the cavity
resonance allows micro- and nano-cavities to be platforms for some active devices including
optical switch, memory, and bu ering. Therefore it is worth mentioning how to control the
cavity resonance and applications of the resonance control in this section.

1.3.1 Methods to control

As shown in Eqg. (1.1), the resonant wavelength of the cavity depends on the refractive index
of the cavity medium n and the cavity length L. This indicates that the resonance can be
controlled if it is possible to tune the refractive index or the cavity length. In the following,
various methods to control the resonance are reviewed.

Mechanical control

“Mechanical control” contains a method where deformation or pressure is applied to a cavity.
Deformation and pressure create a geometrical change and a strain in the cavity. The former
changes the cavity length, and the latter modulates the refractive index via photoelastic ef-
fect. The refractive index change induced by the photoelastic e ect can be formulated by the
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Fig. 1.7: Schematic illustration of the control of the cavity resonance.
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where pjj and j are the photoelastic coe cient and the strain, respectively. Values of pj;
strongly depend on a kind of material. Note that (1=n?); is the coe cient for the refractive
index ellipsoid written as
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The resonance control with the mechanical control has been employed, for example, in a
stretchable PhC nanocavity [140], a PhC nanocavity coupled to a tapered optical fiber [42,141],
a WGM cavity sandwiched by the piezo actuators [132,142], and a silica bottle microcavity [49].
The advantage of the mechanical control is its large tunability. For instance, Ilchenko et. al [142]
reported a tunability of over 130 GHz in a silica microsphere cavity cramped by two piezo
actuators. On the other hand, the speed of resonance control is not so fast (  kHz) in a
mechanical control because the mechanical control usually relies on the piezo actuator.

Thermal control

It is known that heating or cooling micro- and nano-cavities induce a shift of their resonances.
This can be explained by the refractive index change induced by the thermo-optic (TO) e ect
and the change in the cavity length due to the thermal expansion. The refractive index change
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induced by TO e ect nto and the cavity length change Ltg due to the thermal expansion
are written as

no= T; (1.11)
Lre= el T; (1.12)
where , tg, and T are the TO coe cient, the thermal expansion coe cient, and the

temperature change, respectively. The thermal control is commonly used to control the reso-
nance of micro- and nano-cavities. The heat is usually generated in the cavity by an metallic
heater [143-145] or an absorption of light in the microcavity [146,147]. The thermal control is
widely used thanks to its large tunability. In the case of silica, the ratio of resonant wavelength
shift and the temperature change is about 13 pm=K, which indicates that the tuning of 0:13 nm
is possible with temperature change of 10 K. However, the thermal control is su ering from
low response speed owing to a long thermal relaxation time.

Carrier-induced control

In general, a permittivity of a material depends on its plasma frequency. In addition, the plasma
frequency depends on a carrier concentration. Thus, the permittivity (i.e. refractive index) is
changed by modulating carrier concentration in the cavity, which is here called “carrier-induced
control.” According to [148], the refractive index change induced by carrier-induced e ect is
written as

e2R

— 1.13
2"pnomc~13 (1.13)

Ncarrier =

where e, R, "'p, M¢ and ~ are the unit charge, the carrier-hole recombination time, the contri-
bution to the permittivity from bound change, the carrier mass and the Plank constant over 2 ,
respectively. Carrier injection [149] or two-photon absorption process [76] is generally used
to control carrier density in the micro- and nano-cavities. Carrier-induced control is able to
respond much faster than the thermal and mechanical controls, and its response time is limited
only by the carrier-hole recombination time 4R. However, the generated carrier induces FCA,
which increases loss of the cavity (i.e. reduction of Q factor).

Electro-optic control

Under an electric field, a specific optical crystal shows a change in its refractive index. Such
an e ect is known as electro-optic (i.e. Pockels) e ect, and is attributed to (@ coe cient of
the material. The refractive index change induced by the electro-optic e ect is given as [148]
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where rjj is the electro-optic coe cient. In the case of LiNbOs, which is a typical () optical
crystal, its refractive index change induced by electro-optic e ect is written as [150]

Ny = En raiE;
1
ny = §n3r41E;
n, = O: (1.15)

Note that an electric field E along the x axis is assumed. The electro-optic e ect is used not
only for controlling the resonance micro- and nano-cavities [151, 152] but also a commercial
optical modulator in an optical telecommunication network. Although the response of this
e ectis very fast, only the materials that have no inversion symmetry exhibit the electro-optic
e ect’®. Therefore a number of kinds of materials where the electro-optic e ect can be utilized
is limited.

Kerr-induced control

Kerre ectis one of third-order nonlinear optical e ects™d. Itis well-known as the origin of self
phase modulation (SPM) and cross phase modulation (XPM) in an optical fiber. The refractive
index change induced by Kerr e ect is given as

NKerr = N21; (1.16)

where | is the light intensity in the cavity. This e ect is almost instantaneous and much faster
than the other control methods. In addition, Kerr e ect consumes very little energy because it
can change the refractive index without any absorption. However, the tunability of Kerr-induced
control is very small [153], thus it can be easily overwhelmed by the other e ects. In contrast
to electro-optic e ect, Kerr e ect is obtained in any material regardless of its symmetry.

1.3.2 Applications

The control of the resonance of micro- and nano-cavities made possible a wide range of
applications. Firstly, it can be used to match the cavity resonance to the other resonances. Inthe
case of cavity QED, the resonant frequency should be tuned to the atom’s transition frequency.
For instance, Aoki et al. [115] tuned the resonance of the silica toroid microcavity to the
transition frequency of a Cs atom employing the thermal control. In addition, Volz et al. [154]
mechanically tuned the resonance of the silica bottle microcavity to a Rb atom. Besides, in
the case of developing coupled microcavities, resonances of two or more microcavities must
be matched. For this, for example, Zheng et al. [155] reported resonances of two silica toroid
microcavities were matched tuning the one resonance thermally. Secondly, the control of the
resonance gives tunability to cavity-based light sources. In the case of lasers and frequency
converters, the frequency of the output light is determined by the cavity’s resonant frequency.

*CCrystalline material such as LiNbO3 and KH,PO4(KDP) are the examples which exhibit the electro-optic
e ect.
*dKerr e ect is the core of this thesis, so the detailed explanation will be provided in §3.3.1.
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Lin et al. [132] applied pressure to a crystalline WGM cavity to tune the frequency of light
converted via a frequency doubling. Guo et al. [156] reported tunable stimulated Brillouin
lasing from a silica microsphere. The tuning was achieved with the TO e ect induced by the
absorption of light. Thirdly, if the cavity resonance is controlled time-dependently (*’dynamic
control™), it is possible to develop active optical devices such as an optical switch [6,157-160],
memory [160-162], and tunable bu er [163,164]. These active devices are usually achieved
with carrier-induced, electro-optic, or Kerr-induced control because they need high-speed
control of the cavity resonance.

The above description infers that the thermal and the mechanical control are mainly applied
to the “static control” because they are capable of tuning the cavity resonance largely at the
expense of the speed. On the other hand, the other control methods (i.e. carrier-induced,
electro-optic, and Kerr-induced control) are employed for “dynamic control.” This is because
they exhibit the fast speed although their tunable range is not so large. Considering these
di erences, the methods to control the resonance should be properly chose according to the
application.

1.4 Objective of this study

1.4.1 Motivation

As reviewed in 81.3, there are a lot of methods to control the resonance of optical micro- and
nano-cavities. Among them, the methods which can control a cavity “dynamically” are in
particular interesting, because they enable us to manipulate a flow of a light freely. It can be
imagined that light’s intensity, paths, timing and frequency are arbitrarily controlled if we have
an optical circuit which are composed of dynamically-controllable optical devices including
optical switches, optical memories, optical bu ers, and optical frequency converters. Such
devices are important for industrial applications such as an optical signal processing [165]. Itis
said that the transmission bandwidth and energy e ciency of telecommunication network and
microprocessor can be dramatically improved if an all-optical signal processing is introduced
into them. In addition, such a controllability is attractive for scientific studies, for example,
quantum optics. For example, transferring a single photon stored in a cavity to an another
distant cavity using the dynamic tuning of coupled PhC microcavity was reported [166].

So far it has been regarded that optical devices fabricated with a semiconductor material
are suitable for controlling light dynamically. This is because use of a semiconductor material
allows us to take advantage of the carrier-induced e ect, which is capable of changing the
refractive index of the optical cavity largely with reasonably short response time. In addition,
well-developed technologies processing semiconductor material is advantageous in terms of
large-scale fabrications and integration of many kinds of optical components on a chip. Actually,
the devices which control light dynamically such as optical switches [6, 76, 157], optical
memories [167, 168], and tunable optical bu ers [163, 164, 169] have been developed with
semiconductor-based cavities. However, there is a drawback of the semiconductor-based
devices; that is large loss. The carriers generated or injected in the device induces not only the
refractive index change but also loss which is known as FCA. In addition, there is basically a
large coupling loss between the device and the input optical fiber. Therefore, semiconductor-
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based devices are capable of controlling light dynamically, but exhibit high transmission loss.
The loss becomes an issue in particular when the device is largely cascaded and is applied to
loss-sensitive applications such as quantum optics.

In contrast to semiconductor, silica is known as an ultimately low-loss material (an absorp-
tion loss of 0.2 dB/km [170]). In addition to the low loss, silica can be easily processed and is
low cost. Taking advantage of silica’s excellent features, it has been widely employed for the
host material of passive devices such as optical fiber, couplers, and filters. However, silica is
not generally compatible with the dynamic control discussed above. For one thing, silica does
not show any changes even under externally-applied electric field because it does not have a

(@) coe cient which exists in non-centrosymmetric crystal due to its amorphous structure. In
addition, it is impossible to inject carriers or excite free-carrier with optical pumping owing to
its large bandgap. Moreover, silica’s nonlinear refractive index n; is very small; It is about 100
times smaller than that of Si, which makes utilization of any nonlinear optical e ects di cult
in silica. To the present great e orts have been made to control light dynamically in silica.
Their approach is mainly the use of nonlinear optical e ects (e.g. cross-phase modulation and
four wave mixing) in a silica optical fiber [171,172]. However, due to the weak nonlinearity
of silica, extremely high optical power must be inputted to obtain su cient controllability of
light. In addition, to induce su ciently large nonlinear e ects, light must propagate a very long
distance (e.g. 1 km) in a optical fiber, which makes the device size very large. Therefore,
it is not easy to develop optical devices which are capable of both allowing light to propagate
with low loss and controlling light dynamically with a reasonably-low optical power.

1.4.2 Objective

Nevertheless, recent development of micro- and nano-cavities is changing the situation ex-
plained above. As introduced in 8§81.2.2, various kinds of micro- and nano-cavities with
high-Q=V;,, ratio have been developed in these days. Basically, the power required for inducing
nonlinear optical e ects depends strongly on Q factor and mode volume Vy, in a cavity. For
example, the power required for all-optical switching via cross-phase modulation is in propor-
tion to Vi,=Q2. This indicates that it is possible to obtain su ciently large controllability in
silica if a microcavity-structure is employed. Even, silica is turned into “an ideal material” for
Kerr-induced control [173] when use of microcavity-structure is considered. This is because
the silica’s large bandgap greatly suppress TPA and FCA, which disturbs the use of Kerr e ect
in semiconductors. Actually, a lot of silica-based microcavities with an ultra high Q factor
and a moderately small mode volume Vy, have been developed so far [47,49,52,53]. These
technological progresses are paving a way towards low-loss dynamically-controllable optical
device.

In this study, a dynamic control of an ultra-high Q silica microcavity and its applications
are studied. Namely, the main novelty of this study is the combination of an ultra-high Q silica
microcavity and its dynamic control via Kerr e ect. The functions which are dealt in this study
include all-optical memory, all-optical switching, frequency conversion, and tunable bu ering.

As described above, use of a microcavity structure provides an ability to control light
dynamically to a low-loss silica-based optical device. Among various silica microcavities,
a “silica toroid microcavity,” which was first developed by Armani et al. [52] in 2003, was
chosen as a platform for this study. There are several reasons why a silica toroid microcavity was
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employed. Firstly, it has an ultra-high Q factor of 4 102 and moderately small mode volume [3]
which are advantageous with regards to the dynamic control via nonlinear optical e ects.
Although other silica microcavities such as asilicamicrosphere [47] and a silica microbottle [49]
also exhibit an ultra-high Q factor, their mode volume is generally much larger than that of a
silica toroid microcavity. This is because the silica toroid microcavity’s toroidal shape gives
strong vertical confinement to optical modes in the cavity, which results in localization of optical
modes. Secondly, a silica toroid microcavity is capable of being integrated on a chip [52] and
with a waveguide [54]. The compatibility for integration provides the possibility of future
mass-production and eases the experiment greatly. This feature di erentiates a silica toroid
microcavity from other silica-based microcavities [47,49] which are fabricated on a fiber.

As for a silica toroid microcavity, its major applications are quantum electrodynamics [115,
174], optomechanics [90,91], sensing [175, 176], laser source [177,178], and frequency comb
generation [51,179]. These applications work in a static condition where the microcavity’s
parameters are constant during the operation; little attention has been paid so far to the dynamic
control of silica toroid microcavity. Although some methods to control the resonance of the
silica toroid microcavity have already been demonstrated [144, 180], their response is quite
slow because they relies on a thermal or a mechanical control. Thus, the approach of this study,
that is the dynamic control of silica toroid microcavity with Kerr e ect, can be regarded as
novel and will propose new applications of silica toroid microcavity.

Actually, Kerr e ect (i.e. self- and cross-phase modulation) has already been observed
experimentally and applied to dynamic control of light in a silica-based microcavity. In earlier
period, Kerre ectwas observed in asilica microsphere [181]. At that time, the experiment was
performed in an ultra cold temperature to avoid the generation of TO e ect which dominates
Kerr e ect. Later, observation and utilization of Kerr e ect was proven to be possible even
in room temperature [182,183]. More recently, all-optical switching and memory using Kerr
e ect were achieved in a silica microsphere coated with polyfluorene [184] and in a silica
microbottle [160]. However, the previous studies employed bulky microcavities such as silica
microsphere and a silica microbottle. If the silica toroid microcavity is used as a platforms of
these function, the device should be fabricated on a chip and driven with lower input power
thanks to its smaller mode volume Vy,. In addition, the functions that require more complex
control including all-optical adiabatic frequency conversion, and tunable bu ering has not been
achieved yet although they are the keys to manipulating light freely.

In summary, the objective of this study is the realization of dynamic control of an ultra-high
Q silica microcavity and its applications. The nowvelties of this study can be explained by the
following two points;

(1) The combination of ultra-high Q silica microcavity and Kerr e ect has not been studied
in detail yet and will lead to a low-loss and dynamically-controllable optical devices.

(2) Complex functions based on the dynamic control of the resonance, which include all-
optical adiabatic frequency conversion and tunable bu ering, are studied for the first time
with an ultra-high Q silica microcavity.
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1.4.3 Overview of chapters

Chapter 2 describes basics, fabrication, and characterization of a silica toroid microcavity.
First, a method to calculate profiles of WGMs in a silica toroid microcavity, which is based
on a finite element method, is introduced. Second, fabrication process of the silica toroid
microcavity is described. Third, characterization methods of a silica toroid microcavity are
discussed, and typical experimental results of characterization are presented. Because the
silica toroid microcavity is a platform for all the experiments and calculations in this thesis, the
contents in Chapter 2 establishes the base of this thesis.

Chapter 3 develops a theoretical model for optical nonlinear e ects such as the Kerr and
thermo-optic e ects in a silica toroid microcavity and numerically investigates all-optical
memory which is driven by Kerr-induced optical bistability by using the developed model.
First, theoretical model for Kerr and TO e ects in a silica toroid microcavity is developed.
Second, the model is used to estimate the size of the Kerr and TO e ects in a silica toroid
microcavity, and importance of “time scale” of the operation is confirmed. Then, feasibility
of all-optical memory operation in a silica toroid microcavity is verified numerically, and
e ectiveness of use of an add-drop configuration and a large coupling rate between the cavity
and a waveguide is proven. Finally, conditions (e.g. photon lifetime and input power) required
for an all-optical memory operation are investigated in detail. Although the model is used to
study only the all-optical memory operation in Chapter 3, it is also employed for analyzing
other applications in the following chapters. The knowledge obtained here infers feasibility of
the experiments in the following chapters.

Chapter 4 experimentally demonstrates Kerr-induced all-optical switching in a silica toroid
microcavity. First, the numerical analysis is performed, and it is shown numerically that Kerr-
induced switching is possible in a silica toroid microcavity with a moderately-low input control
power (few-mW). This is confirmed experimentally by observation of self-phase modulation.
Then, the experiments of all-optical switching is performed, and it is proven that the input
control power of 2:1 mW is su cient for performing all-optical switching. Moreover, the
experimental results indicate that the required power can be further reduced to 36 W when
Q of over 2 107 is employed. Finally, comparison of the obtained results with those in the
previous studies reveals advantages of the switching achieved in Chapter 4. Using a silica
toroid microcavity, low-loss and low-power-required optical switching driven with the Kerr
e ect is achieved successfully.

Chapter 5 demonstrates frequency conversion via Kerr-induced adiabatic frequency conver-
sion (AFC) process inasilica toroid microcavity. First, amethod to suppress of optomechanical
oscillation and “asymmetric Qs” configuration, which are essential for the experiments, are
discussed. Then, the experimental results of AFC are shown. Use of both the Kerr e ect and
the ultra-high Q factor make it possible to perform AFC with high controllability (i.e. amount
of conversion, conversion timewidth, and conversion number) and to investigate influence of
a relative phase between the initial and converted lights on the signal output in detail. The
experimental and calculated results agree well, which is an evidence indicating that AFC with
Kerr e ect is achieved. It is suggested that the Kerr-induced control studied in Chapter 4 is
capable of changing not only the intensity but also the frequency of light.

Chapters 6 and 7 describe experimental results related to coupled optical modes in a silica
toroid microcavity. In Chapter 6, strong coupling between clockwise (CW) and counter-
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clockwise (CCW) WGMs in a silica toroid microcavity was observed in a time domain. The
chapter starts from developing a general CMT model of coupled WGMs and extending it to
coupling between the CW and the CCW modes. Next, fabrication and characterization of
the silica toroid microcavity having strong CW-CCW coupling are described. Finally, the
energy oscillation between the CW and the CCW modes is observed in a time domain using
the reflection and the drop-port measurement techniques. The theoretical and experimental
techniques developed in Chapter 6 are beneficial for all-optical tunable bu ering studied in
Chapter 7.

Chapter 7 demonstrates all-optical tunable bu ering based on coupled silica toroid mi-
crocavities. First, the model developed in Chapter 6 is modified to model all-optical tunable
bu ering and the numerical results prove the feasibility of all-optical tunable bu ering. Sec-
ond, fabrication of an edge toroid microcavity, which is specially designed for coupled silica
toroid microcavities, is described, and results of the characterization of coupled silica toroid
microcavities are presented. Finally, an all-optical tunable bu ering operation is demonstrated
and it is proven that a 10 ns signal pulse can be bu ered for 20 ns.

Chapter 8 summarizes the knowledge obtained in each chapter, and concludes the thesis.
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Chapter 2

Silica toroid microcavity

2.1 Introduction

As explained in Chapter 1, a silica toroid microcavity is employed in this study. However,
detailed description of a silica toroid microcavity, for instance, fabrication and characterization
of it, have not given yet. It is better to review basics of a silica toroid microcavity before
starting to study dynamic control of it and its applications. Therefore, in this chapter, basics of
silica toroid microcavity are introduced in detail. First, how to model optical modes in a silica
toroid microcavity is described. Second, fabrication process of a silica toroid microcavity is
explained, and the reason why it is capable of exhibiting ultra-high Q factor is explained. Third,
characterization of asilica toroid microcavity is discussed. Coupled mode theory (CMT), which
is a powerful tool to model linear properties of a microcavity, is introduced. In addition, a
method to couple light into a microcavity using a tapered optical fiber coupling is described
theoretically, and the fabrication the tapered optical fiber is introduced with some experimental
results. Furthermore, typical results of the characterization (e.g. Q factor and influence of
coupling condition) are presented. Finally, the chapter is summarized.

2.2 Mode profile

The objective of this section is to formulate an electric field distribution of whispering gallery
modes (WGMS) in a silica toroid microcavity. To obtain WGMs, the following Maxwell
equations [1] are introduced,

r H= @@_I? (2.1)
r E= @@—:'; (2.2)
r E=Q0 (2.3)
r H=0: (2.4)

Where E, H, " and are the electric and magnetic fields, the permittivity, and the permeability,
respectively. Note that the condition where there are no carrier and no conduction current was
assumed. When two assumptions such as (1) permittivity and permeability are uniform in the
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cavity and (2) electric field has time-dependency as / exp (j It) are introduced, Egs. (2.1) -

(2.4) can be rewritten, as,

|
12n2

r’+ 2 E=0: (2.5)

Where ¢ and n are the light velocity and refractive index, respectively. Note that this equation
is also valid for magnetic field H.

(@) (b)

Fig. 2.1: Schematic illustration of (a) a spherical and (b) a local toroidal coordinate system.

In the case of the microsphere, it is known that there is an analytic solution for the above
equation if a spherical coordinate system (Fig. 2.1(a)) is introduced into the equation. The use
of a spherical coordinate system is reasonable because boundary conditions for E and H can
be easily expressed with this coordinate in a microsphere. Actually, Little et al. [2] obtained
an analytic solution of WGMs in a microsphere with several approximations (see Chapter A).
In the case of a toroid microcavity, an introduction of a local toroidal coordinate system
(Fig. 2.1(b)) is necessary to express the boundary condition simply. However, in general, it
is di cult to obtain analytic solutions of Helmholtz equation in the local toroidal coordinate
system. Although Min et al. [3] reported approximate solutions of WGMs of a silica toroid
microcavity, the paper relies on semi-analytic methods (e.g. perturbative approach), which
makes calculation process quite complicated. In addition, Breunig et al [4] also obtained the
solution in the local toroidal coordinate system, but approximations employed in that study are
not applicable to a silica toroid microcavity.

Because it is di cult to obtain analytical solution of WGMs in a silica toroid microcav-
ity, they are usually calculated resorting numerical calculations. Among various calculation
methods, finite element method (FEM) [5, 6] is one of the most useful calculation methods.
FEM was first developed in 1950’s for a structural calculation of air planes. However, nowa-
days FEM is being employed in various fields not only structural mechanics but also thermal
dynamics and electromagnetism. Recently, use of FEM expanded to the field of WGMs, and
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Oxborrow et al. [6] described how to use commercial FEM solver (COMSOL multiphysics)
to calculate WGMs. Following the method described in Oxborrow et al. [6], WGMs in silica
toroid microcavity were calculated.

Figure 2.2 illustrates the typical calculated results of the WGMs. As described in the
figure, there are WGMs having di erent mode profiles. Comparing profiles of WGMs in a
microsphere (see Chapter A), Figs. 2.2(a) and (d) are identified as fundamental and the others
are higher-order modes. Although there are two peaks in a vertical direction in Figs. 2.2(b) and
(e), there are two peaks in a horizontal direction in Figs. 2.2(c) and (f). This di erence infers
that the modes in a silica toroid microcavity can be classified by number of peaks in vertical
and horizontal directions in a similar way in a microsphere cavity. In addition to the number
of peaks, the WGMs in a silica toroid microcavity can be divided into two classes depending
on their polarization. As seen in the figures, directions of the white arrows representing the
local direction of the electric field are orthogonalized between Figs. 2.2(a)-(c) and Figs. 2.2(d)-
(f). Thus the modes in Figs. 2.2(a)-(c) and Figs. 2.2(d)-(f) belong to the other classes. The
di erence in polarization implies that careful adjustment the polarization of the input light is
needed to e ciently couple light in to the cavity modes. This is because coupling rate between
the cavity and the waveguide can be calculated by the integral of the scaler product of electric
field vectors in the cavity and the waveguide (see also §2.4.2). If the mode profiles are obtained,
it is possible to calculate mode volume Vy, employing Eg. (1.8). The calculated Vs are shown
in the figure, and the fundamental modes (Figs. 2.2(a) and (d)) are found to have the smallest
Vm. Thus, fundamental modes should be used to maximize nonlinear optical e ectin the cavity.
It should be noted that the calculation method introduced here is employed in the following
chapters to calculate the size of Kerr e ect.

2.3 Fabrication

Next, fabrication process of a silica toroid microcavity is described. The fabrication process
of a silica toroid microcavity can be divided into four parts, such as (1) photolithography, (2)
HF SiO, etching, (3) XeF, dry etching, and (4) laser reflow as shown in Fig. 2.3(a) [7]. First,
a silicon substrate with a thin layer of silica is prepared. The thickness of the silica layer is
typically 1 3 m. Then, (1) photolithography process is performed. In this process, circular
resist patterns, of which diameter is50 200 m, are developed on the substrate. Next, (2) HF
SiO;, etching is conducted. Only the parts of the silica layer covered with the resist patterns are
protected from being etched during this process. As a result, the circular patterns of the resist
is transferred into the silica layer, then, circular silica pads are formed as shown in Fig. 2.3(a).
After that, (3) XeF, dry etching is performed on the silicon substrate with the circular silica
pads. XeF, selectively removes Si, thus the silica pads are undercut, and silica disks on a
silicon pillar are fabricated as shown in the figure. The silica disk can be used as a microcavity,
but it does not usually exhibit high-Q because its surface is rough owing to the dry etching.
Therefore, for achieving high Q factor, an additional treatment is necessary™2. Finally, (4) laser
reflow process is conducted on silica disks on the Si substrates. In this process, the outer edge

"aNote that Lee et al. [8] reported that Q of a silica disk microcavity can be increased up to around 9 108
by carefully designing the shape of the disk. By making the sidewall inclination angle of the disk very steep
distribution of WGM s can be pushed inside the disk. This reduces the influence from the surface roughness.
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Fig. 2.2: Calculated jJEj of WGMs in a silica toroid microcavity with a major and minor radius

of 35 mand 3 m. The white arrows indicate the direction of E.
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of the silica disk is heated and melted, and finally it shrinks. As a result of the shrinkage, a
toroidal shape is formed as shown in Fig. 2.3(a). CO, laser is employed for the laser reflow
because an absorption coe cient of silica is very large at CO, laser wavelength (10:6 m). This
allows light emitted from CO; laser to be e ciently absorbed in the silica disk. The absorption
of the light generates heat in the silica disk. The heat generated near the contract between
the silica disk and the silicon pillar rapidly flows out to the chip thanks to the large thermal
conductivity of Si. On the other hand, the heat generated near the outer edge of silica disk
cannot dissipate because of small thermal conductivity of silica and surrounding air. Therefore,
the heat accumulates only at the outer edge of silica disk, which allows the silica disk to be
transformed into a toroidal shape. The outcome of the laser reflow process is a very smooth
surface of the cavity. As discussed in 81.2.2, microcavities fabricated on a Si chip, for example
a microring cavity, has usually large surface roughness originating from etching process. Such
surface roughness results in significant reduction of Q , thus it is di cult to achieve a high-Q
factor when microcavities without laser reflow process is employed. On the other hand, laser
reflow can form toroidal shape by taking advantage of surface tension. Hence a very smooth
surface can be obtained. This reduce surfaces scattering loss; thus high-Q factor of 4 108 can
be achieved in a silica toroid microcavity [9]. The SEM images of the fabricated microcavity
is shown in Fig. 2.3(b).

2.4 Characterization

In this section, characterization of a silica toroid microcavity is described. First, coupled
mode theory, which is a simple and powerful scheme to model coupling between a cavity
and a waveguide, is introduced. Second, methods to couple the light into the microcavity are
explained. In particular, coupling via a tapered optical fiber is described intensively. Finally,
the results of the characterization are shown.

2.4.1 Coupled mode theory
Side-coupled configuration

Coupled mode theory (CMT) [10] is a powerful method which can easily model a behavior of
light in various structures. Other methods, for example finite-di erence time-domain method
(FDTD), directly solve the maxwell equations for obtaining the behavior of the light. On the
other hand, CMT focuses only on amplitudes of a mode in a structure, thus it can simply
model the behavior of the light. In those days, CMT was used to model the interaction between
adjacent waveguides [11]. However, recently applications of CMT are extended to, for example,
designing optical circuit which contains optical microcavities [12,13]. Here, CMT model for
a side-coupled configuration (i.e. a cavity with a one waveguide) is developed. It should be
noted that a ring cavity (which is analogous to a silica toroid microcavity) is assumed here
because the scope of this thesis is limited to a silica toroid microcavity.
According to Manolatou et al: [10], CMT starts from the following master equation;
da . ' p

G- % 5 at “wave! Sin; (2.6)
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Fig. 2.3: (a) Schematic illustration of the fabrication process of a silica toroid microcavity.
(b) SEM image of the fabricated silica toroid microcavity.



2.4. CHARACTERIZATION 53

where a and sj, are the amplitudes of the modes in the microcavity and the input waveguide,
respectively. It should be noted that the light energy Ucavity and the input power Pj, are
expressed by jaj> = aa and jsinj? = sinS;,. This means that a and si have dimensions of J'=2
and W12, 1yand are the resonant angular frequency of the cavity and relative phase between
a and sj,, respectively. And it should be noted that the cavity decay rate  can be written by

= intt+ wav, Where jyand a are the intrinsic cavity decay rate and the coupling rate
between the cavity and the waveguide, respectively (Fig. 2.4). The decay and coupling rates ;
can be expressed by Q factor with ; = 19=Q;. The second term in the right side of Eq. (2.6)
indicates that decay of cavity mode a. The last term in the right side means that the input power
Sin couples into the cavity at a rate of 5. The input wave s;j, excites a which propagates in
counterclockwise (CCW) direction as shown in Fig. 2.4. Actually, sometimes there is coupling
between CCW and clockwise (CW) modes in a real ultra-high Q cavity due to the Rayleigh
scattering via surface inhomogeneities or density fluctuation [14, 15]. However, for simplicity,
an ideal cavity where only a CCW mode is circulating in a cavity is assumed™.

The output mode amplitude sqy; can be written as

Sout = Sin P wave 1 (2.7)

As seen in Eq. (2.7), the output mode sq; is determined by interference between the cavity
mode a and the input mode sj,. This interference enables us to vanish the output when cavity
is on resonance as described in later, and this is the clear advantage of a side-coupled cavity
system [13] than a direct-coupled system [16].

d

YW\

yint

Cavity
in out
Wy N7 MW
Waveguide

Fig. 2.4: Schematic illustration of CMT model with a side-coupled ring cavity.

*0The case where there is CW-CCW coupling will be discussed in Chapter 6
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Here transmission characteristics of a side-coupled microcavity system is obtained. When
a static condition (a; Sin; Sout Z €xp (j ¥t)) is assumed, the relation between a and s;y is given as

4= wavej s
BIOEDEE

By substituting Eq. (2.8) for Eq. (2.7), the relationship between sqy; and s;, is obtained as

(2.8)

#
o j(r X))+ (int wav)=2 .
Sout = J(! !0) + =2 in- (2.9)
Note that = i+ way isused. Then, the transmittance defined as Ty = Pou=Pin = jSout=Sinj°
is written by
Vo124 ( 2=4
T = ( 0+ (int  wav) : (2.10)

(r T2+ 24

Figure 2.5(a) shows the transmission spectrum obtained by Eq. (2.10). The figure clearly shows
that when the input frequency is matched to the resonant frequency (i.e. (I ¥g9)= = 1= =
0), the transmittance takes the smallest value. This is because the phase of input wave and wave
outputted from the cavity is inverted, and then destructive interference occurs when cavity is
on resonance. In this figure, transmittance drops to “zero” when 1= = 0 because “critical
coupling condition” ( int = wav) [17] is satisfied™. In this condition, the amplitude of the
mode transmitted through fiber is the same as the amplitude of the mode coupled from the
cavity, thus the output wave completely disappears. Note that if coupling condition is changed,
the minimum transmission is also changed as described in Eq. (2.10).

For understanding the impact of the coupling condition, the transmittances on resonance are
calculated for di erent a= int Valuesas shown in Fig. 2.5. In this figure, when ,y is smaller
than i, minimum transmittance Trmin (i.. transmittance on resonance) is increased. This is
because the amplitude of the mode transmitted through the fiber is larger than the amplitude of
the mode coupled from the cavity due to the small coupling rate between the waveguide and
the cavity. This condition is called “under-coupling condition.” On the other hand when
is larger than int, Trmin IS also increased. This is because the amplitude of the mode coupled
from the cavity is larger than the amplitude of the mode transmitted from fiber due to the large
coupling rate between the waveguide and the cavity. This condition is called “over-coupling
condition.” It is known that the light energy in the cavity is maximized when the cavity modes
is excited under the critical coupling condition. Therefore, careful adjustment of the coupling
is crucial.

Add-drop configuration

Here, the model for a side-coupled configuration obtained above is expanded to an add-drop
configuration where two waveguides are coupled to a cavity. Add-drop configuration is widely
used to optical filters [18] and is employed in Chapter 6. Thus it is worth obtaining the CMT
model for an add-drop configuration here.

*CIf there is an internal coupling between counter-propagating modes, the critical coupling does not occur in
the condition where oy = int [14].
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Fig. 2.5: Typical calculated results of CMT. (a) Transmission spectrum of a side-coupled
cavity. Note that critical coupling condition is assumed. (b) Minimum transmittance for
di erent a= int Values.

The schematic illustration of CMT model for an add-drop configuration is shown in
Fig. 2.6(a). Note that the coupling rate to a drop waveguide grop is added, and ay is rewritten
as pys (the coupling rate to the bus waveguide). By considering the model in Fig. 2.6(a), the
master equation of CMT for an add-drop configuration can be simply written as

da . B
- o3 a+Pomel sin (2.11)
Note that = it + pus + drop @nd no input in the drop fiber is assumed. In this case the

output from the drop waveguide Soutdrop Can be expressed as
Soutdrop = b dropej a. (2.12)

Unlike the output from the bus waveguide, there is no input wave which interfere to the wave
coupled from the cavity. As a result, it is possible to model soytdrop Simply by using only the
cavity mode a as shown in Eq. (2.12). Here by employing Egs. (2.9), (2.11) and (2.12), the
transmission of the bus and drop waveguides (TS and T, ") can be fully obtained as

bus _ (1 !0)2 + (int bus)2:4_
TS T0 agie =4 (2.13)
drop _ bus drop .

T 12+ 2=4 (214)

Taking advantage of the above equations, the behavior of the add-drop system can be numeri-
cally analyzed.

Figure 2.6(b) shows that typical transmission spectra of the bus and drop waveguides. Note
that Qint = Qbus = Qarop =5 107 is assumed. In Fig. 2.6(b), the shape of the transmission
spectrum of the drop waveguide is inverted. This is because there is no input wave in a
drop waveguide, thus destructive interference does not occur unlike the bus waveguide. In
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addition, the peak in T3P does not reach to 1. This means that the power inputted into the bus
waveguide does not transfer to the drop waveguide completely. To achieve high transmission
to the drop waveguide, the critical coupling condition must be satisfied for the drop waveguide.
The critical coupling condition for the drop waveguide is grop = int + bus. 1O Satisfy this
condition, Qpus  Qdrop and Qpus; Qarop ~ Qint are necessary. However, it is clear that lower
Qbus and Qurop leads lower Q. Considering the above discussion, there is trade-o  between the
transmission of the drop waveguide and Q.

(a) Sout,drop (b)
1
«—— Drop-waveguide 09l
0.8}
0.7}
_S 0.6 Bus
S os}
9D o5l
% 0.4}
C
@ 03[
= ozt Drop
0.1}
0
-200 —lO(_J 0 100 200
Bus-waveguide Relative frequency (MHz)

Fig. 2.6: (a) Schematic illustration of CMT model for an add-drop configuration. (b)
Transmittance of bus and drop waveguides when Qint = Qbus = Qdrop = 5 107. The red and
blue solid lines represent transmittance from bus and drop waveguides, respectively.

2.4.2 Coupling using tapered optical fiber
Review of coupling methods

In the case of a Fabry-Perot cavity which is composed of partially transmitting mirrors, it is
possible to couple light into the cavity by inputting the beam directly on to the mirror. On the
other hand, to couple light into a WGM cavity an evanescent field coupling is usually employed.
Various methods to couple light via evanescent field have been intensively studied so far by many
researchers, and several method such as a prism coupling, a pigtailed optical fiber coupling, a
side-polished optical fiber coupling, and a tapered optical fiber coupling were developed [19-22]
(Fig. 2.7). Although each coupling method has advantages and disadvantages, the tapered
optical fiber coupling, which was originally developed by Knight et al. [22], is now widely
used to couple light into a WGM cavity. By heating and stretching a commercial single mode
fiber, an optical fiber which has a thin waist with diameter of 1 m can be easily obtained. In
a tapered region, evanescent field can be formed around the fiber due to its thin diameter, thus
WGMs in a cavity can be excited by putting the tapered region close to the cavity.
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One of the advantage of the tapered optical fiber coupling is that it has nearly no propagation
loss and an ultimately high coupling e ciency. If an adiabatic condition is satisfied during
fabrication process, nearly no additional loss is induced after tapering. For example, Aoki et al.
[23] reported that a transmittance of 99.4% was achieved. This is a clear advantage for loss-
sensitive experiments such as cavity quantum electrodynamics. In addition to low-loss nature,
this method provide a high coupling e ciency. Spillane et al. [24] showed that an ideality
could reach 99.97% when an appropriate diameter of the tapered optical fiber was chosen. This
feature is quite di erent from the other coupling methods, which have much lower coupling
e ciency. The high coupling e ciency is useful, for instance, for nonlinear optics where a
high intensity in a microcavity is required. Another advantage of tapered optical fiber coupling
is tunability of a propagation contrast of a optical mode. In contrast to the side-polished fiber
method which has a fixed diameter, it is possible to control the diameter of the tapered region
by adjusting tapering condition™®. Therefore, the propagation contrast of the tapered optical
fiber can be tuned. With these advantages, the tapered optical fiber coupling was adopted in
this study.

(@) Prism (b)

Side-polished fiber
e -

Cavity

(€) (d)

Tapered fiber

“Os O

Pigtailed fiber

Fig. 2.7: Schematic of illustration of (a) a prism coupling, (b) a side-polished optical fiber
coupling, (c) a pigtailed optical fiber coupling, and (d) a tapered optical fiber coupling.

Optical mode in a tapered optical fiber

To describe the tapered optical fiber coupling in detail, analytical expressions for optical
modes in a tapered optical fiber are formulated. According to Humphrey et al. [25], there
are two parameters which determine the coupling rate between the tapered optical fiber and

*dpractically propagation constant of tapered optical fiber is controlled by the position of tapered optical fiber
where WGM cavity couples. Tapered optical fiber has a gradually changing diameter along with its axis. This
indicates that it is possible to control propagation constant of the input mode by adjusting coupling position.
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the microcavity. The first one is an amount of overlap between electric-field distributions of
modes in the tapered optical fiber and the microcavity. If the two electric-field distributions
overlap very well, the coupling rate becomes high. This means that a higher coupling rate is
possible when the tapered optical fiber and the microcavity are aligned closer. The second
parameter is a phase-matching condition. The term “phase-matching” means the condition
where propagation constants (i.e. e ective refractive index) of modes in the tapered optical
fiber and the microcavity are matched. The light fields in the tapered optical fiber and the
microcavity are always in-phase if the phase-matching condition is satisfied, which maximizes
the coupling rate. Considering the above discussion, obtaining the expressions for optical modes
in the tapered optical fiber is essential for quantitatively analyzing the coupling behavior.

According to the textbook [1], the z-component of the electric and the magnetic fields in
the tapered optical fiber obey

=0: (2.15)

Note that cylindrical coordinate system (r; ;z) is assumed™. Since it is possible to apply a
variable-separation method to Eq. (2.15), E; and H; can take the following forms;
n #

zZ

o= el 1) (2.16)

Here, by substituting Eq. (2.16) into Eq. (2.15), the Bessel di erential equation given as

I
@ 1@ , o, 17
——— + -+ — = :
o T rer k 7 0 (2.17)
is obtained.

The solution for Eqg. (2.17) changes depending on the sign of h> = k2 2. It is known that
the condition Ncogrek > > N¢jad, Where neore and nejag are the refractive indexes of the core
and clad of the optical waveguide, must be satisfied to form the modes in a optical waveguide.
If r > riaper, Where rigper is the radius of the tapered optical fiber, h? takes a negative value.
In this situation, the solution of Eq. (2.17) is a linear combination of the |-th modified Bessel
function of the first kind I, (qr) and the I-th modified Bessel function of the second kind K;(qr).
Note that g> = h? is employed. Here applying the condition (r = 1) = 0, the electric and
magnetic fields in the clad can be obtained as

E; = AgcadKi(ar) exp [j(¥t + | )], (2.18)
Hz = BoclagKi(gr) exp [j(1t +1 2)]: (2.19)

On the other hand, when h? > 0 (i.e. r < I'aper) the solution of Eq. (2.17) isa linear combination
of the I-th Bessel function of the first kind J;(hr) and the I-th Bessel function of the second

“e\Weak-propagation approximation is generally employed when optical modes in a step-index optical fiber is
calculated. Since such an approximation is e ective only in the case where the refractive indexes of a core and
clad are almost same, this approximation cannot be applied for the tapered optical fiber.
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kind Y;(hr). Although the solution must take finite value for r = 0, Y (hr) diverse for r = 0.
Therefore, the z-component of the electric and magnetic field of in the core is given as

Ez = Aocoredi(hr) exp [j (Tt +1 2)]; (2.20)
H; = BocoreJi (hr) exp [j(¥t + | 2)]: (2.21)

Other components are calculated directly from E; and H,, as

I' < I'taper -
0 jr |
AgcorehJy(hr) + p Bo.core Ji (hr)
* Er i jIA 3T) ——BoeshJ0(h
: E 7 j T O;core I( I’) —Do;core |( l’) (1t 2.
" H, ; 2 Tl e ; (2.22)
H _ BO;coreh\]P(hr) r AO;coreJI(hr)
jl L] )
?Bo;coreJl(hr) + ——Aqcoreh J; (hr)
I > I'taper
0 jr
AgcladqJy(ar) + r Bo:clad Ji (dr)
L E i ' 0
E 7 j —AoclagJi (Qr) —Bo;cladq (ar) i
- 7 _ 1 Br J(rtH z).
" H, / -7 jrel e ; (2.23)
] H BO;cIaquP(qr) Ao:cladJi (Qr)

- r
Ill

il "
?Bo;clad Ji(ar) + —AgeiagaJ’(ar)

To draw mode profiles of the optical modes in the tapered optical fiber following the above
equations, the value of  must be determined. The electric and magnetic fields which are
parallel to the surface of the fiber (E , E;, H , and H;) must be continuous at r = rgper. From
this boundary condition, the following characteristic equation can be obtained,;

0 0 2 10 2K0 2 2 ?
» (ha)  Ki(ga) ,.niJ(ha) anu(qa)+:|zE*i+ +* 1+] *_t 1 (2.24)

haJi(ha) gaK;(ga)_ haJi(ha) gaK,(ga)_ qa_ ha_ ko
Using this equation, it is possible to determine the value of
Here, the e ective refractive index (i.e. the propagation constant ) and the mode profile
of the optical modes of the tapered optical fiber are calculated. The calculated results of the
relationship between the e ective refractive index and the radius of the tapered optical fiber is
shown in Fig. 2.8(a). The optical modes in the tapered optical fiber can be classified into four
categories which are TE|m, TMjm, EHjm, and HE,,. The number | and m represent the number
of peaks of the intensity profile along - and r-directions, respectively. The most important
mode among them is HE1; because it is the only mode which exists in the tapered optical fiber
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with raper < 0:6 m. By using the calculated e ective refractive index, the distribution of jE|
of HE1; mode is obtained as shown in Fig. 2.8(b). As predicted, the mode has a single peak in
both and r directions. The discontinuity of the electric field in the x-direction infers that the
calculated mode is polarized along x direction.
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Fig. 2.8: (a) The calculated e ective refractive index for the di erent radius of the tapered
optical fiber. (b) Distribution of jE| of the optical modes in the tapered optical fiber with a
radius of 0:75 m.

Coupling rate

Thanks to 82.2 and §2.4.2, it is now possible to calculate the profile and the e ective refractive
index of the modes in the silica toroid microcavity and the tapered optical fiber. Here the
coupling rate between the cavity and the tapered optical fiber sy is qualitatively calculated.

As discussed in 82.4.2, the coupling rate is determined by the overlap between the profile of
the modes in the tapered optical fiber and the microcavity, and the phase-matching condition.
First, the calculation of the overlap is formulated. According to the Humphrey et al. [25], the
coupling rate at a point z is obtained by integrating the overlap between the electric fields over
the cross-section of the silica toroid microcavity;

e
(2) = To(nz nNiNe  Er(xy;2) E(xy; z)dxdy; (2.25)

A
where E;, Ef, and A; are the electric field vector in the silica toroid microcavity and the tapered
optical fiber and the cross-section of the silica toroid microcavity, respectively. Note that N;

and N¢ are the normalizing coe cients that are defined as
s

1., " -
1=§Nt;f - njEjisdxdy: (2.26)
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Equation (2.25) represents the overlap at a z position. To obtain the genuine coupling rate,
it is necessary to integrate the solution of Eq. (2.25) over z-direction and consider the phase-
matching condition. This operation is done by
VA 1
V= (2)e'l v gz (2.27)
1
where (and ¢ are the propagation constants of the silica toroid microcavity and the tapered
optical fiber modes, respectively. Note that the coupling rate between the cavity and the
waveguide v Can be written by ~ as

¢ L2,
2 r](rmajor"'rminor)J & (2.28)
Employing the mode profiles of the silica toroid microcavity and the tapered optical fiber,
it is possible to calculate the coupling rate .. Figure 2.9 illustrates the calculated ya=2
for the di erent gap between the microcaviy and the tapered optical fiber. Because the amount
of overlap between the modes in the microcavity and the tapered optical fiber increases as the
gap deceases, the coupling strength acts like a deceasing function of the gap. The coupling
rate reaches up to 3 GHz, which means that the critical coupling can be obtained for the modes
with Qjnt of about 1:3  10°. To investigate the influence from the diameter of the tapered
optical fiber, the coupling rates for the di erent diameter are also drawn in Fig. 2.9. The
increase of the diameter leads to the increase of the e ective refractive index change. The
e ective refractive index of the cavity mode is around 1:4 (i.e. phase-matching condition),
thus the phase-matching condition is more likely to be satisfied if the diameter is increased
(see Fig. 2.8(a)). On the other hand, the mode overlap decreases as the diameter increases
because it can be easily imagined that the tapered optical fiber with a larger diameter poses
a shorter length of the evanescent field. This means that there is the coupling rate takes its
maximum at a certain value of the diameter. The figure clearly indicates that the coupling rate
becomes largest at the diameter of 1:4 m. This results infers that in this case the former e ect
(phase-matching) is playing an important role.

Fabrication

In the previous sections, the theoretical analysis of the coupling was described. Here, the topic
is switched to the experiment; fabrication of the tapered optical fiber is explained.

First, a commercial single mode fiber is cut o by about 1 m. Covering of a center region
of the optical fiber is removed by a stripper and cleaned carefully by acetone. This region will
be heated and tapered, hence, if there are contaminants remain on the surface it become a main
cause of rupture of the taper fiber during the fabrication process. Before starting a tapering
process, FC connectors are spliced to both facets of optical fiber to monitor transmittance
during the tapering process. Then the tapering process is started. A Torch burning O, and
C3Hg is employed to heat the fiber. Tapering parameters such as heat time, pulling amplitude
of torch, pulling rate and so on are programmed into pulling machine beforehand (Fig. 2.10(a)),
thus the tapering process is performed automatically and has a high reproducibility. Among
the parameters used in the tapering process, in particular, the pulling amplitude and the pulling
rate are important because they are directly related the length of tapering region. For achieving
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Fig. 2.9: The calculated coupling rate for the di erent gap between the silica toroid microcavity
and the tapered optical fiber. The major and the minor diameter of the microcavity are 37:25 m
and 3:25 m, respectively. The tapered optical fiber is assumed to have a diameter of 0.6, 0.8,
1.4,and 2.0 m and to be placed on the equatorial plane of the silica toroid microcavity.

a low-loss tapered optical fiber, a local taper angle must satisfy an adiabatic condition [23]
given as

dr r( 1 2)_

o " (2.29)

wherer, z, jand »are the local taper radius at the position z, the local propagation constants
of HE11 and HEj,. Failure of satisfying this condition leads to an additional loss due to the
propagation loss of taper fiber. In addition, the above equation determines the minimum length
of the tapered optical fiber. Thus optimization of the shape of the tapered region is the key to
achieving the low-loss tapered optical fiber. Recently, Nagai et al. [26] fabricated a tapered
optical fiber with a transmission of over 99.7% and a length of 23 mm at a wavelength of
852 nm by carefully designing its geometry. During the tapering process, the fiber is able to
support higher-order modes because its core and cladding are mixed, and the mixed region acts
like a “new core” with a large diameter. Figure 2.10(b) shows transmission of the fiber during
the tapering process. As shown in the figure, oscillations occur in “multi-mode” region. This
is owing to an interference between multiple optical modes in the optical fiber. Around 5 min:
the oscillations calm down because the tapered region returns to “single mode” regime. In this
regime taper fiber is thin enough to support only one fundamental mode, and has a diameter
of approximately 1:3 m. This can be predicted from Fig. 2.8(a). After the tapering process,
the fabricated tapered optical fiber is brought and attached to the measurement system. Fiber
holders which are used in the tapering process are compatible to the measurement system,
thus it is possible to directly attach the tapered optical fiber to the measurement setup without
detaching the fiber from the holder. Such a design is beneficial for avoiding rupture after the
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