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Abstract

Optical microresonators are devices that confine light to an small area, enhancing
the interaction between light and matter. This device can be used to generate a light
source called a microcomb, which has an equally spaced spectrum in the frequency
domain. RF signal generation is an example of microcomb application. In the con-
ventional method, the reference signal generated by a crystal oscillator is multiplied,
but at the order of GHz or THz, amplified noise of the original signal becomes a
problem. The microcomb has a comb spacing from GHz to THz, and by taking their
beat notes, RF signals from GHz to THz can be easily realized. Microcomb has had
issues with power and flexibility in comb spacing, but perfect soliton crystals can solve
these problems. Simulations have shown that it is possible to generate perfect soliton
crystals by adding saturable absorbers to the microresonator, whereas conventional
methods require ultra-precise resonator designs and complex setups. In this study, I
first fabricated a silica toroid microresonator with high ) factor. Then I established
a technique to transfer graphene to a silica toroid microresonator. And finally, I con-
ducted soliton generation experiments using the graphene-transferred microresonator

and compared with the non-graphene-transferred one.

Chapter 1 describes the background and objectives of this study.

Chapter 2 describes the fundamentals of optical microresonators and nonlinear op-
tics.

Chapter 3 describes the fabrication of silica toroid microresonators.

Chapter 4 describes the preparation of graphene and its transfer to silica toroid
microresonators.

Chapter 5 describes soliton generation experiments using silica toroid microres-
onators.

Chapter 6 summarizes this study and describes conclusions and future prospects.
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1.1 fuheiRes
1.1.1 YeiiRss

HIR 1%, MRSEBEIR E OIREIRD D 2 FATIREI L T3 & %, 44580 & EHIRE)
BUSEWEACTHIME 525 &, ZOIREDEIGL TRELRLBRTH S, —KINZ
FHRENR Y U HREEBRP20RF ICHH STV B0, HTBWT b AR R A
X3,

HHIRIRE, HI2ERPEEICBVTEZHATAD TEMT 2754 X TH 5. JiFFh
B3 e RNEHEDRLRF LA SKET 2. &b HEMAERE L LTHON5
DIE7 7 7V « R — (Fabry-Perot) BRI TH 253, Z4UE, 2 OFATRFMETIC
Ko TH S N, HIRERANERIC A o 7 LA T O IR 2 i 72 37 & ZI N T RS
ZREDIRT.

IN=2nL (1=1,2,3..) (1.1.1)

T L 2o sk, ndHiRGAOBEDERTRTHZ. DX D FHEEHD
FEAREDIEE N 0BG 22 %, ZOEER D ORI IHIRIEENCELER % K
LIRS 2. X (1.1.1) XD 2D K M2l THEERDNIIERFET 2 2 e 3bh
5. ¥t E, BEDE S HIRKEDFEBEEZ HH AR FVEE (Free spectral
range:FSR) LIS, DIFTORTREINS. 72720 clPEHTH 5.

c

FSR= — 1.1.2
SR 2nL ( )
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Figl.1 30 SFENEEIFEED 115, 215, 3HOHET, WThoGad EERD
JER S VDR BACIAD 5B

Fig.1.1: Schematic illustration of standing waves in a Fabriy-Perot cavity.

1.1.2  fuveitiRas

HHIRIR O T EEIE pm~E mm B E D IFF /NIRRT 2 /e RS &
A WD TN EFALIADZ Z e N TELZDT, MHEE OMHEEHEZED S Z
EMTES.

UNEHIRAF O MERELE, Q fE (Quality factor) & € — FRFED 2 D DI T X
5. QMEZZDOHIRIRDIEZFACIAD 2 HEEZR L TEBD, LITOXTEREINS.

Stored energy

@=wo Power dissipation ( )

=wo X T (1.1.4)

Z 2T wo EIIRAFBEE, SeTES 7 FHIREBANTEO AL F =T HD 1/e fFichk
% FTORRZ £ . Tablel.11%, J#E 1550 nm 1B} % Q HL ETHMOBEFRERL
25D TH3. QHEIEWNEIYE S HIREBANTHESEHLAD S0, FHlZ1X Q EA 1010 T
HAUIIIREFANC 8.22 pus WA UIAD HN .

- FMEE VX, SN RBEBIOEZEATIAD SN2 ERLETHHLLT
DR TRINS.

V— Total energy . (1.1.5)
max(Energy density)

BUNEHIRZRE, Q EAEWIEY, E— MEENNZIWEEHEREVWEWR S, 25
LU= iR, RGN DOHD Y —ZER K E WD EREERE =gl R Y
DI N R e BRI ERR TN TES.
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Table.1.1: Relationship between ) and 7.

Q T

105 0.822 ns
107  8.22 ns
108 82.2 ns
10°  0.822 ps
1019 8.22 ps

1.1.3 WGM HiRss

0y RYEHBEY b RV KREFEZIMEEEZES, REPEED 25T\
B XY TV DL IRV THMDOANLB DX IR EHEIME 22 25 L (Fig.1.2(a)).
ZD &5 BGIE “Whispering gallery (X X ZDREIER)” LI 5. FH (FHK) 23EE
DRIEEE 2B EGEDIRLEDSMDSE I TIOHRMEE L. ZOHKEHWTER
B LA 2 DA WGM iR TH 3 (Fig.1.2(b)).

777V« Ru—BHHRROSE L FRICHIRGAFICOWTE 2 5. $E R O
WX LT, UToRERMZTHE X DA WGM HIRESRAICH LA 5N 5. 22T
n %, HIRFNOBHDEFIRTDH 5.

mA =2mnL (m=1,23..) (1.1.6)

%7z FSR &,

FSR =

1.1.7
2mnR ( )

Lizb.

I ET WGM HiIRI TR 2RI RGN ETH SN TE % (Fig.1.3). X7 4 74
2181, gk pam Bl 74 228 617 pog pa 819 5 o —om (L0 7 g
H5.
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Fig.1.2: (a)A look at the dome of St.Paul’s Cathedral. [Photo by Nick Fewings on Un-
splash.] (b)Schematic illustration of an optical path in a whispering gallery mode

microresonator.

(@) (b)

(c) (d)

& ) '
)

Fig.1.3: Schematic illustration of optical WGM microresonators: (a)-(f)microsphere, mi-
crobottle, microdisk, microtoroid, microring, and microtube. [Y. Chen, et. al.,
Adv. Optical Mater. 9, 210014 (2021). Reproduced with permission from John
Wiley and Sons.]

HIRICH VMR b2 72 D TEBRHINTE 2. FHTH 7 AMETH 3 Si0, 13
BRI N T O — NS Q AR S /NEHICRIED D 5 72, L L72A3 5 2003



1.1 BUINERIRSS

FIZ10® 22 2EWQ EE O~ 7a oA FRIESRAF v S ET/EHTE 3 2
P x e Bl

MgFy % CaFy &\ o 7 ftibtit 1203104 ¢ woM #tRsg r LcHvoh 5. bk
WA 720728 Si0y & D BN 1010 282 2 Q RS, — RIS SR 2 U]
UWIBEIC X 2 MT 2D IES 2 & THIRBZER T 2. Lo Liadis, HREOY 4 X
Bom BELREIVHOP—RNTHD, EHECHAVTOVRVWI EREAE LTEITS
hs.

<A o0l 0T RS

~A7n ) Y ZHIRBONOH UADITIEMO WCGM HiR# e R U TH %25, Hikik
HIZEZ B CIAD 5 D3RI 5. SiOy RfEmM Al O HIRAT & LT 2 & Q [EIXEEERAVE
W23, CMOS B0ty L CREREE T X TEZ WL TE 9, £HEt
PERETH 5. Bk SilOIL6l GN8N AIN20L GaAsl 7z v sty
LTHWSRTWSA, HTHIEEEEDTVZ D Figld IRT SIN TH 3. @K
EHRTOEEINE L, RERIFEEE DO, 57 + b =27 RITRPEZR VIR
Lo TW5. SiFER EIC SIN BERERT 2156, BWRBEEBEICEHRNS 7 v 70
RELLTL, EEPIFFICHERT-DHNERD 7 7> 7 > XV IEHEZKEET 2 D — %N
TH5.

Fig.1.4: A SEM image of a siliconnitride microring resonator. [J. S. Levy, et. al., Nature

Photon, 4, 37-40 (2010). Reproduced with permission from Springer Nature.]
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1.1.4 A

WGM t > —

WGM R8T, v Q /NI RE— REIC X > T D BEBEICHEHLAD S
ZEYDTES. XHICHIRBOBEICHEET 2T vty MEIE, SERIEENC IR I
BETH D70, @REIO/NILRL Y —DHRBEILAITRDOATNVS., DITIERE
(7% WM $R30+L vy v 2 X H =2 L THh 3 22,

(@) (b) .

(f)
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Fig.1.5: Fundamental sensing mechanisms:(a-f) and corresponding applications (g-i) of
the WGM sensor, including mode shift (a, d), mode splitting (b, €), and mode
broadening (c, f). (g) Thermal shift sensing using a silk microtoroid resonator.
(h) Mode splitting induced by individual polystyrene (PS) nanoparticles. (i)
Mode broadening spectra induced by single nanoparticles. [Xuefeng Jiang, et.
al., “Whispering-Gallery Sensors.” Matter 3, 371-392 (2020). Reproduced with

permission from Elsevier.]

B b — RN RSN BENC X 2 HHRREOZ(LE A L D TH 2. Fig.1.5(a),
(d), (g) FBUC X 2 IRHES 7 F 2RIH L8t v —TH 2 23] HRE B IND
2 L BOEERNRIC X o TETEDIZIL T 2 & & i, BIFIRIC X - THIREOLRIZE(
T 570, HEHEEUTO X 5 &y 5 24,



L1 INEHERER

dn
MAT) =~ X |1+ (5 + d—T)AT

(1.1.8)
no

= Ao(1 + aAT) (1.1.9)

Z 2T N\ BROEENZOVGEOHIRBOHIRIE, ¢ ZBEBRGAER (K1), dn/dT &
PO, no BRSO EITRTH 2. £/ o IZBWRFRI L 8O R AbE 7=
fET, —MANCEIZRBEIIBOCARE K D /v, 2 RUEOREMRFEIIEA T Z
%79, Fig.1.5(g) @ & 5 WREDOZEITH L TRIRKRITFPICELL, Zhziitr
P—IHHT 22N TE 2.

BMOEPICEN R Y S Y /T2 b TE2 20, HHRBAFE N 2213 3 R
EA, HBEELEITEIZNL, HREEY 7 MRS, FlNTFORY > U 7ICHF]
FTc&5. HRBRMOBEE LD b RERENLEEFON O ERBICERET 2 &, HiR
OGO —HHMANCE o RSN, KEENELS KD, HHRE— FPRERMICS 7 +
T 5.

E—F> 7 bDIENIT, Fig.l.5(e), (h) ITRT LK CHIRE-F2PHTZE-FRT
Uy FEAHALEE Y =382 0 8E nm 04 —X—DF R FRRHTE 3 2 h
JEEEE T 201 F - URIEEMEIC I LK T 0¥ 4 XERET 2 2 L bHHETH
z 127

T B2, FIRNTFLHIRIICNE L 2 OaEHERASCIRIES, BiIrRE iz X 3
£ — FHIBOIEA (Figl5(f), (1) 2y oy 27T szebTxs 28, oy
BEE—FS 7 MCEbRVED, BRENE Vo ABRREOZIC X 28220
QNN

WGM ¥1roaL—%#

WGM HRINE, B Q /N 7E— R X o T WE O ESEF 2 KIE I
SRiL XA, EBMESOMHRIER L — PR EB T 2 2 L A TE 5. WGM IR BT 5%
RIE, HIRBICH TR A 4> (B, YO3T, Nd3H) 24532 2 v ick o TEBREA
%. 2006 iz h~wA4 r7aT 4 AZHRBICTAL T LA F V25 LT 43 pW &0
3 ERIET O RIRDHRE Xz 29],
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1.2 YAERHIAL<Yr0O3dL

1.21 SRR L

HEBE 2 2 2GR REIEIRTLE oV 251, R EGEE Tl ERBRIC I A7 AR T b L
EHRHONRDZTH B, FERRICHALZARZ FADIRDH (24) IRTH 2 72DH
JE 3 o e XN 5. Theodor Hansch, John Hall O Fh &% 73 YEHIE Bt DL

HEREa L EMEH L, 2005 FEITZOYEIRD LN —NAYHEE R ZE LT
[301(31)

HRIW 20 0 BB ORWE f, 15, 3 AMBITHES S 28 D8 LRI f,, &, 0
FHOTIUMLT 2%+ V7 2y Ra— T4 72y FEARE f, BAVT

fn = fO + nfrep (1210)
ERTIEHTES. KMHEIBD OV ZHNOHMR 1/ f, £7%%. B ES 0L
2HNEFNZN A DNHD TN H B, 2, Fv 7T rNm— SNt FEER,

A
fozf ?

rep 27T

(1.2.11)
EWVWSERYED 5.

HERE 2 2 DERFEE L TR F R T 7 A T L —FR T 7 ANL —FREDE—
ROy 2 L—3 2T s Fikd, BROCEEHEEMCETELD 3. BROMFERE
A U CAER SN2 R a A FBEOEELHa 4 (EO 2.4)B2 vipighs.
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A —> ||« 2A¢ —>||« A —| |«

Time

fo=nfe+ 1
‘ ‘ ‘ —>| ‘4— e
e Ul | ‘lllt

Frequency

Fig.1.6: Time-domain representation of the train of ultrashort pulses of period 1/f,., at
the output of a mode-locked laser and the corresponding spectrum of narrow lines
of a frequency comb. The phase shift A¢ of the carrier of the wave relative to
the envelope of the pulses induces a translation f, = f,., A¢/2m of all the lines

in the spectrum from their harmonic frequencies nf [N. Picqué, et. al., Nature

rep"’

Photon. 13, 146-157 (2019). Reproduced with permission from Springer Nature.]

122 Y4034

2007 ISR SR FI VIR 2 28R SN, <4 Z7nasfiEh s &
51kt B3 <4 rna n3EROIBIEE (5 —RER) ThH BIDERIES £~ —
2L LTWAEDIHA—a L BIEENS. PERESIZSROIERIEEE Ic —ob
DHTBAF L7z &2, HEERAICX>TINSDEREL &L B 2FEEEF TN
U BBHRDI L TH 2. ZROIEBE I £, fo OHMBASL, Z A
B forope ZHOTU—THBAR LESEERER S, 0L SMHBESEIM S
BHEWEER f, b D7 A4 RINPRAET B, AP ICBELT,

fi = fpl +fp2 - fprobe (121)

DD L > TWS. FHT f = fio £ 2 & EMBRENERKES L Xidhs. w4 7nan
EFRAEZE L FIEEZLLTICHIT 2. FFHIRGFICAS LR > T HHRIDEIR S %
EZL, ZhXDTa—7N e 74 FIDEENS. ZoFe—70e 74 K5k

D JERBDHARF PR & — BT % & &, SCEIHIRFAICRWRRPACIAD 5N 5. #ilic
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FH1E B

FAE LI R Y T R ERIEA 2R 3. AR BB D RS Z e TRY
THHEHFNTEFRITARY PUVDIEDB > TV, w4 2783508 DR LB/ N
HIRAD FSR © —3 3 5. MNEHRSEE D FSR X GHz 25 THz DA —X—TH %
LA 703 LDEYRUBESD GHz 226 THz DA —X—=TH 3. ZHUIERDF
BB T 7 A7V =R 7 AN —F2HOLFETEHRGROFIRTERT L L
MTERVETH 5.

)2 Pump

Input

Fig.1.7: Schematic illustration of microcomb generation.
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1.3 BugEMEH—VI Y

131 Hog&MEh—-vIkY

MR L 72~ 4 7 v a 21386& %7 —> UV + > (Dissipative kerr solitons:DKSs) &
HMEING. 2 Zd YV M, TEHEEFZERT 22 DIRIRZ REF Ll 2%
ELREETH S, 7 7 AT, TEUC K20V RAEDND L IERIFIC X 20V R E
MWOATID B ol 2N, —HECRMED —Y U b 358 E IEFRE DT D &Vl
Z, MEBLEENIFIDEoe = ICHNS. HIRED Q HIZERTHY, BEID 27
DIFINE—DNT VY ABZEZLRENDHD. DIICZDEIRRTHET SV Y ik
Bty A—Y 1V b eI S.

2014 I HID T MgF, #ER IR 2 IV CBORES — v ) b ol ahns 12, 8
RV JTIRIERICEE T, AMED CW L —3 Ry FEEIHEIT 2 212 & » THREFDHELK
RS RA MY v 2RI X > TR L7, BHRICIZSIN 4 7y v 2 B Rosy
Fo 4 RERE OO RO — V) R UASERERN, TSIy b7 4 — ABMER LT

ZNFETORA 7 vanld, 1EROEREREa L R TEVWERAE e S IELER
BLENS, MHPFEEHXATWRWEDIZ ) 4 ADZ L IEALICRAETH - /2. b
HHIRE 7T 9 b7 4 —2ITHERED =V U F UDER I N Z LI X o THR & 22 G A
DEBYID LNz, DLW 200l 2 RT.

FaTZILALDY

Fa7rangyik B, ko7 — v 2tk AT, <4 7 nana a0k
Boorfgne, FEPEREE. RN HHEIEZ R U7z @R E D D@ 0 REE R D YEHFIRET H 5 .
XD EEZZLX 2L TIVEDHIERBZEMHTE 2 8 TENS.

Figl8 X7 a7 VA tiEOREEZRS. $IHRDELEAREE f. Do~ 4 710
ALEDOTPICERIEAREE f, + Af, ZbOo~vA7nas2HETS. > 7uaxtL
T—HEREEAORABEKa L 2B LT, 203 LMt T % (Fig.1.8
k). Zoo~vA4vaskE 7 3 VRAF—RTHRHL 7 =) ZZHETS &, 2K
Af,. OREFECTHEFRME 2> RF a2 57 % (Fig.1.8 T).
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1, Absorption feature
4 4 4 A 1114
Lo 1 il ¥~
B BB/
2 i
w ] | 14 i -
>
e optical frequency
f.+4f
ke
QJ ‘ I e T o v I8 7
& >
Q0 y
S
i 1 ;
Af rf frequency

Fig.1.8: Simple DCS concept. Two combs with repetition rates f, and f, + Af, are mixed
and detected by a single photoreceiver. As a result of the comb structure, each
pair of optical teeth yields an rf heterodyne signal at a unique rf frequency. These
rf frequencies form an rf comb of spacing A f,.. The rf teeth can be tightly packed
such that more than 105 comb teeth can be observed simultaneously. For much of
the original DCS work, f, was typically 100 MHz and Af, was 100 Hz to 1 kHz,
but these values can vary considerably across different frequency comb sources. [I.
Coddington, et. al., Optica 3, 414-426 (2016). Reproduced with permission from
Optica Publishing Group.]

JEE(E

<A ZaanyboOFEMRLEERD %, WEIHZE (Wavelength division multi-
plexing: WDM) JBE DR E LTHMAT 3 2 e pT& 2 BT(Fig.1.9). fEkoFikci,
1 DOWRITH LT 1 DO L—FHBETH o727, SELTITHIELE DL —
PVRETH o7, ~47vaszhEe LTHHAT2 Ze T2l 1 50 L —
P 1 OOHIRIBFZICTEEZIMZ 2N TEL0, HEBNPLIX 2 KIEICHITT
5ZLMTES.
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Fig.1.9: Schematic of (a) a comb-based transmitter and (b) a transmitter using a laser
array. Mod.: Modulator. [L. Lundberg, et. al., Applied Sciences 8, 718 (2018).
Reproduced with permission from MDPL.]

T REESRE

B%RIcv A zua sk vk I VIESREERZT S B8 3 e 3i%E 1-10 mm,
JEIIX 30-300 GHz @ RF (82361, EEEOBSXSWHIEOLS 15, L—XPkA
ESBIE72 CAOISHICHNT 2D 5 hTw 2. IEkOBERERKIC X 3 FiETiE, K
RIFRINCHME L 2 2 EE 2 RE IR OBET 2720, TOEBOMEIMEIEIATLE
5. —hH~A 7 8vasIHIRED FSR 12— L7z GHz 205 THz O JEFEEMEREE 27
B, NFUXA VREICE > TEMED GHz 725 THz @ RF 22 %ED T 2 £ 4T
X3, vArnankfni RE EEREDH S U CERMS 2 RERE, KyeE
H, ZFLTHT 7 ANNDY — LV ARERERETHNS.

1.3.2 Ho&MH—VILYORE

BUNEHIREICB VT, BogED—Y U by (BT, YV b)) 2EBRIICHEESE S
FHiEERT. VU Uk, HRRODBEENRESTH D, oKy THEREIIR
BEIDEEEMID 2 2ICHET S, ZOFOERIZ 25 I2TRT. 2X D EEY
BRI Z & ORI LT, HREE X D RERAITR Y il woizs, ERiC
FZhTEY ) P yEBEES RV, K (1.1.8) TRLAZK S I, HiRBERY LT
BHb % e KR REIIEFREANCS 7+ $5729, ZULOrLREEEMTRY LT
HIREES 7 Mk THIRP BN TLE S, WRICY Y b YHEBICE 2 7201
B2 o RIERHIANR Y THERG T2 0END 5.

Fig.1.10 12K ¥ ez FiEEMN D & BRI EMARG | L 2RO HEIRIZ O NEE w7 — D IREE
2y, HIRBONE AT 1%, RV IHBEREHEREREOETH S, 7Fa—=7
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FH1E B

KXo TEIT 5. Ry THBEENPHIREE X D EREMCWEZREZ TV —FF 2 —
> (Blue-detuned), K 7 HEENHIRFERE L D RERMICHN2KEEZL Yy FFF 2 —
> (Red-detuned) ¥ FER. 7L —FF 2 — ¥ DIRED HIR & IR Y FHEEERIEEH
WKREIL, Ry PP EIRBBAAD 1A 2 ¥ RO AT — v HIREHRE D EH L,
HIRPED S 7+ Lgdps o NERCRDERIE S AEEHNICE Z 5. 2O E Figl0 D L IT
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Fig.1.10: (a):Average intracavity power during a simulated laser scan (101 simulated
modes) over a resonance in a MgFs resonator. The step features are well re-
produced. The orange lines trace out all possible evolutions of the system during
the scan. The dashed lines show an analytical description of the steps. The green
area corresponds to the area in which solitons can exist, the yellow area allows for
breather solitons with a time-variable envelope; solitons cannot exist in the red
area. (b), (c¢):Optical spectra and intracavity powers for the different positions
I-XI in the laser scan. [T. Herr, et. al., Nature Photon. 8, 145-152 (2014).

Reproduced with permission from Springer Nature.]
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Fig.1.11: Experimental trace in the forward tuning (yellow curve) followed by one trace in
the backward tuning (white curve) with successive switching of multiple-soliton
states from N = 7 to N = 0 (no solitons). [H. Guo, et al., Nature Photon 13,
94-102 (2017). Reproduced with permission from Springer Nature.]
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Fig.1.12: An illustration of the PSC consisting of X pulses formed in the CW-driven non-
linear optical microcavity. [M. Karpov, et. al., Nat. Phys. 15, 1071-1077 (2019).

Reproduced with permission from Springer Nature.|
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Fig.1.13: Mechanism of generating perfect soliton crystals assisted by a saturable absorber.

Soliton pulses are directly generated from Turing rolls without chaos.
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Table.1.2: Comparison of microresonators.

SIOQ SIOZ
SiN MgF,
Toroid Sphere
Fab. Lithography Melting CMOS Polishing
Q ~108 ~10° ~107 ~1010
n (1550 nm) 1.44147 1.44147 1.99(48] 1.37149)
Integration O X O X
Cost O © X O
Good interaction
Pros Easy Fab. High nonlinearity High @
with SA
Cons Difficulty in Many modes Complex Fab. Large size

soliton generation

MEZTOVY b YOEREBORZNIETHB. TALZHREMHRIL, >Uh o
A FHIRERDHE L TWB & Z /-,

BB RN DA% ES

Table.1.3 (Z ATEIFIRINAAI KL & REFFRICB N TEHER T X — X TH % [BERHEZR
3. SMELOFEM R FAAIX Appendix IZREHET 5. H W B AJEERIRINAAR O [BI1E R R AR
T2V L ZOMRED DECRERD S, SRV 2RO FSR & 150~
400 CHz FREETH 5720 24UV VU b YO N 7080, T2V U 2oLz
DR LUFEAREEE 7%, N OEIZEFEDOY ) N OEEIET Y XL TH3H, A
R Nz — 7 27 vV U b2 7Y ZARADFERY TR0 — 2 5HUC & o THRE
b, FBRICEDEED N L R2DPIEENPTRVD, I al—a VFEREET
W52 [58] 25| AT 10 & L25E, 2L ADEMIZRDEL T025 ps TH 5. Lo
KOO INEWMETOE 772 e BV THS. LELEY VERKFT TALETH
%79, RFFETIILEL TOWTRBLOFEMINCHAL TWE 5 7 = v 2HRA L.
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Table.1.3: Comparison of recovery time of saturable absorbers.

Saturable absorbers Recovery time (ps) Ref.

SESAM 0.5 [50]
CNT 1 [51]
Graphene 0.1 [52]
BiyTes 0.5 (53]
MoS, 2.1 + 0.1 [54]
WSs 1.3 [55]
BP 2.4 +2 fs [56]
BPQD 92 + 10 (57]

D Q HAMER LT L WSS B3 [59).
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Fig.1.14: Schematic illustration of generation of perfect soliton crystals using a graphene-

Graphene

transferred silica toroid microresonator.
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Fig.2.1: Illustration of a Fabry-Perot resonator
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Fig.2.2: (a)Resonance frequency of a loss-less resonator. (b)Resonance frequency taking

loss into acount.
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Fig.2.3: Illustration of a coupling between a micoresonator and a waveguide
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s, FEEKIERICB VT [3w]? = |sout]? KD LD/®, F/2t = 01XBVTIX
a]? = |a|* D7 (2.2.6) & D

Ql

(2.2.8)

B2 = ——[a|? = ——[a]? (2.2.9)
ext ext
vi25. X (2.28) &K (2.29) 2 &
| = 4/ (2.2.10)
Text
CI2 5. FTAVERER S D H SR
Sout = Sin — @ 2 (2.2.11)
Text
%, EREeKX (2. 2. 5) 2OBEHRIZ X 20607 — s BDUTORTERINS.
2/Text }
out — 1—- in 2.2.12
Sout { (@ —wo) + [(1/270) + (1/27ex)] S ( )

HREFOIREEIRR T I ANEER & HFEHREDHIC L > TERIT e TES.

(1 Vo) (0 w)?
= W0 e P (o) S

2
Sout

T =

Sin
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HAIRIRAEE T w = wy D=

QO - Qext>2
T=|~+—F7— 2.2.14
(QO + Qext ( )
i, ERAEERExESLE
1++/T
Qload = 9 Qunload (2215)

25, ERXo + v — 32720 under coupling, over coupling 3£ 3. T 5 iddt
A & AN EE © OFGEIREEZ R L, BRMEICX > T=2D5 80 D ARETH 5.

Qunload < Qcoupling: Under coupling
Qunload = Qcoupling: Critical coupling (2.2.16)
Qunload > Qcoupling: Over coupling
Under coupling (33H4RAGNERDBELDITEL IR & ORTEIC X 2BE LD B REFWIR
REEHET. Tk ZAEREREE 2@ L TER T 200 0 HIRERICH G LA o TWw K
D HARKZW. Under coupling 3HIRAR & B OB 2/ Z I X D EBE N S.
Critical coupling (3 HARAFNEBDIRR DGRBS & OREEHRIL L FE L WIKREZHET. 2
D ZTREFERTIIT =0 &) AGHEORETRIRGFICHATAD SN, RBMWEHR
V. Over coupling [FAEREREE & DG EHEEIHEIRBNTOEK X D K2 WIREL TS
T. IO EAFEDIZE AL FHREBICHEALTED, SERERE»HERT 2HED
HIRIZDO OHFEE L THTL 27 DB REWV. Over coupling (33EIRAT & BIRIK DR
fEZEDOF 2 28 ICKDEBREING. FEERIVICES 22D TZE 2D Qunload & IHEZE G
RTTH5. 5507 Qroad B (2.2.15) IKMRAT 2 Z I & D HIRBEEE D Quulond
ERDBZLHTED, XHICK (2.1.23) 25 Quonpting KD B 2 LHTE 3,
iz, BFEEANDASI T —% Py, 2528 Py =[5> THH, AFHEE HIRERE
DETHDTFa—=VT% Aw=w—w) EBVWTHREZEXHZI L
1/ Toxt
A% 4 (1/27)2
Y25, HIRBOMNE Y — P, EHIRIBONEE AL — |af? & FERIRER Tr % A
WT

la? = > P (2.2.17)

’a|2 2 1/7—ext
P, = = : — S

YRFLDTES. 2ELTR =nl/cTHB. 74 32% vpsp 2 AL &5 LT
e

P, (2.2.18)

F = vpsp 29— 90rppent (2.2.19)
12
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Microresonator

Input Output

Over coupling

) | Critical coupling | )

| Under coupling |

Fig.2.4: Illustration of a coupling between a resonator and a waveguide

v 725, HIREMH (A =0) T

F 27

T Text

Poay = P, (2.2.20)

ERTZEDTES. KHIC critical coupling DIREETIE 7 = 70 /2 TH 5728
Pcav - _Pin (2221)

5.

222 HREEDFE

UNEHARES & B & OREITIIMA BRFEDS D 5. HIRGBOREIHIC L - TOtZ S
SELFEREERS. 777V - RoO—BHRKDLEEZ, FHEHBEIOCEZ AFEEUI X
V. LA L WGM HIRIRDGEICIIEENNZ AR EIEE 2N TERVED, (50D
E s % W2 OEIREE D SR T2 HIRFICHE ST TAHNSIE S, ZoHdT A
Ty MEREEGEETIN S DD TH D, ERIMFMFTIBWTRETREERNC
RAMDFHIZNTD 5. Ty £y Mz AVEKEE & IR M O E 217 5 FiE
3ZL<HY, TV LEHWZFIER Angled cleaved fiber ¥ FEIXAL 2 Wi AS$i A 72
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77 ANERHWEFIE, 77 ANO—EEZRA LN ZMI LT —o8T7 7 4 XN
ZPRWAFEREDD 5.

WGM HIRFICBVWTHRD —INCHWSLNTWEDRT — 87 7 A NE WL
TH5. ZOMHANIEERMICIE 99.97%, FEERINCIX 99.4% D OEWFEENRTH 505
TH5. I EFMIINTZT 7 4 NOEDHMOEETDERE pm &/NEWDHIZHD
RAH L2 WD THY, ZoHD 2 IREITIAOT 2 2 & TEIE & HiREGB- Ttz
MEIEDRZENTED. FhT7 =7 7 ANBERBERPIZEAE RN D EMHER
ZERT AHHTH 5.

b)

(@) (©)

e AN

Fig.2.5: Schematic illustration of various type of coupling methods:(a) a prism coupling.

(b) an angle cleaved fiber coupling. (c¢) a taperd optical coupling.

2.3 98

Fig.2.6 Iz ER L7zt EORIRFEEBE 2 RT. gEeid, BEP2ERT 280
BRI & > TZOMEDEITENZNT 2 2 TH 5. BHAGICHRKT 2K
By, HRBOMIRICHK T 2HETHMO DI REL FII o s, Dz EBICANG
WA I HIRE— FOMBRIEZ—ETH 2208, FEEORIREZZ T ZR>7-® FSR &
BRI EET 5.

HHERIBE—F (FEB wo) ZHDLE LT, FE— FEHLY SBX MHENES 4 T
KIL$25. 20, ZOE—FORABE w, 374 7 —EMICX DT D X525k
5. .

wu:w0+Dur+§DﬂR+-~ (2.3.1)

T ITRIRA=& Dy FHIRID FSR, 87 X —%& Dy 28 FSR OREMKFEZ, DD



2.4 3 JIERMEIEENR

THUZRT. Dy > 0 DLEEEWE TN, HRBSEWEE FSR 23608 D HARE
BRI BRINCE 725, Dy < 0 DGEZIEETHENY, AR EWIEE FSR &
< e % 7 D HARFAR I 2RI K 2 5.

u=-2 uw=-1 u=20 u=1 u=2
1 1
5Du” + 5Dou” + EDZ.M + EDZMZ +

: IP : :> : Resonance
I Dy S Dy Sl Dy Sl Dy S
| | | | |
1 1 L | L 1 1 »

T 1 1 T 1 Ll

w_o w_1q (o) wq (000} w

D, > 0 : Anomalous dispersion

1
— —Dou? + - . .
Wy = Wo + Dip+5Dpp" + D, < 0 : Normal dispersion

Fig.2.6: Resonance frequencies taking cavity dispersion into account.

2.4 3 RIERERIEFEZNR

AERICEEDL D2 e BT 5. &% E 23280 PIEUTORTERS
ns.

P=co(xXVE+xPE2+x®E3 +...) (2.4.1)

X2 2 xOizzrheh 2 X 3 XROBREZR IR, @HIFERTEZ 2 EE/IEV
BRETHE. ZELL—FDIIREREDNT ANT 525G XA TER V. SiOy &
F LT RN E S OB ERTIE, BESRIESN L 2 IXoMIEZDED IR
R L2 I AUR7R B 0D T, 2 ROIEFBIHIIIAE LBV, FRIEFEME 3 RO IERE
HTH 570, 7HOIERPEIZL TOXTEREINS.

Pyt = eox P E3 (2.4.2)

2T, Epcos(wt) BEIZAH T 2552 E 2 5. K (2.4.2) TRAT 3L Py, &
1 3)p 3 1 (3)p 3
Py, = 150X Ey°cos(3wt) + 360X Eq”cos(wt) (2.4.3)
L5, 1 EIZEBE 3w ODMTDNDHFIICHEET LI 2EKRLTED, ZOBR
35 3 @R IS, B2 HIZABE w NOEEZRLTEY, EITRn 1L
b5 2%, 2ENZERRE, tHREZ [T,
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n =mng+ nol (2.4.4)
YD, ZITong i,
3y
= 2.4.5
2 4dn2eqc ( )

TH2. ZOMRIEIH =R (Kerr effect) & LTHISHNS.
Rz, AJEBE wy DHEDFEET ZHEITH LT wy, ws DIEZHEICAS SE 255
BEZ5. BREIUTORTELRINS.

E = Re{FEiexp(jwit)} + Re{Faexp(jwat)} + Re{ Fsexp(jwst)} (2.4.6)

X (2.4.2) RT3 ¥ AR w, % SO,

P(w1) = cox® (B|E1|? + 6|Ea|? + | E5*) Erexp(jwit) (2.4.7)

Ligh, T FERRICH —3REERT. B 1HZ w BHOEROBSITER T 2
HTH 579, HONMHEZR (Self phase modulation:SPM) & MR 5. —/TH 2 H
CH B3I, we & ws DEFROMIITERT Z2IHTH 5729, HENMHZET (Cross phase
modulation:XPM) &IN5, 7z,

P(2w; — wy) = eox P 3E1 2 Eyexp(j (2w — wa)t) (2.4.8)

DIATIXF C A ZE & 2Yh o, HORBEE SO L FEET S, ZAUIHEHERIY
HRIREE IS, £,

P(w1 + wo — (.U3) = 50X(3)6E1E2E3*exp(j(w1 + wo — wg)t) (249)

DIATIE 2 DDEL B HR e b 25, DB E DO FEETS. Zh
FIERHRPIDEIR G EMEN 2. L, VDERIREHE & 2 IS &t/ 30 %
MH5.

2.5 Lugiato-Lefever 52T

YU S BIERRIES 2 v 7 4 27— )7 (Nonlinear Schrodinger equation:NLSE)
PHE»IND. WNEHIREICB T 280&E A —V U r2E 12X, NLSE iI2H/f5 248
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XK, DEEIEREEMZ, 5T Fa—=v 72 ERBTIHENHS. NLSE IS
ZNA 7% D&, Lugiato-Lefever 73X (Lugiato-Lefever equation:LLE) ¥ PRI 5.
LLE 3 ToX TN 3.

9A(9,t) Y . Dy 0? ) 9
ot <_2 _]50 +‘7 2 8¢2 +]9|A‘ A+ Vv ’YextAm (251)

Z 2T ¢ WFHARIBNO OIS, ¢ IXEWRIR, Ao, t) 1 FHHRIENOIRIE, ~ 13D
HR g3 H—RBRE, 0 BT Fa—= B THE. AIIE 1 ErSIEIZ, HK,
TFa—=VT, T, Y, FEERT.

N (2.5.1) DR ZEZ72DIC, v =0, Yt =0, An =093, ZDO&E—K
figt %

A = Bsech(¢/s) (2.5.2)

55, 22T BIRULRADIRIE, ¢ i3 OLRADIETHS. K (2.5.2) X (2.5.1) 12/
ALEIS 2 L IT ORG-S,

Dy
205>

ZZCH 1 THIZHIRE D 2 RO EUCEIS 23H, 55 2 THIZIERRZ ISR 208, &6 3HIZ T

[1 — 2sech®(¢/¢s)] + gB%sech?(¢/ps) — 6o =0 (2.5.3)

Fa—=V7IETLHETH L. EEXDLDLDO7DITE, UTOFRAEDPBETDHS.
Dy = gB?¢,? (2.5.4)
_ D gB
0= 502 3 (2.5.5)

X (2.5.4) ICEALT, D—IFRFM g ZIETH 205, Dy bIETRLS TWERSRWV. OF
hEEFEDEETHE e bh b, £723 (2.5.5) A, & 1ZiErRk3. 2% D
Ly RFFa—VdRMFETHEIebh b, Lo THMINEHHREICE W CHORME D — v
Vb EBEIE DI, BRESEE D OHERBEHVT, Ry TEERHEREED
RIKRANCRE T 208D 5.

SENEE S A FIRIRINAIC & 2 IEREARE 2 N2 2 B D 5. FFHTIEL a(A) 1F

a(A) = 2.5.6
W=—"r (2:56)
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TH3DT, LLE &

0A(o,1)
ot

(oo 220 AR At A 257)
92 1—|—’A|2/Asat Joo T J 2 a¢2 Jg9 VYextAin <.

Y72%. 2O LLE 2MEMN T 2 2 2T, AR Z W =722 RV ) Ry
2 Z XN DFREDTE NI 461,



B FOA FERSROIFRRUIT

3.1 JUAhrOA FEIRBROIER

U baA FHIRBOEE ot 23T 4 TE»H% 5.

1. 7 UV T 7 4
2. BHF = v 5> %
3. XGFQI—‘Y?_:/y
4. C02 L—¥1)7m—
I TREFNZEND TIRRICOWTEHMCHAST 2. Ana 2 U A2ERIE YV ary vy o n—
LIRS pm OV AEZBBLIC X > TER LD DTH 5.
Silica (SiO,)
—— —2 S , I . o

— — — —

Fig.3.1: Fabrication flow of a silica toroid microresonator.
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311 ZxbUVIST+4

7 4 bV Y25 7 4 (Photolithography) &%, BOLMEOWE %M LI-VMEORM %
NE—RICFET 5T 8T, BNHSINLED e BN TOLRWETN S5 88—
ZENT 2N TH 5. FEEEREEE, 7V MER, BRERT 4 AT LA RERR—=
VI RBEE T ARRABREMOBEICHWONTVS. MR E = DERNTE ST
B, BEHT~HE mm ORZZDI VU H bof FHERBOMFEEIGHEL TW5. AL,
LY Mg, B, BRO 4 ODERTRENPL25.

AIRLIE

EROERMMIC TR ) — A N7 b2 FL Ny 70 =745 Y ZHWTHIZRZ 5/
TRIITWMYRV. HWT, 20T IR T7 v v 7 2iThole. 72X T v
UL IFEREIE T AL F —REBOME T 7 X< 2 RS L, BEREREOEHEY &b
A3E COy LTRIL, ML IE2UHETH 5.

Z OBF PR OAP(HRFIMMET ) # Ay a— MERX>TEBMHT S22 T
HMDS(Hexamethyldisilazane: HMDS) B 21772 o 7=. ZHid OH EDH DA N7
SiO R EoBUKEDREE HMDS (LS 2 Z ik b, ERAHEEZ b Y XFL> Uitk
LTLIYR M DEBUDLAETZZE2HNE LEDDTHS. BUKEDE FDHE,
K% TR T 2BGH BFIZEERIRL D2 N HOBURR) ZMHHT 28, BRI
WERIL A+ DRICEZHITRAL, BUEDRICL I X DX =B 0D
RIENECTLES. ¥y b v F IOV R F Uy 7B8EZRKBTAZE DT
x5.

LY R MET

HMDS QU CHEARKRE & Bk EIC Lz, 74 F LY 2 b OFPR-800 LB(H ML T
¥)RAPYa— METERKRHICaA— MLz, 74 PLUIRAMIERIBL IR b X
AL IR MH Y, BHMDOL VR N OBMEEIHR L THIGTRET “WFEEEE
%7 OHRIBT, BHMOL PR b DBEMREIMET UTHIG LT “BEH»nKks” o
BAHETHE. SEMEHALEZ + bL P2~ OFPR-800 LB IZARIE 7 + FL Y2 b
ELTILLFHAZINT VS HDTH 5.

A¥ya— ok, ERFZEMEZEHWT 100 °Cil2T 90 ME TV N—=2 2Tl o72. 7
UR=Z BRI NL VIR MNEDP HIEBRZRET 270173 S5B8UHEHDZ T, Z
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NCEoTLIA ML ENOBENZ2EHD2 N TES. BEIZ, LIRX MBS L
IRV ICERET 5.

LYRAMEMOTRICBVWTRSFERLRITNUIZLRVDD, LY R MOREEHT
H5. LIAMREMENEFEH BB TIEZTRS &, BUROBICL YR ~ M
DEHTLEY, VIR MPEMRDHEIULK K ARD, RZ=U25 LR TERL
2%, ZORDOLIZANE[FSIRE, VIR MDA RREGEED SED L%, &
ErERICELTEBDBEND 2. BRICKET ETHlE 2~3 KMEIZE2D570H%ky b
7L — T 2D K.

B

B, RR—UPEH SN RIS, 20K -V ZRiEET 52
TH3. Figd2 DEIWCKIBL I X b DGEITITRIE L TEIGRICARL, +AH R
L YR MEINITKIE L THBIRICEFES 2 2 TR — U EEINS. SRERA LV
PAMIRIBLIANTHL7:0, BHINEIPBURIRICN U TEEST 5. ZHIC
W~V R7 774 F=FHV, HFIELY R MIHELE G BReMEN 2 KR 436 nm O
KERZ v T vz, BERRIZ 10 TH - 7.

(a )Posmve

6

Negahve

Fig.3.2: Difference in exposure due to different resist types:(a)positive resist, (b)negative

resist.
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%

BgE, BBETAERL A M RBRL AR -V EBRT 2 TRETH L. BHTRE
T, BHAIBOL IR M DBEREPHEARL TV S RIHL Y2 b HOBGHE NMD-W
2.38% (HEIMELTE) THRIGZ TR o7, ZORE, RichaA B RI2MEZ—
DL IR MBIV AEMR LR IS, Z2OBMKERCTHEBREZEVIRT Y VAT
B2iTlhol. VYATENTATROVWERKIGDL YA FHFED TN ARX -2 7R
LRV, THIIBEWIRT. £RBGKREY VRO, <73y hRX—=F =% HWT
BEHRHET 22T, VIR POBBMOEEFDEARALLATRDA, EARRITOD
VQRVAT SV

ZOHBAEZA MR —27 LN 2 BN % 130 °CT 5 TR o7, BHREZHET 32
ET, ZORDIT Y FUIRAF VEANIT BMMEZALEIE2DIIMZ, TVR=2
[k, ERE OBEEMEEEDL IR MHBNENIET 2 HNRH 5. NX—ZFHIIKTH
o TWD E BFHEDOIRICEMERRIET 2D, Ny ZV—THZHVT L0 Ky
ERIET.

UENRTZ 5 VY574 TRTHY, ZZFTTIYIEREICHEOL Y X X
R—=YPBERENTz. Fig31l kD5 2 HEHORETH 5. $LIns32TERIER
TR Z Y — 2 — A2 TTR - 7.

3.1.2 BHFTwF>4

BHF = F> 7374 M)V T 774 TRE—=V T LRV A N2 A2 LT,
SYAZHIZTRETHS. VA baAf FRIRGBOFEHRIIBEWTS Y A ZHI2DIZ 20T
FBOADED, 7+ IV TS5 74 TOLIRAFDAR—=V ZOHRNENY | iR
DM DENTHRLRY QEIEL RS, 7+ IV T I T4 TLIRAMINLT
B A IR E TR 5 72DIXZ DD TH 5.

BHF Ty F>4J

VALY F VT BDIIRIVZANY 7 7 — K7 vl (Buffered hydrofluoric
acid:BHF) Z /=, BHF 137 v{t/kz (HF) & 7 v{bt7 ¥ E=v 478K (NH.F) O
BKBRTHY, VIO y F 2 I7RWEHFICHVONLM, 77 ADMEZMHERT 5
DB HHENS. HF RE e NHWF REEZZZ 528 ilXkoTZyF U7 L—L %
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HlfHS 2 2 e TE L. SEIE BHF63(X 4 ¥ ) W, BREHIZK (H0): 63%,
7ok 7 =Y & (NHF): 19%, 7 v b/Kk#ET7 vE=v L4 (NH4F - HF): 18% TH
3. BEVzy by F U IHOOENS 7 v LKEBRHIEE 2 L3RI T H 3 DIt
L, BHF ZHHTH 2 7-DBICIHED LWL PR M EHWTS Y 2 v b v F ¥ 7HA]
RERDDHRTH 5.

TERKEZ HNCTEROREZ 25 CTHiFFL, 2ot 2Dy F 7L — b 106
nm/min 2 HHER Ty F U VREEZREM L, #1507z Yy F 72T hotk. Ty F
YZUARD DR ER VL DI, 5T IXHEBMERES LIS L. 7 v (KEREIZ
Ao RAZEPTROEHOT 7a YRR L. $727 v WKRBRIIKREERTH %
e, 777U —7RId - NEEE LT OEEZIVERB R ET R o 7.

LR IE

BHF v 5> 70k, EMRZEERDOHD UMK TR ZTR, Ny Z7e—7
AT EMREI L7z, COREBTRELEAPEOS IV AARZ—D EIZL IR M35 T
W37, EERTEEEEFWT 72 b 2T 5 SR EITi o 7.

DENBHF =y F Y7 TETHD, ZZFTTIYY avERECHEDS ) hov&2—
UM E NIz, Fig3l DEAFTDIRETH 3. Fig.3.3 ZFh2h (a)BHF v F >
JHIOLY AKX —>, (b)BHF Ty F Y Z7HDL YA M RX—, (c) LY R b HIEE
B"DOIVYVHRR—2THS.

(@) (b) ©)

Fig.3.3: Optical microscope images of patterns on silica substrate:(a)before BHF etching,
(b)after BHF etching, (c)after removal of resist. D = 500 pm.
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313 XeF, TyvF2yJ

BHF = v F Y7 TREZRET, ¥V aryERECHED DY h8& — U B Lz
COFEFTIEFHIRBE LTHWSR Z e TERV. HIREBICT — T 7 A NZEDIT 5
VATV AVOMFIHAPRNUETLEI DL THE. SVIDARIINKES Y TV
TEIRDBDITE, PV arETEEID T—RT s ANEEDFTHI YV arehy S
Y ULIBRWE DR LTI RS0,

SVAVDITYyFUITRTIERIAZYF U7z by F U Iadh, XeFy Ty
F > 7 (Xenon difluoride) 1Z K74 v F U 7ICEET 5. LI A MDRE— VPR
WWHERICIRE XN 5 72D FEREEE R DM R X — Y OBBICE L TWS. Lol
B XeFy HADIEFECHEi/R /2D IR N H 2D R, TvF ¥ IR ERIEMED
FEu.

SE XeFy Ty F ¥ 72 VD3 y F ¥ INRUTERE 2R OLDTHS. V2
YDAREIYFUITHNREE L, VAP TyFUTINBWI EELEOEGE, XeFy, Ty
FYFIEFITHL TV, BRI TOMED TH 5.

1. We: XeFsy(gas) + Si — XeFy(ads) + Si

2. it XeFa(gas) + Si — Xe(ads) + 2F(ads) +Si
3. LI DIEK: 4F (ads) + Si — SiF4(ads)

4. AR D BB SiFy(ads) — SiF4(gas)

5. REY DEREA: XeF(ads) — XeF(gas)

* R XeFs(gas) + Si — 2Xe + SiFy

XeFy & Si & DRIGTIE, XeFy 23 Si RETHHEL, F 72 AN EE SiI/FHT %
e Ty F YT T 5. RIGAERThr 5D, SiOy 2RIGUITHAL TV,
EEREWZWE SV ADZy F U ITWURTHEH, >Vares ) HhTIRERLD Si: Si0y =
1000 : 1 TH27%D, PVHAFZyFrI7EINTIVAVDABRLYFVITINTT Y
=Ty bPEITLTWVWL. 22T, XeFo I3 HoO ERIGL TSV AZ Ty F 7 LT
LEIS7®D, EREKDHPNELLRNE S RTI2HENRDHS. EEOL Yy F 2 7I2iF
XeFy ALy F > 73%E VPE-4F (samco) ZfEH L7-. ZOEEIIEZEG|IELLF v
N—PIZ XeFy A2 ZBGG L, —ERERH L1, T2 805 a2 2D iRy
AR > TWD. SENIEREE ST Z 400 Pa, F ¥ ¥ N—~ODH X FEHEK R % 10 s,
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TyFUIHR%E 3s 2L, ¥4 71D h T MIERIOY A ZLDERA b DIREER FH
MEETHER L, KA MDPEADKIWLCKRIZETITyF U 72T o7z, Fig.3.4 1% XeFy
IToFUITDY A IZNERICEZRAMDRIDELERT.

(@) . ) I ()

Fig.3.4: Variation of post thickness with number of etching cycles:(a)100 cycles, (b)300
cycles, (¢)600 cycles. D = 600 pm.

DEDXeF, Ty F Y 7IET, ZZEFTOIRTIyF Y IZINTTERL Y aVY
F— RV HDT 4 R DR TV BMEEDEHE N, ZORETH VAT 4+ X7
HIRIRE LTHEHAT2 2 TESD, FIA v F UL ->T 100 nm F—&X—DFK
HHZXDE 27280, QHEIFZIUIE R RV,

Ny Y2y

SV AETE TV 3V ERD DBEIRRBDEWK Y XeFy Ty F U 71K S A LR
MOV AT 4 AZEIDBEEL, FEHD XS BRBRICELLTLES, Xv oV T
(Buckling) X FHENZBIRDEEZ 22 DD, N I VY ITHRECTVWET 4 A7 4
BRI LT CO, L= 7 —%21TR-oTd QHEIEVW I f FHIRSRELR-oTLE
7D, N7 ) TORERISBEND D, N7V IPRELZDEX, VAT«
2 VEREPKENE X L BBLENENE X TH S0, EROKERERFLZIERT 2
CERFBBEEORCY a2 HET2REDRD L. FT v FUTRICKoTHNY
VYT ORMIERR L. SEEHLULEERE S pm Ov = N —054, B 500 pm D
TAARAZETERNY VI RECIETIIHR T VR =y b 2T 5T ENTERD,
B 600 pm DS, YVaAYERANNT 4 A7 DOYNRECKREZETT VX —Hy b
TN 72V Y IPELT (Figd.h). ORIy F U I7a&e LT ey



44 H3E VA buA FHRGOER KR EFERE

VY ZWRBAD LI WSIMEDRDH 20, VAV RAMDEREZML T2 &mENZ2 0
A FHIRGFOEZED/NEL BRoTLEI D, ZUDLLN 7)Y ITHRETRNE DI
SUIT 4 RATZDEREABUEDEX ZHMYNCEHRET 32D X W.

Fig.3.5: Optical image of a silica toroidal microresonator with buckling.

CO; L—=HV7u =32 Varve7yR=0y b LV T 4 AZITHRHLT, L&
25 COy L—HEBETZZ2I0X-T, 2 WINEHE BRSBTS 2RI
LF2TETHZ. >V HiE COy L—F DEEMBUC B W TERISUREA >V a v kD
HIBEICREZ WD, SV ADETICEDERT 5. 6122 ATV a »idJk
WICRREEDRE WD, T4 XZDOHDEA TSV aYRAMBe =2 7D LS
WEE, COy L—HDOEDRITRT VD, T4 A7IMFKETIIEDERINS. ZOHR
VAT 4 AT DNBERDADRERL TR —F VRO Y H ba A NIRRT 5.
Fig.3.6(a) i COx L =%V 70 —HiDO>V A7 4 X7 HzdrdD SEM Ef§, Fig.3.6(b) 1
L—=HFU7a—%os Y aA FHIREDO SEM B{ETH 5.



3.2 UHbraA FHIREONFERIE

45

] HV spotimag o | WD | tilt —100pm —
12:34:59 PM/5.00 kV| 2.0 | 727 x_15.6 mm 36

Fig.3.6: SEM image of (a)a silica disk microresonator and (b)a silica toroid microresonator.

3.2 JUAhbOa FHIRSBROAFAE
321 F=NT 71 N\NDER

YA bag FHIRRASEEZREEIE 2 HIEL LTI T =7 7 A NDBHVWL S,
7 7 A NEETIEDP LD SHiliES 53k2 22 THLOKEAMN 1 pm DT —87 7 4
NHPEREND. BENEE T I v I =X EHWT T 7 A NOIBAERITR -7z, EHFIE
WU TO®EYTHS.

ERFIR

L Y INE—RT7 7 ANBRELRZIYID, HuLED K M D BLIR 2 F25 LT
IR —NVTHEETo 7.

2. 77 A NBERKTHIME 7 7 A Nax 7 X @A LT,

3. WELLMEL R -T2 T I v 7 b —ROIMBERCKEE RN LIz 7 4 NOHIL
B % Ad 120 BREIINEAZ 1772 5 7.

4. 120 B OMES, 100 n/s OFE CTHMGEZ E— X THloiko7z. DL TR
T—=R7 7 A NDKIIZIE U T 180 #H~220 MIEE DM TH| -5k 2 Kt 2 2 (b X
.
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3.22 QMERIE

Fig 3.7 \ORTFEBLy b7y 72ilAa, FRLES Y S baA FHREGD Q HAEZ
17572, WERZ L —¥ (Santec TSL-710) & & 2 HEEFFOBRICNE T 2 K ERT (&
/IFEEE 0.1 pm) KXo THRDEZERL, KEVPELTIEIC N TESEHRESE
5. MUTEBORAELFEKHIZ T — X —4& (Power meter:PWM) 12 & - T3 % I
BL, 25 % DAQ(Data acquisition:DAQ) IZ & » T—HEINE L T E/TS Z &I
EDBHART LR, HongBicH LT — LY YBRTITS 714y T4 07
WK EoTHRARS PAZREL, ©—27 DOERBE FELMREFTE T2k D Q

EZ1R2Z D TE5.
FPC O
O3 ——ry

———————————— » DAQ p¢----------

Laser

Fig.3.7: Experimental setup for ) measurement using a powermeter.

Fig.3.8(a) 1Z LFE D ETHS L7z 1550~1550 nm 1B 2BEARY ML TH 5.
NAFZAPLEE-—RIHLTR—LYY T4 v T4 Y7 &TRoT22 25 QHIF 1 x
10" TH o7z,

(a) (b)
1.1
1 & . . 1 _ — ]
u m%\‘ =
ML LR g

- ~0.9 / s
5 S Lorentz fitting
s 08] <038
(o] @
[&] (5]
£ £0.7
€06 €
2 206
o o
= =

04} 0.5

0.4
0.2 0.3
1550 1551 1552 1553 1554 1555 1553.337 1553.3375 1553.338 1553.3385
Wavelength (nm) Wavelength (nm)

Fig.3.8: (a)Transmission spectrum using DAQ. (b)Transmission waveform fitted by

Lorentz curve.
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3.3 BQ UArOA FHIRSBOER

YU b UFEAEIEE Q HE S OMIRBONET, SLITHETIE 10® 2B X 2 IEFIC
BV QIEES DY U H FuA FHIREERWEY Y b Y RESRE ATV 601, L
DU S HHFEETER LU S baAf FEREBO Q HiZ 10" BECrYE-TH
b, Xb@EWV Q HZ b OHIRB LR T 2HEDH 5. 3.1 TR X STV H bag
REREEOIEEZ 7+ VYUY 574, BHF ZvF v, XeFy Ty F 2, COy L —
P70 —D 4 TRIZDPNTWVWED, ZIZTECOy L—F1Y 78 —1ZO0VWTikR 3.
V7 =3 EENR a4 FERBOBIRERE T 5720 Q EADHENIEFITKE L
MHTH5.

331 CO, L—H¥U7O—tyb7v7

Fig.3.8 1 CO; L—HV 7u—Dty b7 v 72y, FEFEHLZ CO, L—Hi

Gold coated
- mirror Shutter |—| CO, laser |

Light e IriS
<= ZnSe lens (f = 200 mm)

e |ris

\ 6 ZnSe beam splitter

]
XYZ automatic
stage

Fig.3.9: Experimental setup for CO2 laser reflow.

Acess Laser f£® AL30 THRAH I 30 W TH 3. COy L—HFDKEEIX 10.6 pm &
AN TH 272, 774X ME COy L—F R U NEEES L5 ICHELL
He-Ne L —%Z2HW/k. 2EBHD 2 20— 1 Fa—-—1+3I7—- 229074 Y XZHWN
TL =¥t L Vbififh (ZnSe) DL Y XOHULZEED KO ICHEE LT, v v X =12
EOPC #t:® SH66-BDH ZH\W/z. TTL EHICX D HLEIICH 2 T—L Fa—F I F7—
ZEELIES vy v X—2 LTHEET 2. vy v X—2FLC TV, I 7—TRHIfEIT
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L—¥REFe—r > 70007 LI ABloRy 7222 ENS. TTLEER
HELTHILLI T —DPEEREZHED D FEFTIIE 15 ms B35 5. 72, & 40 ms BRETH
MZITHRSZeNTE 3.

332 COy, L—W%U7O—-%4r Q EDFEF

BY ) 70— ERD BB o TATFORT R — X ELLEE, FRLESY 7
bR RIHREO Q MR HIE L 2 OB AN,

o L —H N7 —
— 0~30 W T
o JRSTIRFH]
— 40 ms [ THFEEATRE.
o U— 1%
— FEAPEEE 200 mm D ZnSe DL Y XDNEBEEZZEZ 5 Z 2T
o Y aVRAMNER
— XeFy Ty F U7 BICK > THBEREE. b— > 272 LTEIK 2D, T4 2
JHEFBIH U THVE ) AP ED D RT RS, L= T —ITF
B35.

%{L

FEn]HE.

‘gillll

AT HE.

E—LEZE
P — AROFHBEICIZU TR Z W .

Beam diameter at lens = Beam west + 6y x Distance from laser (3.3.1)
Spot size — 4 x Focal length >< Wavelength x M? (3.3.2)
m x Beam diameter at lens
) 27 x (Spot size) = 22
Depth of feild = 3.3.3
PR of Tl Wavelength ( )
_ _ (Distance from lens — Focal length)?
Beam diameter = Spot size x \/1 + (Depth of foild = 2)2 (3.34)

7B O EADILL D A (Divergence full angle) TH b, FEHIT/NSRETH %728
tanfy ~ 0y LI L7z, F72%87 X — & 2% Table.3.1 IR $EZ W=,

FlZEVv v X oFy TETOEMEL Y XOELERCHE LW 200 mm &35 &,
V=P oL XETOMBEZ 760 mm 272D, LY XTOE—AFENTT v S TOE—
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Table.3.1: Parameter used for calculation of beam diameter.

Parameter Value

Beam west 2.4 mm

0o (Divergence full angle) 5.5 mrad

Focal length 200 mm
Wavelength 10.6 pm
M?2 1.1

INEIE
Beam diameter at lens = 2.4 + 5.5 x 0.76 ~ 6.6 mm
Beam diameter = Spot size ~ 450 pm
LHRHENS.

SELEYRY 7a -2 RD2ICHToT, BRT 7 X =202 05 2, XeFy
Ty F U ETOTRTHEREDND 270D, M T K2R X TERD) o
oo LEDoT, ZRZEAD AT RXA—2DZp b r A FHRGOFIRE Q HIZED K
INTHET 2D 2 miNIERDIZE D B.

L—HNT—

L—FRT = raf FEIREROBKRE QHICED XS CEET Z202HFEL /2.
F 4 A 7B 500 pm D IR E W T, Table.3.2 IWRIEHBTY 70— %174
7z. Fig.3.912V 7 v —FifR O HIRA O FLBEMBEE R Z R T. TV —-DFFEEhZEN

Table.3.2: Parameter used for reflow.

Parameter Value

Laser power 15~22 W
Irradiation time 1000 ms
Beam diameter 500 pm

Si post diameter Half of disk diameter

(2)&(A)15 W, (B)&(e)18 W, (c)&(£)22 W TH 5. L—H U —i2E>T ha4 Fit
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REBORIGEVS R LN, V7 —ROBEREZHE L 25, 15 W OHEX 400
pm, 18 W @35E1% 370 pm, 22 W D13 360 pm TH o7z, >V ar R bDER
BWFTNBIEFLALRILTH o2 hb, L—FRT—%2KRELFTEILICE>TY 2
VY IBEOETTEZebR 5

Fig.3.10: Optical microscope images of silica toroid microresonators when laser power for
reflow is changed:(a), (d)15 W, (b), (e)18 W, (c), (f)22 W.

ZNZIZDOWT 1540 nm~1560 nm DT Q HHIEZ T/ -7 25, ¥ Q A
BZENZEN2 x 105, 3 x 105, 1 x 108 TH o7, 15 W DBFEET 2V ¥ 2 BR+5
WRZED, QEIX22 W DiFER Ll->TWw=. 22 W OB&E13ERD IR I WwoT
WD Q EZMAF LY, &d Q HIMENE WIFERY o7z, 2iTWwR 100 FE DK
QIETOETH 570, L—H 7 = 3MHLEZIS RFIUL, baA FHERHROFIR
Y QEICEZAEEINIVEEZLNS. FRYVaYRANRAERETOE>%R%D
DOMBRZ 20, HIRIFOFEOEREEE IR TH 2720, QENDHEIIZIL ALK
We#EZ o b.
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Table.3.3: Laser power vs. @)

Laser power 15 W 18 W 22 W

Average Q@ 2 x 105 3 x 10 1 x 106

HRGTRFAE

VT, L—Y OGRS b FHIRGOBINE Q HICED XS ITHET 2D
HFE L. 74 AZELE 500 pm OHEIRAFZ HWT. Table.3.4 ITRTFEMHFTY 7m—%
17725 7.

Table.3.4: Parameter used for reflow.

Parameter Value
Laser power 13.5 W
Irradiation time 100~1000 ms

Beam diameter 500 pm

Si post diameter Half of disk diameter

Fig.3.10 12V 7 v — i ORI DLW HIR 2R3 . BARH ORI Zzhzh
(a)&(d)100 ms, (b)&(e)500 ms, (c)&(f)1000 ms TH 5. WITIhOHE D HANETD
EORBDOHRRZZH, ZHUIL—LT 07 7 A VOELPFELEZLNS. RYY
R % & < 37 2 I ONEREB O D —1TiE DW=, ZHUIRSREEAY 100 ms D&
B —L7B7 7 A VOEBEADEEEL, Y2V 7 EATRE— ko, bt
P T L RAOREPRB ST R 2 ) oot EZAHNS.
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\/

Fig.3.11: Optical microscope images of silica toroid microresonator when irradation time
for reflow is changed:(a), (d)100 ms, (b), (e)500 ms, (c), (f)100 ms.

ZNFHUZOWT 1545 nm~1555 nm DT Q HHE%2T o722 25, FH QM
BERZEFRT x 108, 2 x 105, 1 x 10" THo7=. buA FHIRBOBIRDE —I127% -
TWIZOoNE W Qe e, EEKL KT 2R -7,

Table.3.5: Irradation time vs. @

Irradiation time 100 ms 500 ms 1000 ms

Average Q 1 x105 2x10% 1 x 107

SHIRRVWRSREOb &V 7a—%21TiRo7t 25 (Table.3.6), FF Q fEHIZ 1 x
107 272 b, FEEHHHER] 1000 ms b B SR o7, TS DFERD S, —E DR
TlE b e A FHIRBOIKDIR A ISR 2 ICONT Q EXEIML, ThixEi sk
JEikd QEDEI LB RZ2eEZILNS.
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Table.3.6: Parameter used for reflow.

Parameter Value
Laser power 15 W
Irradiation time 2500 ms
Beam diameter 500 pm

Si post diameter Half of disk diameter

Average Q 1 x 107

E—LE

REICL—F O —2FEZN oA FHIRGBOWIRE Q HICY D X S5 ITHET 3 D
BLZ 74 AZERE 500 pm OHAREFZE FWT. Table. 3.7 IORTHMETY 7u—%217
o7z, Fig.3.1112V 7 0 —Fik O HIREFONEEMEH G 2R T. B — AFOFEMIZ

4

Table.3.7: Parameter used for reflow.

Parameter Value
Laser power 13.5 W
Irradiation time 1000 ms

Beam diameter 500 pm, 1000 pm
Si post diameter Half of disk diameter

ZhZ (a)&(c)500 ps, (b)&(d)500 ms TH 5. E—2FE 500 pm OHEFEL —L4 71
T 7 ANDEADPET o THATWSD, E—4%% 1000 pm ANKEL T B2 20D
SEDR B0, ¥ a2V I H—Tholz. ZHIEIL—-FEEZRELTEHZI LI
o T, FOLEFICER L TP IR OB E TIER s b2 EIHN 5.
ZRZFHUTDOWT 1545 nm~1555 nm DT Q HHE%2TR o722 25, FHQ E
B2z 1 x 107, 1 x 108 THotz. L2LAENS, ZD1 x 103 2w Q EIXE
LWETIE ARV, B8R 5 3.2.2 TRLULEZ Q ERIEDHIETIE, fHLTWS DAQ O
TV TL—rOHIRP2S 102 D Q HEERIET 2 IETERVASLTHS. —/HT,
107 %05 108 BEOEV Q HOE— FPFELTVWE I ERLTED, E—4afR
IR T HZ2I2&oTH— R a7 EIDE QEIELNLEEZILNS.
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©)

Fig.3.12: Optical microscope images of silica toroid microresonator when beam diameter
for reflow is changed:(a), (b)500 pm, (c), (d)1000 pm.

Table.3.8: Beam diameter vs. Q)

Beam diameter 500 pm 1000 pm

Average Q 1 x 107 =108

LU O#ESS S U — MRS P A FEREOKY Q McHET 3 E2 605,
U ABEET S 2 EI2 ko THAEE (W/em?) B3NS B 570D, L—F 17—
IR TR T 2 REN D 5.

3.3.3 @&E CO, L= oO—%H

CHNETOHRERHWTY 70 -2 E L 25, 108 2228V Q ik dD
PUAbaA4 REIRBEER T2 Z e TE UTFIE-f zh2hicBIr 5% Q @
HEDFE"E RS
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ERB L(MZI Ttz AV Q (ERIE )

)7 a—%&ME Table.3.9 D@D TH 3. Fig.3.12 1ITRTEEL Y b7 v 72 HVWT,
ERL7-> U bad FEREBD Q EZHNE L. FIHIXOM@D TH 5. F3AIERK
B 2R RTHER LU AN RIEERT 2175, L—¥ e dtiRize
MZIL iZRE L TERZRAAS 2 L, Fonra—FCRERE— FOBEBIRE & it
2 MZI O FBEEIBR XN 5. MZI 2 & > TA> a2 a— 7o &R 2
facE 3720, FARBENCB) 32 HEE— FOBEREEZEONE. AL Tr—1L
VT 4T AYITERITEI ZLICE->THIRE-—FO QHEEEHT 3.

Table.3.9: Parameter used for reflow.

Parameter Value
Laser power 30 W
Irradiation time 2500 ms
Beam diameter 1000 pm
Disk diameter 600 pm

Si post diameter 2/3 of disk diameter

5 O
Laser —EXX]— ——PD }---| OSC
| 0SC |

MZ| PD }-=—=-- !

Fig.3.13: Experimental setup for () measurement using a Mach-zhender interferometer.

EEL L 7 R3O E Q BE— FICN LTI OFET Q HHIEEI TR o R e =T,
MZI O FHBIEFE O X 20 MHz TH 3 DT, ZH 2SR U TERIEE O R % &R
BOicE L, n—1L Y74 v 74 7% ko72 (Fig.3.13). Q fEHlX 2x 108 ¥ HH
Y AWAR
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10

8

6 Transmission - o
o 508 Lorentz fitting
© [0}
5" 506
g , g
§ § 0.4

£ 0.

0 s

2 ’ 0.2

-4 0 -

0.0294 0.0295 0.0296 0.0297 0.0298 20 -10 0 10 20

Time (s) Frequency (MHz)

Fig.3.14: (a)Transmission and MZI interefere waveform. (b)Transmission waveform fitted

by Lorentz curve.

EBBI 2( VI Hy ViRV Q ERIE )
Y 70 —4%F1% Table.3.10 D@D TH 3. Fig3.14 ITR-TEB LY + 7 v FE2HWT,

Table.3.10: Parameter used for reflow.

Parameter Value
Laser power 30 W
Irradiation time 2500 ms
Beam diameter 1000 pm
Disk diameter 300 pm

Si post diameter Half of disk diameter

ER L7z VA baA PHIRGD Q EZHE L. FIHEZXOBD TH L. ALK
RV — 2 ERBIEFEA 2 COHNRZR LU TR R RRE 2175, Q Es3 5 x 10° 12
BiZ7 s e, WROMGIRENHIRZWEE, HiRY 200 R Z2HIT 2 BITH L
CABF2HETHT2Y XY eI BRZHATE 2. ZOROERRED
Rz R TEBELTITRT.

I(t) = Ipe /™ (3.3.1)
HIRE— FOBEBRBEICH U THRRBBEBIC X2 74 v T4 717125 22T, HikRE—

FicBiI s XrHFmeRAETEs. 20%K (1.24) ZHVWS L QHEEZKD D I LT
2.
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0 O g
AL —{ro)----[osc]

Fig.3.15: Experimental setup for () measurement by ringdown method.

ERLZ-HIRFOE Q BE— FIIN L TIOFIRT Q HMEZITR - KR 2 RT.
HIRE— FOBBEIL TN UTHRBEBT T 1+ v 7 4 71TV, HFHFmERD S
¥, QMEIZ6 x 108 2otz

Transmission

S

E

(0]

o

8

S 10} e
= Exponential fitting

151
32 34 36 38
Time (us)

Fig.3.16: Transmission waveform fitted by exponential curve.

WYY 7a—5F2HWEZE THRABBVWHDTE x 108 L WO MHTEW Q EHE
oY baf FHIREEERT 2 e TER. ZMOER I L—FI2d 51T %
WHRBVWHDTHS. ZOHIRMEZHNT S BETHERMEA -V V b 2RESE 2B
117227,






E4E

J27xDEENRUIDAMOA
REIRBINADEE

4.1 57z >DEEAZE

TS 7 2 VBRI TR RS Ol psr ik 200, BRI
% Bt 72>0Em, CVDIE, TVRXII YL I 72 ENRDS.

411 HEWBIRIEEE

INETHRARTERLXSIZ, 7’77 74 MIRZEIRT D sp? IBAREEIC X 256 TEK
SNTVWE Y77 VDB LIMERZSD. 7572 VRAILR 7 7 YT Y —LRATEH
AL TWE D, BPREIEHBTIenTcEZ. —REHICEZ 22, 1 ET95D
JEZ (0.345 nm) BE L2 RWS 57 = VHEDOAZRIBET 2 DE3EEL <, A RITED
ERIN.

MET—T&

2010 %12 Andre Geim ¥ Konstantin Novoselov ® A7 — 7% W72 JEE I fil B
BITETT 7774 b poBES 77 2 2F L, ZOUiERP S / — AW HE 252
BlizeTHohd., AVWET—7B3M ORIy F T =T THolNHATY
FT—THEEBMEINDE. VI 774 POMEIRT— 2RI TTr—7 %25 28T,
EWHTEREZHBICR 25 THRDIRS. SEMAMERD#HSZZ 7 7 4 b (Highly oriented
Pyrolytic Graphite: HOPG) & MIN %, EMEORGE S 7 7 4 N e EimEmE T T

59



60 AT 777 YOFRKRTT Y A a4 FHHRIEADILE

7oL LbDEHAWS ZAZW. HOPG REMETEMD XWEEIRZ S 7 74
FTHD, T TORBEHEL TVWEI0LHTH 5.

ZOFREIFIFFEIHEILOKRIXANTHE S S 7 2 V2T TZS. Lol
I N=T7 772D A XRBIR, BRar tu—L33Z L I3NEETH 270, i
FREL VTN IRBFRR2I1CR 5.

HopG
Scotch tape / Thin layer
graphene

— —
Hopc

Substrate

Fig.4.1: Schematic illustration of graphene fabrication using scotch tape method.

1o8—hlL—>aviE

, @ i
R I X _ _,.e,»ffe. e
sy — S5 5 tann. o
. Rk P

Fig.4.2: Schematic illustration of graphene fabrication using intercalation method. [C.
Vallés, et. al., J. Am. Chem. Soc. 130, 15802-15804 (2008). Reproduced with

permission from American Chemical Society.]

MELEDBR LIRS, 79774 NI 72 PREBELIMEZ > TED,
BYLREAR T TREDHETFRATZRINEED E, TNOLDFEFRRTNI 77 74
FMEMICEDIAENZ LW BRIEE S (Figd.2). ZOBHREIA Y R—HL—>av
(Intercalation) Kb & L THIS N, #ILIKIT 6N 77 = v 25| ZHT T/ o7«
VHEREHTLZIENTES. A V2= —=avilib 77774 VERILED
(Graphite intercalation compound:GIC) 234K N 5. GIC BB ERICA S FD
I X D ZBEZERDONRDH D, ZhehpmEE el A rEltE, B8R k4
BESRER B L, ILARMIEIRIATNS.

727 2 DIEEIZBWTIX, 2008 4EIZ Valles 512 & o TEN -G IEIHRE XN
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62 25774 VOERICHY Y LT+ Tk Fa 75 Y (Tetrahydrofuran: THF) %
4R —FHL—>arE 3L, GIC TH3 K(THF), Cou(x=1~3) ER SN 3.
ThE N-XF-2-¥'r ) RUEE (NMP) iIRII 2, 797>y — MBHFENIA
GHT. BEA VYR — a VETIHESREHSTRELD 2B ENDRETDH 5.

412 BLI>7x>DiET

Ay FT—TEZEZLCD T HRMIRBEC K 2277 7 = VERIIWIIAOBZE THW
SN, 757 2 DEBEATNA ZANDIGHBRET X NBED 2 L KED S S 7 =
VERAET HZRHEMEPET . T2 TIREREER e L TREEENAIREREEIL S Z 7 =
~ (Graphene Oxide: GO) ZBITLLTY 7 7 = V2 AW T 2 BN T 5.

Mt 77 = VIZEREHILT 2 Z Itk > TABIEON D, RIS CHEERE S
VY A% HWTHE(LT % Brodie ¥, BiHEE L BMEEOESHERTCHEIERA VY L2 H
WTIE(L S % Staudenmaier %, EHEEH, HEF MV Y LDFET TR~ A U HBA Y
v L% AWTHEE S 2 Hummers IEDHI SN TV S,

BETTIE

(279 7 = > OBRIZ 100°C LUF ThKT DREE%IC 180~250°C fHa Tz b,
ZDMMETIIK, —BLKRE, “HBERFBERE LR SMBEORBEI IR E 5. &
TRDIRESH RO L > TEL 277 72 OWENERD, 2L ORMHBEL T
LES ZehbhroTWV3.

{EF&ETiE

Mt 7 = v OBRITTITIIER A RBITAIDH VWL T WS D, & FF Y Y (Hydrazine,
NoHy) OZEKUCE 5T HEPRD —MRINTH S, L2LEBRYBLTEERT T 7 2 Tldii
{, —HBD C-NHEEPBREALTLED. ZOXIREREADEREZEIT 2 DIk 4 72
BITHIPRET XN TED, Gao HI3KEILKTEF MY Y ALTL0°C TEILEITR - 7214
12 180°C TIEHIE ¥ Kb S8, HFEIC 1,000°C TKFEILT 2 HIETT 77 = VEEMK
TEZLWELE 03, Lalhdieswr 22 MAWREATORY. 05128
727 2 DU FBRITTIRTRR T T 7 = 02155 Z 3D TH L.
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BAE o7z OFEEEROT Y S ba A FHIREADIEE

HBTT

HDBILY T 7 = VAT ko TRIESNS 2 LR L HIBNT W, FYXAY
RSHADT T v a, KBRS Y7, L—+F (YAG, KiF) 7 PR 4 RIER DI & - THEIT
AHECH 3.

413 CVDi3&*

High temperature tube furnace (at 1300K)

‘ ‘ * H, %

CH, *, o s _
C H4 / H2 ‘ ‘ Adsorptlonl I Desorption %
Mixed gas ‘ Dehydxotan:tl\.’ “

“’..n.

Fig.4.3: Example of the chemical vapor deposition procedure used for graphene synthesis
on Cu as the metal catalyst. The mixture of precursor gases enters the chamber
under defined conditions of temperature and gas partial pressures. Various types of
reactions, such as adsorption/desorption, (de)hydrogenation, and surface diffusion,
happen. [E. Meysam, et. al., International Journal of Molecular Sciences 24, 8563
(2023). Reproduced with permission from MDPI.]

L5 R E (Chemical Vapor Deposition: CVD) £ BR SR O 2 AlE e L
T, A& (CHy) BEDRZEMEE 1000°C At TR ET, ®BEBRENCT 77 =
EWRESELNGETHS. =y o (Ni) #llEZHWR7 S 7 =D CVD &L 2008 4F
WKHIDTHE XN, Nia vk (Co) D LI ICEWREBBMELE T 28ETIE,
RADBRENTED T O R 2R TD—RBE 7720255 B TERD -
7z. BIECTIERFRBMBED/NDNZWVH (Cu) ZHWHRATWS. LArLARDLSLZDHETH
REEH 2. —BCHY LN 2 SEMEITBEERS U a v HER LIcHBE X 87238 E T
HYH, BRI TDHE7D, TOLRIRETE27 7720 bEMREIT 772088, 75
7 2 YAROYIMEERBRLZ P TERY. =y 7RO BESSERIIIEE ICESMTH
570, 47747 (a-AloO3) &\ o 7 ZfliZs BiAS R EAR BT, 2 L bRz ¥ o
BEREZANT ORI XF S » ) WHRT 2 e THES 7 72 v 285 e BN TERER
HINATWVS.

CVD EDH IR A F TRABICERT 22BN TELHTH L. MERAL LT



4.1 757z DE8AE

63

X, TRE TR XSICREMESNETDHS Z L, Bl DS 7 a -t ANET
HBIEHETOND.

414 ITERXIOYILIZT7TVE

IVEXRXT YT T 7 2 ViR, RILT A3 (SIC) BR ERMZ 73 > (Ar) FHEK
T 1,200~1,600°C lIFAT 5 Z & T Si ZFREL, BIRKRE LI/ 7 7 = V2R EE 5
FIETH 2. PO Z A2 3BEEEF TR TRbTWed, FHESMRHIEL < H
HPREERI2DFONE 7T 7 2 VEEREDNE L, BRI —Thhr o7z, L2LEMES
TNy (Ar) FHKIICB W TR 2T Z 8T 9 7 = Y OEAENKEC A EL
e mE I Nz, X SiC R LB WT Ar OEZRIC L - T Si J& T D Bk HiH] X
N53"6TH5.

IVRFY YNV T 7 2 VEDOF R EER LR E—A0 7 7 = VRS
BRI TEZZLTHS. MELEZ I 72V EHAVT, BEOS Y a v EkS
BE 2R EDHARBETFTAAL ZERERTZ N TELZRD, BBEICLS LbAEL
VA9

MU EDBBEZS 7 2 v OFRICBOWTHWSLRTWARENLFETH S, Tabled.1
BHENLETFEE2ET D230 TH 5.



BAE o7z OFEEEROT Y S ba A FHIREADIEE

Table.4.1: Comparison of graphene fabrication methods.

Mechanical Reduction of Epitaxial
CVD
Exfoliation GO Graphene
Crystallinity @) X O~0O O0~0O
Size X @) O A
Uniformity X O o0~0O O
Cost O © O X
Direct device
Simple method Low cost Low cost
Pros fabrlication
High clystalinity Coatable Large area
on SiC
Small size
Metal catalyst High cost
Randomness in
Cons Defects &transfer Difficulty in
shape
required transfer

& number of layers
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WEDZT 72 0B BETZI 20D, BIUEECZEENLETHS. Figdd D
£ D12 Si0g U 2 N—IFBELIERIC X > TBHAE(LL, EREOHE S 7 = > ORI
2T 5. Fig.d.5 3FLEEE (a)300 nm & (¢)200 nm D SiOy ¥ = N—HAM LT, 1~
SEREDS I 7 2y EHEOLD THEEMHEH THE LA D TH 5. BILKE 300 nm
TRHEBEDOZI 72> ThiE->E ) 2HBITE 225, 200 nm TiE 3 BEEDS S 72>
HRARTZ P TERY. FRHHIE 10 nm DAY KRR 7 4 VR ERWEE Z A
LR (a)300 nm TIIAREDNO T T HEBED E D o 2. BELEE 200 nm T H 7R
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Film Thickness, h (nm)

Fig.4.4: Apparent color of a SiO; film on silicon as a function of thickness. [J. Henrie, et.
al., Opt. Express 12, 1464-1469 (2004). Reproduced with permission from Optica

Publishing Group.]

“10nm E50nm 2% F10nm

530om E90rm E50nm A= J10nm

Fig.4.5: Graphene crystallites on 300 nm SiO2 imaged with white light (a), green light and
another graphene sample on 200 nm SiO2 imaged with white light (c). Top and
bottom panels show the same flakes as in (a) and (c), respectively, but illuminated
through various narrow bandpass filters with a bandwidth of ~ 10 nm. [P. Blake,
et. al., Appl. Phys. Lett. 91, 063124 (2007). Reproduced with permission from

ATP Publishing.]
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Fig.4.6: Comparison of Raman spectrum at 532 nm for few-layer graphene and graphite.
[Y. Liu, et. al., Nanoscale Res Lett 8, 335 (2013). Reproduced with permission

from Springer Nature.]
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Fig.4.7: Flow of transferring graphene to a silica toroid microresonator.
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Fig.4.8: Graphene flakes on scotch tape.
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Fig.4.9: Graphene flakes on PDMS
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Fig.4.10: Optical microscope images of the graphene flake on (a)PDMS and (b)SiO.

wafer.(c)Raman spetrum of the graphene indicated by arrows.
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Fig.4.11: Setup for transferring a graphene to a silica toroid microresonator.
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Fig.4.12: Optical microscope images of the graphene (a)before and (b) transferred to the
microresonaor. (c)The moment when the microresonator and the graphene are

attached to each other. (d)SEM image of the graphene on the microresonator.
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Fig.4.13: Transmission spectrum of the slica toroid microresonator (a)before and (b) the
graphene transferred to it. (c)Transmission waveform of high @ mode from(a).
Q ~ 8x10". (d)Transmission waveform of high @ mode from(b). Q ~ 4x10".
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Fig.5.1: Experimental setup for soliton generation.FG: function generator. EDFA: erbium-
doped fiber amplifier. MZI: Mach Zehnder interferometer. FPC:fiber polarization
controller. OSA: optical spectrum analyzer. FBG: fiber Bragg grating. ATT:
attenuator. PD:photo diode. OSC: oscilloscope.
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Fig.5.2: Transmission wave form (a)before and (b)after the microresonator is attached

with a tapered fiber.
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Fig.5.3: Difference of coupling position between a tapered fiber and a silica toroid microres-

onator.
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Fig.5.4: Transmission waveform with ringdown when the micrroresonator is attached wih
a tapered fiber. Q ~ 4x10%
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Fig.5.5: An observation of a soliton step.The blue line represents transmission and the green

line represents comb power. (b)Enlarged version of the figure (a).
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Fig.5.6: An observation of soliton step changes.This change means the decrease of the

number of soliton.
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Fig.5.7: Experimental setup for soliton generation using power kick method.FG: function

generator. EDFA: erbium-doped fiber amplifier. AOM: acousto-optic modulator.
MZI: Mach Zehnder interferometer. FPC:fiber polarization controller. OSA: op-
tical spectrum analyzer. FBG: fiber Bragg grating. ATT: attenuator. PD:photo
diode. OSC: oscilloscope.
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Fig.5.8: An obsereved solition step using power kick method.The blue line represents trans-

mission, the green line represents comb power and the black line represents pump

power.
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method.
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Fig.5.10: A very stable soliton step by stopping pump wavelength after sweeping. MZI

waveform indicates the timing of sweep stop.
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Fig.5.11: Measured optical spectrum of perfect soliton crystals. Comb spacing is 13.5 nm,

which corresponds to 5 times the FSR of the microresonator. N=5.
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Results of 100 simulations. Transition of the average power inside the cavity (a)
without the SA and (b) with the SA. Histogram of the number of DKSs generated
in the cavity (¢) without the SA and (d) with the SA. The insets in panels (c),
(d) show the relative positions of the generated DKSs in 100 simulations. [A.
Nakashima, et al., Opt. Lett. 47, 1458-1461 (2022). Reproduced with permission
from Optica Publishing Group.]
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Fig.1.1: Saturable absorption curve with parameters for characterization.
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Fig.1.2: Structure of a typical SESAM for operation around 1064 nm.

GaAs substrate

L InGaAs quantum well absorber

DEDIATDOA TV 3.

EFRvy bk

#&T Fv b (Quantom dot:QD) &1, ERFEH 2~10 nm (JFEF 10~50 ) HEDIEE
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BZIHETHD. b5 —2MLFEARIC L2 DT, FEE 238 GEH 2 —ED5
HTREST 22T, WRTIOBES 28 F Py 2§50 2%. SESAM &b & ZffiicF
WABD, EREIQIEFY PORZIIRREDVRZD, MENLEL TOVRWV. RKkIEH
2023 FEICET Ny FOFERLIERICHR LT, — W L¥EDR S Z s,

H—RoF/Fa—-7

B —AR¥F /7 F 2—7 (Carbon nanotube:CNT) I, NATYDRERF DG DS
HokWAERICE N2 b DTH 5. 1991 FICHEBTE 112 X - THRR X h 7z 60
fF1EOSDZHE CNT, EEDORZLZ “AKDEPANTD LI CEHELR-7-bD%E
J& CNT, EoICHEDRZ ZEOFPEIRICER >72b DHZJE CNT A, 1991
FITEIG LU TLLE, CNT BEEN 7L I =T A0 SEE L IEFEICBVCH b5 T,
SREEDI DK 20 f5TH 5 Z D 1000 5 L v @mWEREEmMME, #EDbE
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2004 FRZHIDTH =RV F /) F 2 — 7R AR UTHA L zE— FEBDH
g 67 JFHREgeL AT R N T 2 4 FSLR T 7 A NL—H L LTIl
b INT0d. H—RYF /) Fa—THPAERRINEYE L TEATWS A, 1psEE
DD C iz EE IR, R A L X Wl MY - BRESRYERRE, (LB,
BiE - G - WA — R TOEMERE N YT ons. $-MENEHS THERa R T
HBHZEHNERD SESAM I D BEBNTVWERTHS. H—KYF /) Fa—TFE0K
W% o2, BF Ry b eRABICR FOERIC X > THIBIEEZEL, ZOHEERE
bx €2 DIFIEFFITH L.

TEEEE
Graphite Graphene

Fig.1.3: Crystal structures of different carbon allotropes:Carbon atom consist of six pro-
tons and neutrons inside the nucleus, and two electrons revolve in the 1s orbital
whereas the four other electrons are rotating in the next energetic 2s, 2p orbital
(middle). The carbon atoms form 0D fullerene (top left), 1D CNT (top right),
2D graphene (bottom right), and 3D graphite structures. [C. Biswas, et al., Adv.
Funct. Materials. 21, 3806-3826 (2011). Reproduced with permission from John
Wiley and Sons.]
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Fig.1.4: (a)lsoetch contours, and (b) surface topography of etched silicon for the HNA

system with acetic acid diluents, as proposed by Robbins and Schwartz. Numbers

in parentheses are etch rates in pm/min. [A. A. Hamzah, et al., J. Micromech.
Microeng. 22, 095017 (2012). Reproduced with permission from IOP Publishing, ]
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Fig.1.5: HNA etching:the yellow color of the solution is derived from NO;
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TR o725 D%EBHEITL,
HF : HNOj3: CH3COOH = 30 mL : 60 mL : 30 mL
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EFTBLWVIH ot MFEXANRLIT Y F¥ 7L —Fd 10~15 pm/min TH
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Fig.1.6 3B 300 pm O RX — Y ZUR L7 EMe HNA =y F 2 7 LR TH 5.
HNA v F Y 72ROV TH Y IFEER LTV aA D7 vy X—hy bR TER. Zh

Fig.1.6: Optical microscope images of a fabricated microdisk using HNA etching according
to etching time:(a)15 min. (b)20 min. (c¢)25 min. D = 300 pm.
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WBIERER DTS KRB Lo Ty Fr7ENs & JITE AR LRV, TR
LEIVarvOBLERETEAENEL TWR EEZXONS. NS A DX TIXHEE
DREEZRELSL, ¥V aryoRLGEEZ EIFHREE (FETF) OB e/ 75
T RRALD, BAMIBR Lo/, ZITEIVEROREVW AR -V EHWT
HNA v F v 7 %ilAlk. BEPIRZFINVERET SV aYyOXREEIKERDK
JEEE A BB 2 v BHAREL 72,

Fig.1.7 \3E 600 pm O RX — Y 2B L7 EME HNA =y F 2V 7 LIMERTH 5.
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Fig.1.7: Optical microscope images of a fabricated microdisk using HNA etching according
to etching time: (a)5 min. (b)10 min. (¢)15 min. D = 600 pm.

EfE 300 pm DFE L HNT, XeFy Ty F Y 7 DRI TEROLEHEDSHER SR
oo LLRDS 50Oy F Y7 TNy ) I TC . Figl.7(b) DIRETIIR
AR b A REEPETH S, SOy F Y IPRBETH 5. EE 600 pm
DEE, BRIIHLTIY AEED S pm 2#EWD, XeFy Ty F U 7DEETHRR
FEMISTEEN VY IPECTLES. ZDDHERE 500 pm D8K — X LT
b FIBRIC HNA = v F > 7217720, #iR%Z Fig. 1.8 ITRT.

Fig.1.8: Optical microscope images of a fabricated microdisk using HNA etching according
to etching time: (a)5 min. (b)10 min. (¢)15 min. D = 500 pm.

HHEELE 500 pm OHE, YV HEES pm THIUX XeFy Ty F U 72X 2Ty 7
VU Z3ETRV, HNA =y F U 7DOHERNy 7V Y IPECTLE . ZHE
EREREL LEZZETY Y IBEORABOKELS LD, FEFEDI-LKRBICAEZIIE
FRLTS Y ABENHEL o/ 8 Ty F Uy ITDA ML ARLMAER RS BolbEZD
Nns.

Hirz7eikAa e LT, BICHLTIMEDOH 2L PR MK - 2IRET HNA =y F> 7%
75 2T WEDBEMRESEANY 7V Y IPECRWZ e 2 LB IR ETE
FIRRIC AN 2V Y ITPETCTLE - 7.
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Appendix

fEame LTI HNA o F U 7% XeFy, T F Yy Z7ORB L 32 DIEFIEHKICH#H LW &

Bbhol. T4 RAZEREINSWVIHEE Ny 2V 2 ZHRELCRd o %5 ilE
DBEL, T4 RAZEEPRZVGEITEAECHBEI R o TNy 7 ) Y T4 U .
Ty FUZL— bOREER & D BBLEDENY 2 =% HH T 2 2 L EZRIR
PPEHERINDD, IFEICEADIHE N KT /.
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