HEN i
HEN
010 0O0 1
1.1 gooo 1
1.2 goooog 2
1.21 000000000 .. e e e e e e e s e e e 2
1.22 00000000000 .. 00 oot e e e e e e e e e e e e 3
1.23 0000000 O0ODOO0ODO0OO0OOOOO0 « ..o oo 4
1.23a O0O00O0O0O00O0O0O0 . et 5)
1.23b OOO0O0OO0O00 ... et e e e 6
1.23.c OOOOO .o 0 s s 7
1.24 0000000000 .« .00 00 e e e e e e 7
1.3 gbobodogoo 9
14 goooog 11
020 00O 14
2.1 goobogd 14
2.2 gooo 18
2.3 obobooooboon 20
030 00000bOoOoooooobod 22
3.1 gboobood 22
311 OOOO oo e e e e s s 22
3.1.2 OOOO . oo e e 23



ii 00
3.2 goobogd 25
3.21 OODOO « .o e e e e 25
3.22 OO0O0 . oo e 30
U040 0OO0O0OO0OoOooooooobon 31
4.1 goboboooon 31
4.2 gooobooooooo 35
421 0000 ... e 35
422 0000 ... e e e 37
423 000000 . .0 o e e e e s 38
4.3 gobobooogooo 40
4.3.1 OO0OO .o e 40
432 00000000 ... e e s s 41
432, 0000O0OOOOOODOOOODOODOOOODODO @ ... .. 43
4.3.2b 00O (Cracking pattern) . . . . . . ... ... ... ... ...... 44
432c 0000000 (De-wetting pattern) . . . . . ... ... ... ... 46
4.3.2.d 00 (Peeling pattern) . . . . . ... ... ... ... 48
432, OOO0OO0OO0O .. 00 e s 48
433 OO0OD0 .. . e e 50
4.3.4 000000 .« .00 e e e s s e 52
gs0 00 55



1.1 DOO0OO 1

010
L[

1.1 O0o0oO0O

0000000D00O0000000 201000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000000
000000000 000000000D0 3GO004G0000 202000000000
D0005G000000000000000000000000D0D00000 4KO8K
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
22%0000000000000002020000 23ZB(00000: 102! byte) 0O
00000o0oooo ¥o

00000000000000000000000000000000000000
000000000000 0000000000000000000000000000
000000000000000000 101000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000000
000000000000000000000000000000000000000
LiDAR (Light Detection and Ranging) 0000000000000 0O00O0O0OOOO
000000000000 0000000000

000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000



2 1.2 ODOO0OOO

1.2 ODOOOOO

doodooooobooouooboooooooooooooooooooooon
godooooooooooooouooooooooooooooooooooogad
gooooooobooooooouododoooooooooooooooonoon
0000000 (WGM: Whispering Gallery Mode) 0000000000000 OOO
J000000000ODOO00000DOODODO00000oDODODO00OoOoooDoOoDoOg
odo0ooooooooooDo weMOOOODODoDOooDoooo

121 DO0DDOOOOOO

00000000000Q0 (Q: Quality Factor) 00000 VO 20000000
0000QUO0O0000000DooO0oooO00ooooooooooogoooogg

0 . 0000000000000000 (J]
=w
GGG EEGEEGEEEERTS
—wyx 0000 [s] (1.2.2)

(1.2.1)

000000000000 00UO0oO0O000UOO0 1/e000000O0OOODOOO
0(1.21)00000 QUUOOUOO0OUOOOOODOOUO0OUOOODODOOOOOOO
0000000000000000 QL0000000000 QL. ., 00H- 00000

mat scatt

goooo Q_lDDDDDDDDDDDDDDDDDDDDDDDDD QQVIGMDDDD

surf

00000000 Q. 00000000000000 40000000000000

coup

gdddooooodgooooggdgooog
Qrot = (Qmis + Quones + Qs + Qwiam + Qeonp) ™"
= Qint + Qiomp
godod (1.2.3)DDDDDDDDDDD 100000000000 oggog QDDD

oOoooooOoOooOooDoDOooo vooooooooooooboooooobooooooDo
oooooooovag

(1.2.3)

v — W elB@,y,2)*ddyd>
max[e|E(z,y, z)|?]

(1.2.4)

ggobbibood pmdobboooobbbooobooobbboooooboobooog
goooo0o0o0O0OO0oO0U0U00OO0000O00DU000ODDOD QUOUODODDDDDODODOOO



1.2 ODODOOO 3

ggobboooobobobooooboobooooobobobooooobboooobbooog
ggoooooooooobobbbobobboobobbbbbbobbboobooooooad
goobboooobobboooobbboooobbbooobbbooobbbooo

122 OO0O0OO0OOOODODOO

1896 000000000000 (Charles Fabry, 1867-1945) 0D 0000000000
(Alfred Perot, 1863-1925) 00000000 (00D0D0O0DO0OODOODO)000O0O0OOO
goobooooooooooboboboboboo2000000b00O00ODOoDOoDOD
gooboboooobbtobooobobbooobob bbb bbooubbboog
gogoboboooobobbooooobbooooboboboooobbbooobbobooog
ggoboboooobobboooobobbooooboboboooooboooobbooog
oo0o0ob0oooooobo0obooobobboobo0obobooobOo 200000000
LO000000D0bOoo0oo0O0nO0bDOOO

mA = 2nL (m=1,2,3,...) (1.2.5)

000000 ANODO0OU0DOO0O0O00DO0000O0O00O0O00D0O0ODOO (1.25)0
ggoboboooobobboooobbooooboboboooobobboooobbobooog
0 FSR (Free Spectral Range) 0000000000000 OO0

C
F = 1.2.
SR 5T (1.2.6)

goobcOOooooon

000000000000 QUO0O00O00D0 QUDOoOO0oO0oUoDoDoooooon
0000000000000000000000000000000 Q@ =1.8x10°0
000 QUOO000000000O000DOo00U0D0DoOO00DDoDoOoODoDoDOoDOOoOoDO
O000000O00000ooooooooo ®g



4 1.2 ODOO0OOO

(a) 0 = = (©
A K I A Moy

Forward T

Backward

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. [W. Yoshiki, “Dynamic control of an ultra-
high @ silica toroid optical microcavity,” Ph.D. thesis (Keio University, 2017)]
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Fig.1.2. (a) Schematic illustration of sound paths in a circular whisper-

ing gallery. [http://www.sonicwonders.org/images/whispering%20gallery.gif.
(2019/01/11)] (b) A look at the dome of St. Paul’s Cathedral (London) from below.
[https://www.photonics.com/images/Web/Articles/2010/12/14/LAS_Microlaser.Dome. jpg.
(2019/01/11)]
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Fig.1.3. Schematic illustration and SEM image of silica toroidal microcavity [K. J.
Vahala, “Optical microcavities,” Nature 424, 839 EP — (2003).].
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Fig.1.4. (a) A microscope image showing a top view of a wedge resonator. (b) SEM
images showing the side view of wedge resonators. (c) Calculated fundamental-mode
intensity profiles in resonators with different angles at two wavelengths [H. Lee, T. Chen,
J. Li, K. Y. Yang, S. Jeon, O. Painter, and K. J. Vahala, “Chemically etched ultrahigh-Q
wedge-resonator on a silicon chip,” Nature Photonics 6, 369 EP — (2012).].
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Fig.1.5. microscope image of CaFga crystalline microcavity [I. S. Grudinin, V. S.
Ilchenko, and L. Maleki, “ Ultrahigh optical Q factors of crystalline resonators in the
linear regime,” Phys. Rev. A 74, 063,806 (2006).].
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Fig.1.6. Schematic illustration of the sensing with a microsphere cavity. Excitation of
an equatorial WGM in a microsphere is achieved by evanescent coupling to a guided
wave in a tapered fiber. Resonance positions are detected as dips in the transmitted
light T at particular laser wavelengths [F. Vollmer and S. Arnold,* Whispering-gallery-
mode biosensing: label-free detection down to single molecules,” Nature Methods 5,
591 EP — (2008).].
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Fig.1.7. Optical frequency comb spectrum, which is characterized by the repetition
rate (fr) and the carrier envelope offset frequency (fo). Inset illustration shows the
comb is generated by a combination of degenerate FWM (1) and non-degenerate FWM
(2) [T. J. Kippenberg, R. Holzwarth, and S. A. Diddams,* MicroresonatorBased Optical
Frequency Combs,” Science 332(6029), 555 — 559 (2011).].
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Fig.1.8. Schematic illustration of EDFA configuration.
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Fig.1.9. Schematic illustration of Er and Al doped nanoparticle structures in a silica
matrix [D. Boivin, T. F 6 hn, E. Burov, A. Pastouret, C. Gonnet, O. Cavani, C. Collet,
and S. Lempereur, “ Quenching investigation on new erbium doped fibers using MCVD
nanoparticle doping process,” Proc.SPIE 7580, 7580 — 7580 — 9 (2010).].
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Fig.1.10. (a) Schematic illustration showing luminescence of Erbium ions. (b)
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Schematic illustration showing up-conversion process of Erbium ions.
illustration showing energy transfer and lasing process of Er:Yb co-doped fiber.
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Fig.1.11. Schematic illustration of on-chip mode-locked laser with CNT and Er-doped

microtoroid.
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Fig.2.1. Schematic illustration of coupled mode theory model with a side-coupled microresonator.
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Fig.2.2. (a) Transmission spectrum of a side-coupled cavity calculated by coupled mode
theory. Critical coupling condition is assumed. (b) Minimum transmittance different
coupling conditions. [Y.Honda, “0000000000000000000O00O00O0,” bachelor
thesis (Keio University, 2017)]
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Fig.2.5. (a) Photograph of the setup for tapered fibers fabrocation. (b) The graph
shows transmittance power in a tapered fiber when the fiber is pulled by a machine.
First region shows the fiber is a single mode fiber. Second region shows the fiber allowed
multi mode to propagate due to the change of width of core and cladding. Third region
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Fig.3.8. Patterning issues occured after photolithography.
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Fig.3.9. Photograph of resist coating issues.
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Fig.4.5. Fabrication flow of Er-doped microsphere by sol-gel method.
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Fig.4.6. Microscope images after each process. (a) Microsphere fabricated from optical

fiber end. (b) Sol-gel solution is deposited on the surface of microsphere by dipping

process. (¢) Smooth surface is obtained by COg laser reflow.
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Fig.4.10. Fabrication processes for sol-gel silica microtoroid.
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Fig.4.11. Fabrication flow of Er-doped silica film on silicon wafer.
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Table.4.1. Each condition for fabricating the sol-gel film [28: 40 45, 47, 48, 49]

L. Yang, etal.,2005 L. Yang, et al., 2005 F.A.Sigoli, et al., 2006 H. Hsu, et al., 2009 A.J. Maker, et al., 2012 H. Choi, et al., 2018

water/TEOS(MTES)

) 1-2 - - 2 - -
molar ratio
3 hours 2 hours
stirring time . 1 hour 24 hours 2 hours - .
10 hours(againg) 24 hours (aging)
thanol.
cosolvent 2-propanol ethanol € P:/r:) ’ ethanol ethanol ethanol
annealing 1000°C 500°C - 800°C 600°C, 1200°C 1000°C 1000°C 1000°C
temperature
i 600°C: 5 min
annfalmg 3 hours 30 min 3 hours 1hour 1 hour
time 1200°C: 60 sec
600°C: 13.50 um
film thickness lum - 12um 0.35um -
1200°C: 4.30 um
600°C li fts h
60°C drying process for anneatings after eac 75°C drying process for

description

5min before annealing

coatings and 1200°C
annealing after all coatings

5 min before annealing
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Fig.4.12. Microscope images showing issues of fabricated sol-gel films. (a) Cracking

pattern. (b) De-wetting pattern. (c) Peeling pattern.
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Fig.4.13. Microscope images showing cracking pattern of sol-gel films.
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Fig.4.14. Microscope images showing de-wetting pattern of sol-gel films. (a) Enlarged
view of de-wetting pattern. (b)-(d) Each film images when changed reaction times. (b)
15 min. (¢) 60 min. (d) 120 min.
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Fig.4.15. (a) Microscope images of peeling pattern. (b) Cross section image of peeling film.
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Fig.4.16. Microscope images of sol-gel film when changed spin-coating time. (a)
4000 rpm, 30 sec. (b) 4000 rpm, 40 sec.

Fig.4.17. Microscope images of (a) another cracking pattern and (b) partially formed sol-gel film.
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(b)

Fig.4.18. (a) Photograph and (b) microscope image of a smooth and homogenious
sol-gel film (6 layers). The thickness of this film is ~1.8 um.
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Fig.4.19. Microscope top view of fabricated sol-gel silica microtoroid cavity and process flow.

(b)

Fig.4.20. (a) Deformation of a silica disk by thermal stress. (b) Deformation of sol-gel
silica disk. [(a) R. Suzuki, “00000000 -00000D00O,” master thesis (Keio
University, 2015)]
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Fig.4.21. Microscope image of up-conversion luminescence. (a) Side view. (b) Top view.
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Fig.4.22. Measurement result of optical spectrum analyzer. (a) Off resonance. (b) On resonance.
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Fig.5.1. Schematic illustration of on-chip mode-locked laser with CNT and Er-doped microtoroid.
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method. The diameter is 60 pm and the doping concentration is ~ 101° cm™3. Inset is
a microscope image showing up-conversion luminescence.
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