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Thesis Abstract

The development of pulsed light sources using micro  resonators can be divided
into two categories: those using Fabry-Perot resonators and those using WGM res-
onators. The former achieves mode-locking by using a gain medium and a saturable
absorber, but it is difficult to develop ultra  small pulsed light sources due to the
relationship between the @) factor and the gain. The latter case, using a WGM-type
resonator, is compact but has the problem that the excitation light becomes back-
ground light due to the nonlinear optical effect as the gain. In this study, we aim to
develop a high repetition rate mode-locked laser by adding Er to a WGM microcav-
ity with a high @ factor, which has both of these advantages, to enable self excited
oscillation and pulsing using the saturable absorption property of CNT.

The results are divided into two sections, one on Er gain and the other on saturable
absorption. As for the gain, I describe the fabrication method of the Er-doped res-
onator, its optical characteristics, and the estimation method of the gain based on the
obtained oscillation efficiency. In particular, the fabrication method of Er-doped res-
onators is compared and discussed between the method of fabricating Er-doped silica
films to form resonators and the method of coating the resonators with Er iosns. For
the saturable absorption, two coating methods were tried for attaching the saturable
absorber to the resonator, and devices were fabricated. Then, the problems and so-
lutions for measuring the saturable absorption characteristics of the coated resonator
are discussed, and the results of the modulation depth measurement based on these
problems are described. Finally, I describe the coclusions and future prospects of this
study.

Chapter 1 describes the overview of the microresonators and resonators with gain
and saturable absorbers, the purpose of this study.

Chapter 2 describes the @) factor and coupled mode theory.

Chapter 3 describes the fabrication method of the resonator and tapered fiber.

Chapter 4 describes an the fabrication method of Er-doped resonators, the rela-
tionship between the concentration and gain, and the fabrication results.

Chapter 5 describes two methods of coating saturable absorbers and the measure-
ment results.

Chaper 6 describes the summary of this research and the future outlook.
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5. ZOVoERIZEY, 2FROF-XFEHEIXELBMLTEY, 2022 Fi2ide
MHROAM NI 74 v 2R TIEBIZH LA Z R PRINTWS M, /2, HIZT—X
FNITA4v IR TEFICEEEST, TOREGHEELFE M ELTWS. BEDHE 6
REFEEY AT LR EDHEDREAICB I EDONT WL NS, SHBEA VX —% Y
N oREEA, @HEAIED Z 2IXMEWRWES S,

DI RA Vv R—3v hORFEEM, SHICL-oTH ERI I NLMED—DHE
THEBETHL., ZOFEDOR—ZATHEMU TPIFIE, 2030 £IZIFEM 42PWh £ W5 &
HERWEIZREEWS FHIEH D 2, 20 &S RMEE BT 2 TRIZERD M, Z
CCRHBITOEBEK THLNTVWAIEXDORE L LT, HEHWTHBEZRAA S ER
EEIZIER U772, /RO BEBLREREIE I T 2 RN EBHRICL>TELEI XL F—
OADRKEL, EMEBOEINIAEVEEEDOE MRS I NED, Tl THhE
A CTIEIEF BB TEEDR T REL 72 D, SHBOER B 2B IHEMED MR
HD—DIZBE5 5.

AT, HEREBICERMAERE— NAPHL - HRIFEOEFEL WS MEDITTH
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WUNE LIRSS &1, BUNEBANICEZHLIADE I EDTELETTHD. N
KRGOl LTiX, 77 7Y —REBEAERBP VA ANV Vv IF ¥y 57 —F—FK
(WGM:Whispering Galley Mode) #:z28, 7+ b= v 7 EIR&G L ENEIT o N
5. ZIZTRERGOMERIZOVWTAERLR, Zho DHREGDORBIZOWTHMT 5.

1.2.1 BUheHIRSs O MERE

WUN e RER O MERE X Q 1H (Q:Quality Factor) & E— RAE V O ZDDHEREIZED
KIND.
CNIXERBIZIT N2 EOREHLCADONTWVWENE WS TRETH D, AR wy
EHOWTIRO LS ITERINS.

HIRBIZERAONTV DT RIL X — []]
BRI B 72 D Iz kbid T 2L ¥ — [J/S]

2 ZTCHUNEHREED Q IRV O DERIZ K > THREI N, RO XS IZHHET S
ZEMTED,

Q:wox

(1.2.1)

Qload Qr:laterlal + Qsca.tterlng + Qradlatlon + Qcouphng (122)
;;terial’ s_cittering’ Qradlatlon ijij:’l_‘é%ﬁ iz .ﬁ@{a%f & D z ;‘h’% m*j*i £2 HE{

W, #EL, WCGMIZEL B A THZ. Ioz L DIIRBICEAD QEE Qi &I
B Qooupling TR & HP L OFEAELE KT, EBICEBRTROSNBHIE,
NOZERTEAR QM THD Quoaa PESND. QEIZOVWTIH2HTIDFEL IR
5.

RUIZTE— FAEBE VIZOWTI, K2 EORE/NS ZHEBICEHUIAD 515 e KT i
BThsb. TN 2%2FMT 5L, MUNEHIREG NS R ZHALADE 2 %
HE§ 272012, E—FEEV AWNE L, QERREIWVIEEIREG & L TOMELR
WEEAD.



g 12 BUEERS

122 7771 —ROHLRSS

1896 4, 7 7 v ADWYHL ¥ Charles Fabry(1867-1945) & Alfred Perot(1863-1925)
WEORRINZT 7 7)) —RO TGN T 7 7V —Ro RBOLRIOHETH S, Z
DRI D AT EE & WERDZEM A Sk 0, 62 HIRBMNERIC AN 5 & RS
B THOANRI T —M2EEL, NHOZRIVF—EENEINL TP, T2 THIE
FMEE, RO I T —HoiERE L, Hik&GWNEOEITEE n & U, HR&SBSNEICMAES
LZRHOWEENLT B L,

mA=2nL (m=1,23,..) (1.2.3)

EiRb.

X (1.2.3) &0, HRGMZ2RZTEEZ 1 DTREVWZ 23005, RS % 72
THEL, ﬁ@i@ﬁx#’%‘(ﬁf:@‘ﬂ‘/ﬂ@&%% FSR (Free Spectral Range) & WU}, S
CERAVD LR (1.24) 25,

FSR = i (1.2.4)
m=1
(a) (b) (c)
A K Z A
Forward ‘m—=2'
In Out A, K Z
Backward m=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.

W. Yoshiki, “Dynamic control of ultra-high Q silica toroid optical microcavities,” Ph.D.
thesis (Keio University) (2017-03).
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123 D4ANY VX v S ) —F— NEiRSs

TAANY VI FX YT ) —E— FHIRSFOAFNE, B FUiZH b2y bAR—IVFHED
57, FEDRGENREPEI 2GiE T AN VY IF¥F vy 5 —LIERZ KT
. ZOBEFIIMHEO R—LHIZWE—HDADFELUAD, BEEHZ2LEVE S —HIZHHEZ
ZBDBEETHY, HRATRMAEBRSMETIOL I RBEL2MATES. 20X RO
EbD HET 4 ANV ITX Y F7 ) —E—REFY, ZhZ2FMHELAEREDOZ L E2 T 1
ANV v IF YT ) —E—F (WGM) iR & 8 B RSO %2 R, HiREE%
AT 5E, WGM RO IIREZMITRD LS ickans.

IN=27rR (1=1,2,3,..) (1.2.5)

A bOa REIRSS

AT B WTHEA U 72 L RER1E, WCM RO —fThH 5> ) A b A NERERT
H5. VU Ahboa FIEREE, SiFEK EICHHRB AR TH B Si0, BWMESND. Zodt
Res 13 2003 4£12 K.J.Vahala OS5I N—TRHOTERLLIZHDTH Y, QEHNEL
13 FETHD. £/, LIRSV AWNEL, YY) avEKREIEETZZEeNTES
OBV AHRETH D L VWO R ERH L. W

YU A haA REREADHEDO ARTIE, T—87 7 A NCMENE T 74 N &R
LEbDEMALTWS. 77 7 A N2 RESNETICELE S, T—R"T7 71418
FOHIRBRAABR SN T T ARy 2V MEEA L TEE AR TIT 5.

Silica toroid

Optical wave

Silicon post

— ‘42.5 um

Fibre-taper
waveguide

Fig. 1.2 Schematical illustration and SEM image of silica toroidal microcavity.
K. J. Vahala, “Optical microcavities,” Nature 424, 839 - 846 (2003).

IR
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T Ak T L (CaFy) 7 vib~ 27 x>0 L (MgF,) 72 & OfE bk % v CTER
U7z dtiRan %2, FidndbiRes & RS, 2o MR IE — WIS kE AR 2 UIHI, BT 5
ETEHEI NS, EOALIET I baA FRIRSREFRIZT — A7 7 A N 2GS E
25Gs, TVALREEHAVTHEIELIHBENHL. RiFLdR7ZV ) A hoa Mt
a2 IR L T Q A E W (102 FRE) L WO RN D 508, HIRB\OY A AW KENT
eV ) AVERADOERMOE L SR EDRLNDH B 1.

Fig.1.3 Photo image of CaF, crystalline microcavity.
I. S. Grudinin, V. S. Ilchenko, and L. Maleki, “Ultrahigh optical Q factors of crystalline
resonators in the linear regime,” Physical Review A 74, 063806 (2006).

].3 ﬁi*ﬁﬂj\\ﬂﬂ'ﬁﬂd\% ?EE%%

IOVET L (Er) A4 v TNV ET L (Yb) e O LEuRIL, FMEHE L L TET A
AZBWCTEBERE#ZR72T. FRIZAHETHEHVWT WS TV Y Ak, & BERINY
TNAAD—FETH 2 TIVE T LIRIGET 7 4 N HElE# (EDFA : Erbium Doped optical
Fiber Amplifier) iZ&HWVWHNT WS, ZHIETNVE Y AN IHEMRTH D, 980nm K
O 1480 nm a0 Y% RIX L, ﬁ%%%%@CNVFK@?%wﬁmm®%%W&?5
o Thd. %< O EDFA BB, L, XEE#E, TIVETLARMT 7148, K
TAVV—EPoRsIN5.

EDFA QRS2 NI 225 FEDO—22 LT, Er DEEL2 LIJ5 HiEAHS. Ll
Er OEEIIXRARH D, MAZER D14V RLOHH#N T 2D, FigldDk>
2 Ty RS NI A A VDAL Uy RS Nz A £ U IZTFLF — DR S
LEGW, HEER T, , KBTS, O, TILF—2Z0 Mo/ ARSI
BWHERTH D 419/2 AN E S, ZE Energy Transfer Up-conversion & FETF,
Ty ORI NI B S &2 550nm (T CREICHERT S, ZOOHME TS
1550nm D% B/E I N TERLS LS KRSE., ZD LS5, Er DNEZENXE5720
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WCREZES T, AL TU X SRR 2 RERE TR,

Energy Transfer Up-conversion

4 4 !.
lo/2 lo/2 |
4 4 i
L1172 L1172 7
I
I
4| [ M ] 4 i
13/2 kﬁx 1312
IRIILF—D
2 ITEL
4 4 f!
ly5p ——— 452

Fig.1.4 Schematic illustration of Energy Transfer Up-conversion.

CDEOIREBERODEr A A Y23 —T 1 V72 o THIBRIZHEMU 72 8REV D 5
I, ZORATHETIE, V) ABUNROE D 2V T VEBRTI—T 4 v I $T5Z 2T
Ko THBIHE 2 R85 Z 8 ICRILTW5, V) AUNRD/NE 72 — RIARE & J W
QEIZE>TEBETO L —FRIEVTREL 2> TH D, EBIZE T pW TOFRIENH
HINTWD.

1.4 E—REHEHL—Y

E— NAM L =13 1964 12 He-Ne L —HFZ2 AW THIO TEK I N2 7. Z OEE
JRPR I ILIRAR D AN F B F R R 2 WAl 2 L, £ X > THREI RN
2B TNV ADPIIRBRZERT S ZLIZEIVME—RLBRIDS. 2D LD, AEBIZH
BHFHET, DEIVITESAFRT R EDLEHFRZANTE— FEZZELTLH LV -T2
72774 7F—RNAHPLV -V LR, ULrL, —BINICEZHFEKZIIRETHS Z eroillkE
N»X%itﬁié%ﬁm%iﬁﬁéMém.

XU T, HIRESANRICARSE LB LR VWE—RAHL -2 Xy v TE-F
AL =P LY, REWZREDOTEA—L Y XE—-FRAMPL -V RERH L. h—L Vv
A& — NEEAIX 1991 124 T Tisapphire L —HF 2 HWTER I N7z 0. ZOEER
HIXL =V ORENE W I =8 RIC K o TEEI N DD, BREIMEVEI S IEENS
NV, ZHUIHUTT NN—=F vy —2 BT LI2LoT, KBEDOHIPBET S LT
wa#L<ab E— FEIDER TS,
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SEWENEZ © 72 5§ ATERIBIUARIE, NP OIS ICHATE 2B WT, RREIN
IRE— FEMRTF LU TRERMED D B 10 " RaRIEIUA & 1, Fig.1b DX S
BWHITZEEL, HWHRERINTSETFTHL. 22T, ZFWRE— FRMAEFELZ S
26 THDIFI BT, 774NV —FRETHAI NS IR R R % o 72 v i f
RN Bt & AARHZ [ A o AT BERIRIAR 23D 5 . BARIYIZ IERIE H 250 3 % F W 72 W] B Al
R REDHI & U T, FEMUERI L (NPR:Nonlinear Polarization Rotation) X 3E##IE
E )L — 73 5 — (NALM:Nonlinear Amplifying Loop-Mirror), FEAREHIL—T I T —
(NOLM:Nonlinear Optical Loop-Mirror) 72 E03H 5. Z 35 O A flFIK RS 13 7E &
CIRE e & OBEESRMFIZI W AUSINA, EEITPREOZE R E S H O FEHBEHE LW
DHMEE HD. THITH U THBHEA O T RIFIRINUAIL, BREESM 7 & DFEDIERRIE
RN R T T W BRI B & LI L TAE LI v ML Bl LT, 2004 FEIC A — R Y
7+ / F a2 —7 (CNT:Carbon nanotube) 23 [ SRR & U THIEE 1 12, 2009 412
727z ERWELO M, 2014 FIZEBERE XA Vs F 4 F (TMD:Transition
Metal Dichalcogenide)™* 7% &3 Al SRR IUA & U TIFZE S NWrd T WS, 2 2 TR
Wb D LTH—Ry /) Fa—T7lnsg. I TFORIMBIPUADMEREFRED —
D T& 5 Modulation depth (ZDW TR 3,

14T/ Ly

ZNEN ap IFZFHES (Modulation depth), ays FHIEHELE, I (ZEIRREZ KT,

a(I) + i (1.5.6)

(@) saturable absorber (b)
el Vacant
' c
Low intensity i i —o-o-j}c‘}j} Ev
5 Occupied
| -0-0eoe Ec
High intensity ; | -0-0-0-00-Ev

Time
Fig.1.5 (a)Schematic illustration of saturable absorber. (b)Schematic illustration of
saturable absorber in time domein.
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151 h—HRy+/)Fa—7

2004 FIZHJFEH — R F /) F 2 —7 (SWCNT:Single-walled carbon nanotube) %
WEINVETAR=TT7 74N —FRREINTHS5LE < DE—- APV —FIZfibh
EMEIO—DN =K F ) Fa—TThHsb ", SWCNT & Fig.1.6 IZRT L7
Ty —FEERIZELZETH V) R —REEERZER L TWS 151, SWCNT DA
MIE, EOVIERIREEZ N LR VCRIRIBRE, Y 7Y I OB, AW iKERREE 2
BT S, B, ERE2ZIEL I THEREZ2Z2LIELIENTE, 1.0 025
1.3nm Tld EDFL O EFR D 1550 nm fHEDRNDOE =2 TH 25 Z B 5NT WS
ol F 7z, 1550 nm AT 2000 nm (HEDY U 7 ARIE — REIL —F O Arf
FIgIUA e UTfibn 171, ZoROERIX 1.3 2056 1.6nm BETH S 8,

Fig. 1.6 Rolling up the rollies. A possible wrapping of the 2D graphene sheet into a
tubular form. A (5, 3) nanotube is under construction and the resulting tube is illus-

trated on the right.
M. Calvaresi, M. Quintana, P. Rudolf, F. Zerbetto, Rolling up a Graphene Sheet,
ChemPhysChem 14 (2013) 3447 - 3453.

1.6 WUNEHIRSBEBAWAEE—RNREEL —

T2 TIEMUNEIIRESEZ W@ 0BR LR E— FRPILV —YokfTmsce LT 7
7Y =R EREEH VL DOE ZOBN TS, —DHIEEWAEEZRED E-Yb R
Mz 7 ANl T7 7 7Y —Rodidid & CNT 12 & > TV ZRIFEDOEEIT LTI L
HOTHD M. ZORTIEMED IR UAPID 19.45GHz & &\W0ig vk U B E
HUTWa., Z2HIE Yb MY 7 /32 SESAM(Semiconductor Saturable Absorber
Mirror) Z W25 DTH B 0. ZORTII#HED R UEEEAD 12.5 GHz & —D2HODH &
RS 2 2R /NS WA, ZHUTHHRER Y 1 XOEWIZERT 5.

INoDEAE, 77 AN—L =P TIIELIPHEL W 10GHz 2R 5 &5 EWViIRD
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BURBEBZRDORTHED, TNH6DT Iy N T+ —LidAVF v T TOEEIHL W
MET77 7)) —ROERFTIEE Q EEMEELZE /N TE2ZeEELVE WD
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1.7 XHROBEH

AFEOEMIE, YU H boaA FEREEZ W2 @R 0R U Z2ZEE— FRBL -0
FATHS. Figl.7TDE 1T, YUl boA NREGIZ Er 2800 L BIFRS 5 & 5102
U, =Ry F/ Fa— 7O EIRIBIRMEC & o TEEZSOVA L =938 & U TRgEE
5ZENHINTHS. ZD7=8, KiUTE— FEIH LV —F ORI W 72 RIS & AT fgfl
RIUZBE S 5982 HNE 3 5. BARKIZIZZENEh, Er FRICBEL TEE Q Tl
R OB OMERPEN 0D, £/, ATRMBIUAICEI L TldE Q ER RS D
PESd & BRI O E FIE 2 ML T2 Z & 2HRN L T 5.

AWFEDHRAL LT YA baA NIEREEZHW S 7208 0 R UJEBREDIER 2@ <,
¥ 100GHz DD R U KB A TH S & FHIIND. KEMZZRL, BUNEIHLR
HwEHWAE— FRAML -V ORFEEZ RS 5 &, BEANDIHPEEKISDOMTZ L,
xR B~ DIGHBGFE NS,

Erbium-doped

microresonator Carbon nanotube Signal
m” (1550 nm)
Pump Pulsed
(1480 nm)

CwW

Fig.1.7 Schematic illustration of on-chip mode-locked laser with CNT and Er-doped microtoroid.
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KU D2NWT, B2 BWTEHLEREFD Q LT — FARRNIIOWTOHGZ BN
5. BIBTIIAMECHHLEZY ) A baa REREBOER o 2izonWT, £z
VA haA RERE L DA ICHWS T =87 7 A NOERGIRIZDOWTIHRR S, 54 &5
TiE, Er Rtz OFRFIER L 2 ORI, BOoNLRBIRENP SZEZ 5N F|F
DHEEFIEIZ DO WTIRAR S, KT Er IR RESE OFRFRICBIL CTIE, Er 2L 72>
VAR ERLZ I 0o IRBREZKT 2 FiEL, HIRBICEr2a—7+« V2795 FE
WZOWTDIRB K OERE24TS. H5 2= TIE, AlRIRIBIIAZ IR I 2 12Hh720
ZHEOI—T 4 VIO FEERA LD, TENETNORBIZONVWTHRRS, KIZTI—T 1
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B2E
QELIEEE— NARERDIER
21 Qf&

ZITR 1 BIZTTRAL QIEIZDOWT, Serda r & DRRMEZIIR L THHZTS.

[21][22]

NS SRS SRS SR
Qload Qmatem'al Qradiation Qscatter Qe
aterial (2.1.1)
= + —
Qint Qe

2T Qint 3HRAICEAD QEERL, Q &7 =7 7 A NIz DFEEIC &
LHEEELRT. ERAZHFRMrICL > TESHMAD LMD LS IT403.

1 1 1 1 1
= - - + =
Tload Tmaterial Tradiation Tscatter Te (2 1 2)
1 1
= + —
Tint Te

KIZINSDERIZONWT, YHIIZED XS EREZ R DDOPHHZITS.

MRIRIIC & 15K Qumaterial

MEORINIE Q%Y Iy hTAEKDO—~D2THY, MEICL>THEHAEDETH 3.
—1Z, MENZ X BIRIDUIIRINEREL o [/m]| Z W THERIND Z D2\, ZZTQHE
EIRIRE o AT D &S B TREI N D,

2mn
material — T~ 2.1.3
Qmaterial ) ( )

7z, YU ADGERFMEBIRBUIINA, RFHDKD T 7505 OH F &AL IR
U, MEOERMZIENENENRTETLES 220 QEIFLVEVEIZY Iy bEh
5.

BEHER  Qradiation

MU & 1%, HREBORAMOIRDIERTH 2 Z e o2 KHIZ &> THEEITHEHU
ADBZEMTET, HIRIROIMUNTHPIH I NTUESHEEATHS. T OEKITILR
MOV A X2 KELTEHIZ L THREBERMICRDIELZEWAEETH D, HiRGRERE
D, EZ N2 $5L D/X> 15 DRIZ Qradiation > 101 725 Z L AEITIIGE L 0 4
Mo TWA., DF D, FE 1550 nm OYEIZH U T, ER 23.25 pm BLEIZERETHZ &



18 2.2 fEHE—FAERX

THRBEEZ TN TEIENTES.

KRETCOBMELIEER Qscatter
COHEELIIREO/NI BER, MTIZEoTHROBFILIIZLDEETHS. T TERAD
BELIZRLTL A ) —BEL2 BRI DL, MOES XTI EeNTES.

A2D

Qscatter = 2202 B (214)

ZZT, o 3RMMZ%Z, BIFHERE#MZERL, INS5ERAOMIZ2RTHEETDH
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Fig.3.1 Schematic illustration of the flame approach used for the fabrication of tapered
optical fibres.

S. Korposh, S. W. James, S.-W. Lee, and R. P. Tatam, “Tapered optical fibre sensors:
Current trends and future perspectives,” Sensors 19 (2019).
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Fig. 3.3 The phot of taperfiber and jig.

-

DART, AFERETIEIA 270 b —F2HWTT =T 74 NOE#Z2E 70> T\ iz,
UL2L, TOEEEEKRPELSRoTEZeX, F-EHEFEIZLS>TT—T7 7143001
AWMU NS, ZEHLDEIIVv I —REHAWZT =T 74 NEEDHE
Hafio7. KEIFHROBEAT—V2HAL, 70 I 0202 THETY 71
NIMERTEL LS IZTRE L.

HEPTZHUZRIEIE I IV I —RDIREYL, 7741 NNDFEHEDNNT A =R
LZiTo7. ZUOIEE T Iy 7 —XDEEIL Ivan Favero 5 DE{Ti5E 25 #5512



3.1 T—N1NT 7 ANDOIEH 25

1160 CTZ 74 N&EMEL TWz, 5 EHES LfTH5EE D, AHZNZEN 40 pm/s T
BIKITIEBEREF U LS RBEZRL, T—NNT7 74N\ %25{ 2LMWTE/z. Fig34
IXRATIIZEDINT A =R THI W22 EDEERRERT.

040
m”““Nwmwmmﬂnﬂﬂﬂmmm“NWWMwmm

16:56:24 16:58:13 17:00:01 17:01:54 17:03:36

Power dBm (dBm)

Time

Fig.3.4 Transmittance power in a taperd fiber with pulling speed 40 pm/s.
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Fig.3.5 Transmittance power in a taperd fiber with pulling speed 100 um/s.
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Fig.3.6 Schematic illustration of fabrication process of silica microtoroid.
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Fig. 3.7 Si substrate after BHF etching.
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Fig.3.8 Si substrate after XeF, etching.
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Fig.3.9 The SEM images of Si substrate after CO, laser reflow. (a)View from the side.
(b)View from the top.
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Fig.3.10 The SEM images of Si substrate after CO, laser reflow  from the top.
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Fig.4.1 The micrograph of a silica film with cracks fabricated by sol-gel method.
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(a) (b)

Fig.4.2 The phot of a film fabricated on a silicon substrate. (a)Without ethanol im-
pregnated bencot. (b)With ethanol impregnated bencot.
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Fig.4.3 (a) A microscopic image of disk resonator with defect-free sol-gel coating. (b)
A microscopic image of Er-doped toroidal resonator with diameter fabricated by laser
reflow of coated disk resonator.

R. Imamura, “EFIf5 Er IRIUNEHHREE O /R & L2 Masterthesis, Keio University
(2021).
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o

Fig.4.4 Graphical rendering of the toroidal microcavity-tapered optical fiber system.
Input/output waveguide (tapered optical fiber)and erbium-doped toroidal microcavity
are shown along with an input pump wave s, and internal cavity fields ap and aq.

B. Min, T. J. Kippenberg, L. Yang, K. J. Vahala, J. Kalkman, and A. Polman, “Erbium-
implanted high-q silica toroidal microcavity laser on a silicon chip,” Phys. Rev. A 70,
033803 (2004)
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Fig.4.5 Experimentally demonstrated laser output-input power curve for cavities with

two different Er concentrations.
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Fig.4.6 Relationship between oscillation efficiency and Erbium concentration for dif-

ferent coupling coefficient.
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Fig.4.7 Relationship between erbium concentration and gain per resonator roundtrip.
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Fig.5.1 (a)The phot of graphene oxide dispersed in ethanol. (b)The phot of sol-gel
solution containing graphene oxide.
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Fig.5.2 (a)SEM image of a sol-gel film spin-coated on a silicon substrate. (b)SEM
image of a magnified speckled pattern.
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Fig.5.3 The result of Raman spectroscopy with silica substrate after spin-coate.
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Fig.5.4 (a)Micrograph of a substrate spin-coated with a solution that has been ultra-

sonicated for 1 hour. (b)Micrograph of a substrate spin-coated with a solution that has
been ultrasonicated for 7 hour.
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Fig.5.5 (a)Micrograph of toroid resonator that coated with graphene oxide.
(b)Micrograph of toroid resonator that coated without graphene oxide.
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e
CNT/IPA/MEP/PDMS-A CNT/MEP/PDMS-A CNT/PDMS

Fig.5.6 Schematics of CNT/PDMS hybrid nanocomposite fabrication process.

J. H. Kim, J.-Y. Hwang, H. R. Hwang, H. S. Kim, J. H. Lee, J.-W. Seo, U. S.Shin, and
S.-H. Lee, “Simple and cost-effective method of highly conductive and elastic carbon
nanotube/polydimethylsiloxane composite for wearable electronics,” Scientific reports 8,
1375 - 1375 (2018).
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Fig.5.7 The phot of the mixture of PDMS and CNTs fabricated. No agglomeration
was observed even though the mixture was made with different concentrations.
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Fig.5.8 (a)The result that Raman spectroscopy of a resonator coated with a mixture
of CNTs and PDMS. (b) The result of mapping the locations where the peaks specific

to CNTs are strongly observed.
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Fig.5.9 (a)Measured @ factor of graphene oxide coated resonator. (b)Measured Q
factor of not graphene oxide coated resonator.
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Fig.5.10 Micrograph of cracks in the resonator after annealing.
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Fig.5.11 SEM image of the resonator with cracks after annealing.
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Fig.5.12 SEM image of the resonator without cracks after annealing.
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Fig.5.13 Measured @ factor of CNT coated resonator.
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Fig.5.14 Simulation results with gain per resonator and saturable absorption. The red
lines on the horizontal and vertical axes show the experimental values.
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Fig.5.15 Experimental setup for PDH lock method.
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Fig.5.16 Error signal and transmission intensity obtained from the experiment.
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Fig.5.17 Measurements of the stability of the coupling between the resonator and the
tapered fiber.
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TSL(Pump):TSL-710(Santec), TSL(Probe):TSL-510(Santec),
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Fig.5.18 Experimental setup for measuring saturable absorption  with toroid resonator.
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Fig.5.19 Variation of @ factor when the internal power of the resonator is changed. The

median value shows that the @) factor increases as the internal power of the resonator

increases.
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Fig.6.1 Schematic illustration of on-chip mode-locked laser with CNT and Er-doped microtoroid.
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