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1.2 fuhfeHiREs
1.2.1 HHIRE I

HAR 2 13D 2 FE DR OIRE % RICE 2 7RISR Z O FIEBT R & L REVZ 4
DIBRTHD, ZOXIBERREZETIZFRZTH O NEIREFETH 5.

REM IR & LT 2 RO BRHFEOFLHEE 2 AT IR WEDE TIN5,
77 7V Ru—HiRENDH 5. FHEOMZIEET 2 MBENREOBEG L FL VL %
WHIRDH Z 5.

D& RIIRIBOMRERBERTMEE LT QEr XIEh 2 EACENER I T
3. QEERMTD L3152 60%.

HIRJICEZOND T ALF —
BRI DD iIckbid T L ¥ —
wo IFHIRBOHIBRAABE TH 2, 207D QESEWVIZY, HEDODRVWILRETH
5. £z, QEEROLSICHRT KRS,

Q _= VO = wOTp (12.2)
VEWMH

Q =wo X (1.2.1)

vo WEFHARFEBEE, vewun BHEIRARZ FLORERIE, 7, ZHTFHEMERLTVS. Q
EREWEY, AR MADRHWEIRE L 22 Z/RLTWAS.

122 D4 ANV IXwS)—F—FK (WGM) HiREs

(a)

\

Fig.1.1: (a)Ilustration of WGM resonator. (b)Dome structure of St Paul’s
Cathedral in London(https://www.atlasobscura.com/places/whispering-gallery-at-
st-paul-s-cathedral).
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WGM (Whispering Gallery Mode) 3704 E#EFGR L LT TR S HEBPITBWTH
Rl 7=HRTH 3. FigO(b) iZu> Frot > b -« R— L KEENIHEOME#HETH
%, ZOMEMENTEEDEL TE SR F—2D0RMAITZORZHEHEN S LW
WRDBH - 7-. Z4H Whispering Gallery DHKTH 3. 1912 FicL 4 ) —1Z 2 OHR
BB Lo TR L TED S 2 L AFETHRAEL TV R LIBX 7 B. 057K
REUIHEAEOKRE R ED F— L BEEZFHOBREY THRLNS.

Fig.[D(a) & WGM HIREHITB T 20D Z R L Tw 5. HiRIEATRIT B R G Z#
DIRLEDSEMS 5. ZOREOTHZERTHILTORZH TIHE A DDA
i cx 2.

2mnR = mA (m=1,2,3...) (1.2.3)

I CHIRBOJEIT RN n, FBEHS RO WCM HiRgEr LTW3. $/-HHARY b L
71 (FSR : Free Spectral Range) 3L FORTREN 3.

c
2mnR

WGM HAR#HE — N T — FMEE N X WD RN O T R L X — B ENEE D
T LIFEEFRZ BRI TE 2. ZOME 2 VT LiIDAR A 2 272 ik 4
RICHADS R I TWS. WGM HEIRERICIE CaFy [3], MgFs [8] R Dm v F2HID
L CTHIREIC T 2R EIREEC 7 7 4 NDIEGZIAED S 2 & TIER S 2 BRI R
7 (6] PAHATHHT 2 Si0y, HEEr Ty F 7% CO L—HFTY 70 —F5Z LT
B EN B>V A b A RHRE 1] kYD 5.

FSR =

(1.2.4)

Silica toroid

Optical wave

Silicon post

1425 um

Fibre-taper
waveguide

Fig. 1.2: Schematic and SEM image of silica microtoroid[Reprinted with permission
from Kerry J. Vahala, ”Optical microcavities,” Nature 424, 839 EP - (2003).].

FRCAMETHWEZS U A P a4 FHRIERIE FigT2AIWORIND X512V aryDRR
FEIEF=FYRD U (SiOg) ZH T2 HIRGTDH . >V AT 4 A7 HEE D ALA
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1.2.3 fuNEHIRERICEH T B — L (Optical Kerr frequency comb)

Degenerate (a)
fm = fceo + mf;‘ep (a) Ee,
— a )
= fceo + Mfrsr 2
v ‘f Non-degenerate (b)
Ty Ji
]
oy
[WN]
| I I
2 e !
-) = Frequency

fCEO

Fig. 1.3: Schematic image of Kerr comb in frequency domain.

Trep = 1/frep

y
Tceo = 1/fcro

Fig.1.4: Schematic image of Kerr comb in time domain.

Fig. T3 @ & 5 1 JEEE B CREMIFR I M SNE AR R 2 b V2 EfEEE 2 2 (Optical
frequency comb) EFER. ZD X5 RARY MVIEFEE L FEEEICB I3 7 -V =&
1 ORfRD S RERITEHI Tl Fig. A O X 5 2oL R127% % . AR = 203 LiIDAR (1],
(S (2], 776 (8], 7 TFRH AL O 0] R4 LB CICHIERN RS TV 5.

SRR 2 A DR STEE U THRE DM/ NEHIRE Z WS ELH 2. ZDO X%
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SR 2 2F=RDIFFRIENEMR T D 2 MBHREIC X o THRAEL, FREh—a L
(Optical Kerr frequency comb) &I 3.

PRIR S & 13 DL E DT IR E IS A L7 2 o ASDET L I3R 2 2R
EHOMPEBNTDPETNDIBRTH 5. = ROIEBCBE AP f1, fo, fz DIEH
AHENZ T2, ZORURIREICE DERSN D7D RBEL f4 ZATFD X5
RSN %.

Ja=fi+fa—f3 (1.2.5)

Z DR E VIR S O FFEEE G 4MF ¥ FEAR. Fig. [3(a) 1 (T23) CBWT f1 = fo
DAL T 2582 L TE Y SR RICHBRMNBIES L FEX. fi1 & fo BRI 258 2

RIRIE S & XAl U TRERG S I3 IRMRIUIKIE & & ' OF 2 hud Fig. T3(b) ITRENT
W3,

FEEOVMEGIC X o THA — 3 BERI NS IEFZHHT 2. FTHIRRICKY T
HWAFE NG, ZORFHEMEIEADHEAET 2 Z 2 T Fig. RBIIREINDE LHIC=DOD
B B O ERI NG, Z ORAERE N7z =2 DIED R HAIRFE R & — 8
T EXZNLDONFEIRBMNCERBFA LA 55, o DEFHIEEEERIES
ZHIEFR T TE HICERR 2 HIRFEE Z M7 TR DO HIRIENICEALAD 6
. INEEDIRTZ TR —arhERINS.

Fig. WZHBWTa L DRI D IR USRI frep TRINTW S DT DRI
(Cza) X TRKEXN S FSR(frsr) ER—TH 5. ZHUIMNHIREATERINTHOBEED
(r23) TR N2 HIRFE R Z 7 T REEDR D20 6TH 5.

%7z Fig. R WCREND K5 I—BE D7D DV ZDEEIZ frep TTH 2 Z 2239
D5, frep = frsr & D IIRIROME D K UEBEE D & ikﬁuﬂffﬁéﬂi H DL ZAEEL
HIEIMNT 222305, 2D XSO N ZADZ N EIFBEERT R L —
ML DN THEHTH 5.

Frz i/ voedtiRes 2 HwT GHz Zi@ BRUBEBDOY ) v >rarnzkd s 5Z
EHTE S [I0].

13 E—FAOvZL—%%

E—FRy 72 3L —HEELRAL =Y —(LXBIEMTH S, L—PFIFH R
L CTifbir s Z & B2V EBIIIERBEEE C—E R A E— R3O BHEE—
FEED. ZoMtt— FOMMEEZFRIIXE 2 Z & TFHIC X b AR S 5855 D
KGR T2 D Z DIEDDEH D DFFDH S e TRV RABERT 2 e PRS2, 20k
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WhifHERIASE2 2 2E—Fay 27, 2723 E— FREBHE WS,

E— Ry 7 ZI3EEEE — R L 2T — FRYNTFEET 2. GEHt— FRSTIEHE
IRERNCE XA LR &% W THE D & RN O KICIRIELFHZ I 23T 2 &
TE— FEAZITS. —7TZHT— FEMIIEE T — FRIO X 5 1RMES R EEM
252kl E— FRMAZITO HMTTH 2. ZEE— FEIIEE IR AT AIRITRIY
REfEAT 2 e TEEINS. AJEMTIUA L 1 Fig. H O X 5 ITHEE D52 TRIY
L, MEDRWEE BRI 252 OMETH 5.

Input pulse Saturable absorber Output pulse

-
L

Fig. 1.5: Ilustration of generation of sharp pulse with saturable ab-
sorber (https://www.symphotony.com/products/ultrashort /ultrashortmenu/sa/).

B DL R AL EIEIE L A CTRIN E AUTIREE D\ L R DHEO E5 I <
I & B 7= o AT BRI (R % 38 U 7= 0L 203 & D BTS2 5. 2 sl BRI
EaRAWEE— K0y 2 ORAFIETS 5. AR A I 8 KA BRI S 5 —
(SESAM) %5 —HE>F /5 2—7 (CNT) [[1] RAWFE TS 75 7 = VB EWD 3.

131 YEEIRIFIRINS 5 — (SESAM)

A

GaAs substrate

|:| GaAs AlAs InGaAs quantum well absorber

Fig. 1.6: Illustration of structure of SESAM.

SESAM 3 FiglB O X5 G2 > I 7—TH 5. GalAs HMR 11T GaAs/AlAs
TR I N7 T v 7RG (DBR), X 5122 O _ IS BIRIRINIATH 2 InGaAs D&
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FHEDTER S NIRRT > T\ 3 [17].
7 7 A N—L —HFIZBIT B3ZEHE— FREEICHW S22 DBR OEKOLEM:D & 17F
BRI A I D B oY RIEDHIRE N2 L Wo I2Mhd 5.

132 37z

@ ===

\\\.//’ \\'/,/ \\.,,/ \\‘// \\‘// . ‘/ AN o \‘/'

Fig. 1.7: Illustration of structure of graphene.

72 7 x>l Fig. [0 D X S5 ITREBFRFD/SATEDANF OFIRIFHICHE SNk
CRTTMEDZ e THDE. DI 72 HEE L CEELT 2 B EEKT 205
774 NIRBZEDRDDD. KoTEZEEED 7774 VDo gDAZRIHT 2 2
EHHRNR ST 7 2 BB e kS,

77774 M6 T7 2 EGDZHEE UTTERPFBEE FREN2 500D 5. 1%
WHBEEIZRA 2y FT7 =T 77 74 bOADBDHIUIFEITARETH S, 3777 7
A 2R FT—=TTHAIAL., ZOT—TZRHB LTI I77 74 b2HEELT 5. F
BBt aIN/z7 77 74 VEBEET - THATRIDPT. ZhZEEDERLITO> 2L
T 774 Vel LHED 77202185 2 e ks, Bimr—7LTr o7«
VEBETREND L. L LARBOERISRBE R 2 TS, 723720
T 7z BETELROBETHILHVWONE Y77 2 VDAERGTETHS. Z
D FER B 1 2004 21 K. S. Novoselov 512 & - THRIE X 41 [13]2010 I F KX
J—=NVEEZELTWS., AR TEZIDHEZHNT Y 77 = V&5,

SESAM r IR LTF' T 7 = VIZIEFITLZMTH D fHHIIERTEANY FIEH RV Y
D RDFET 5.
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1.3.3 AfEMmEZBAV:-E— ROy I 771 /\L—H

Pump laser
Pu i
(a>WDM PICZ Circulator ( b) EDF WDM

1SO u
2 PC
Coupler
| Graphene
PMF R
Output Output —
p < R\ S

mode-locker
Coupler

EDF

PD-1SO

Fig.1.8: (a)Schematic illustration of mode locked fiber laser with SESAM [Zhi-Chao
Luo et al., Tunable and Switchable Multiwavelength Passively Mode-Locked Fiber
Laser Based on SESAM and Inline Birefringence Comb Filter, IEEE Photonics Jour-
nal, 3, 1, 64-70.].(b)Schematic illustration of mode locked fiber laser with graphene
[Zhipei Sun et al., Graphene Mode-Locked Ultrafast Laser, ACS Nano 2010, 4, 2,
803-810.].

Fig LR IZ SESAM U7 72 7z v HWEE—RFRYy 73N T7 74 N —F D
el RT. (a) IZSESAM IC&B3E—Fr Y Z 774N —F, (b)I1ZFF7 7=V
XB2FE—Fu v 27 7A4NL—=FTH3. 774N —=FTE—Frv 27275
FigTB D & 5127 7 4 NORERHNIC SESAM 25 7 = > 24 A L 246 Al ik e
AEDHEZRNZBETE—FR Y Z7%2fToTWVW3. ZDE5KR 7 7 AN —FTIIAEL
DEER D - DICHEEEDN 1I0m L IR ->TLES Ze i 2%, FiglR(a) O
5Tl 7.44 MHz DD IR LRI E SN TE D REEDE X2 58 0 3R LB/
XL BOoTLESI DI 7 ANL—YTRRELZS.

1.3.4 Z#oMOE—FREHL—YDOTSy T +—L4A

E— FEHOFHRIITIEP IO ERL —FEH V- FEHLD 5. EkL —FD—
DTH5F XYY 7747 (Ti:Sapphire) L —HZH Wiz — FREMATIZ L RE 70 fs,
OIR LA 133.6 MHz OF—FRy 7 L—HE2EB L Z e HEIN TS [14].
EA L — 3B B RPN R TERPIRBOFELZILTVE VI RELDH L. IRT
FE— FEAFZEOH & LTH—1 ¥ XE— FRIAK CIFRERIKEREZ W€ — RHE
HiERIc oW TR 3.
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A—L > XE—R[FH (Kerr lens mode-locking)

IRRENFENRD—DTH LI —NRICK > TE-FRY 7 Z2TIH—L Y XE— F[{H
HEMZN2d00H 5. H—MRIOCOMEZ I, BEHOMEEITRZ n,, IFIEHE
FiR%E ny L LI EUTO XS ITHEITRVPZENT 2HRTH 5.

n=mny+ nol (1.3.1)
TROLBNOMEIIE . THEDEITENE(T 5. ZOEITELZICID L v IEE
Bl WHEICBWTL Y R RICIRERZ 2N TES. WL X LTIGRT %
72 ZnEHIICGEE WS .

Fig. 1.9: Schematic illustration of Kerr lens mode-locking.

Fig. AW A=V Y XE— FAMOBERKZR L7z, HIRBAICIZR Y v PAIRBEIH
TV, FTH—L Y RACLDBEOEHVHIZRPIRT 2 Z 2 TRV v b & LR
MNICIFELHIT 2 Z e 3R 2. Lo LA Sl E DK WEIZIERATH N2 R Y v b
2T & T HIRBATHEE LI 2 Z e HRZV. 2D X5 L GERMICEED &
WHEDBPHIREFICHE S Z 8 T VR EERTE 2B TES. 20 IRV AT AY
I B X N 2 D3RR D K 5 AT BIRIRINA 2 L TWw 2 DI T,

oc

FL .
L M, YDCLNGG

Fig.1.10: Experimental set up of Kerr lens mode-locking[Zhang-Lang Lin et al.,
?Kerr-lens mode-locking of an Yb:CLNGG laser”, Optics Express 31, 5, 8575-8585
(2023).].
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FEEity 7y TO—flE Fig. T DX 5K DTHS. Fig. 0 DIFFRIEH—L >~
ZXE— FEEAZHWTIEE 1056.8 nm T L RIE 31 fs, ¥ D3R LA 77.6 MHz O vV
DRSOV ARKEELZZZ e ERELTVE. h—L Y XE— FEIEIER L —92
EfliCH 2 Z & RREIBTIRLEHRICRITEBENKE CHEIH L VWREDOREND 5.

e R [EEZ AL e €E— FFEHEA (NPE:Nonlinear Polarization Evolution)

7 7 A NP THEDEWIEHMEIRS 2 & AHAD &7 =R & D SRR L 72 iR
2N 2HETHMENS 7 PLTLES. ThZHOMHELERHE WS, 7 7 4 NHIZ
DO BHIUI—TT DIEHIE T 2 JEHTRIIMT DIEFREIC K o TIRESNS. Lo THW
DR K o T OAAEZ & 7 b S8 5720 TR A AHZH & L.

CITT 7 ANFONEHTROMATHRLTERS. IO DEITY BRI
R HE R OLEHOMMEERIC K MHES 7 S EXZNZNDRIERIT TED %
TR %. O LK DIREOANEERT 5 & 5ICRR 5. T IERPREIR
L IFER. NPE(Nonlinear Polarization Evolution) Ti& Z 0BG EZFIH L TE— FHEIA%
175.

Polarizing ?Oulpul
a) Pump ® Isolator b) I]I] 8 [“]
3 Col. ;> Tso. PBS ) Col
\Polzlri/.alion" 24 42
controller

Splitter

Pump
laser

Fig.1.11: Experimental set up of NPE [Stefan Droste et al., ”Optical Frequency
Comb Generation based onErbium Fiber Lasers”, Nanophotonics 5, 196-213 (2016).].

Fig. CINZ NPE 2k 2E— FAHL —F O ZRLTW5. Fig. CII D XS5
NPE k23— FRHL—FTET7A VL —XPEHE—L A7) v &% (PBS) D X5 7%
RHTHEENPET 2R2TFPHEAAETR TV, oo B HEEH, HENMAHEZHE X D
R D E VRO HHET 2 Z B0 57D 74 YV L—2% PBS IZ X D XD HEEL
DIFTEARIIRIN & [F U E R R T XD WCR D e hnh 5.

RIEDEHRIE 7 7 A NHTRAELTWED T 7 4 NEFHOIRERIEENZL LD £/
M3 7 7 A NOEEITEPZLL TRADEELLTLE D L WO REANH 5.
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1.4 PBEEMZRE

T CCIEBIERI LT NERE 7 (CW) L—F 18], R AT A
PR RS LT — KBy 2 L—F OW% [16] R OB/ NRIHERC 75 7 = v 2
U 7= SR8 % BN e 4 29 TR (7] 12 BT 3 B Ic oW TR 3.

MRS Z AL CW L—1 [15]
WNEIRIRD—D2TH 2 t v FRIRGZHWTL —HFHRZ FL L 7582V TER
HH3 2. ZOMRTIE A FHIREBOT 4 AZ7EICEr B R—=TFXhilzdp b F—
FTERTWAENWEEA ROZORHAWT CW L—FEEBRLH127k 5.

Er 25in&E iz b o A4 FHIRZHTH U 1442 nm DR > T L —H¥%2 AST LT 1553 nm
DL —VHEGT.

{{

=] =] =]
B (] o

Laser Output Power ()
(=
i

0.0 . - . .
0 1 2 2 4
Absorbed Pump Power ()

Fig. 1.12: Experimental result of CW lasing of Er doped microtoroid [Lan Yang et
al., “Erbium-doped and Raman microlasers on a silicon chip fabricated by the sol
- gel process” , Applied Physics Letters,86, 091114 (2005)].

Fig. T2 3EBROMERZ/R L TB O HINITIN X =R > THD T — Mt F IR
N —HF DT —FRLTWS. LEWED 660 nW & 72 o 7.

—HDR—=FERTWEWREA FTREI < UBELIC XD 1561 nm HEDR Y FHeh
5 1679 nm FEOL —FEH L7,
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Fig. 1.13: Experimental result of CW lasing of non-doped microtoroid [Lan Yang et
al., “Erbium-doped and Raman microlasers on a silicon chip fabricated by the sol
- gel process” , Applied Physics Letters,86, 091114 (2005)].

Fig. CI3 IXBWVWTRY e L—F IO Y — DR TE 5. kNS T57
BIRINZE VTR Y THDNRT — e L—FHHOBAFREZRLTWS. L EWHEIE 640 uW T
HbHIEDDIDD.

/N EIIRES CHEFOLE RIR L /2 TH 2 72DE— Fr v ZIEFEBHL THARW.

HiReRICAIBAMIRINEZEE L-E— ROy I L—H O [16]

7 7 70 —~u—HiR& 2/ MUY U 7T OIS EIRIIUA D —DTH 2 H—R > T/
F2—7 (CNT) 22322 TE—Fry Z72E B LLL—¥TH 5. Fig. CIAEID
L—#Dty 7y FERLTVS.

WDM HR>%9% HR>%9%

. Isolator  980nm/150nm ¢ y
=T
Er-YbFiber
Pump LD CNT-SA

980nm

Fig. 1.14: Experimental set up of a fiber Fabry- Pérot laser (FFPL)[Amos Martinez
and Shinji Yamashita, “Multi-gigahertz repetition rate passively modelocked fiber
lasers using carbon nanotubes” , Optics Express Vol. 19, 7, 6155-6163 (2011).].

HIFHIREFAND Er-Yb 7 7 £ N—NEHEA, F T OEKIFRFGITH L TWS CNT T
E—FAENE. 20 &K 5 RS 2 IR FAY 25 mm, 10 mm, S5mm TEKR L Zh
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5DNRY —=EHHE N7z, Fig. TIH EEFHHII N AR PLERLTWAS.

msfmpzc/Zr:L A?t:,lz/zn.!.

p | & sA~0036nm || €
¥
"
160 50 1802
10
AN 0.076nimy | f
90
1535 1545 1555 1865 1575
Wavelength {nm)
4 BA~d2nm ¢ a0 LY
= Ac = 1563nm 1559 15598 1360 1560 3 1561
E25 fy ™ 19.45GH: £y Wasetength{nem)
e o PATOATEA 4 L f ) ||
245
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e

E65 .
& )
75 s
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Fig. 1.15: Optical spectrum of the (a) 25mm-long laser, (b) 10mm-long laser and (c)
5mm-long laser. (d) pulsed laser scheme. Optical spectrum showing the longitudinal
modes and mode-spacing for the (e) 25mm-long laser, (f) 10mm-long laser and (g)
5mm-long laser[Amos Martinez and Shinji Yamashita, “Multi-gigahertz repetition
rate passively modelocked fiber lasers using carbon nanotubes” , Optics Express Vol.
19, 7, 6155-6163 (2011).].

HIRHFE 25 mm, 10 mm, 5 mm TZNZNHED IR UERE 4.24 GHz, 9.63 GHz,
19.45 GHz #FHEEHLTWE. L2LAEDAS 5 mm OL—3F T Er-Yb 7 7 4 NOHE X
LEORERARY—DRENTIRD. ZOFETEPREL /A XS 5. ZOX5%
ZEDBALNRT LD < /PNEURIC X o THED R LRI AR EHICKE 55 2 Lol
L.

MUNERIHIRERIC Y 57 T V8 LI HRRE B A R FRH [17]
Fig. [CI0 ZMUNKIRINC 75 7 = Y BB D (113 3 2 L TH RSB FORIE (T - 70
RHICHB.
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Fig.1.16: (a) Schematic diagram of the device. An external cavity diode laser
(ECDL) is used as the pump to excite soliton combs, which belong to distinct mode
families. Graphene can only influence the comb modes with large spatial distribu-
tions. (b) The optical microscopy and SEM pictures show the exfoliated graphene
deposited on the microsphere, with area = 80 ym X 30 pm. Scal bar: 40 um. (c)
The measured optical spectrum shows both Kerr soliton and Stokes solitons. The
Kerr comb is in the C + L band, and the Stokes comb excited by the Raman gain
appear in U band. [Teng Tan et al., “Multispecies and individual gas molecule
detection using Stokes solitons in a graphene over-modal microresonator” , Nature
Communications, 12, 6716 (2021).].
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Fig. 1.17: Schematic diagram of beating frequency generation[Teng Tan et al., “Mul-
tispecies and individual gas molecule detection using Stokes solitons in a graphene
over-modal microresonator” , Nature Communications, 12, 6716 (2021).].
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Fig. 1.18: Schematic illustration of graphene transferred toroid
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WERER A REROFEEZ T 5. B/NHREEDETEHw 7 O 71 1L
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rl=g oyl ST L (2.1.1)

material + scattering + radiation coupling

T il Ts;;ttermg, T tiations T, Couphng 2N ZNEIRERDOMENT X 2N, RN X 5
ALEL, WGM DR R, Eikig & O GIEKLZ R L TWw 5. ERICEHIE 12 /R
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1
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= Qunload + Qcoupling

Qlonq FFHIREEE OMET D 3 7= D HIRIERBEPE THREZINTLE S, Lo LEED
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(2.1.2)

coupling

2mn
@= aX
Z 2T a [em] ZWINREL, N [em] 20X E, n ZMRIOEITRE LTW5
Scattermg B A Y - ELC X 2R ERLTWS. LAY —aﬁﬂ&iﬁ'ﬁ(ﬂiﬁi DNz
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Fig. 2.1: Schematic illustration of microresonator coupled with optical fiber.
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Qunload = Qcoupling : critical coupling (2.2.16)
Qunload > Qcoupling . over Couphng
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Fig. 2.2: Er-doped silica microtoroid resonator coupled with a tapered fiber. CNTs

are attached to the surface of the resonator to enable saturable absorption[Tomoki

S et al., “Design of a passively mode-locking whispering-gallery-mode microlaser” |

Journal of the Optical Society of America B, 38, 10, 3172-3178 (2021). |.
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Fig. 2.3: Mode-locking investigation of a D = 300 um toroidal microresonator with
gain and nonlinear loss as parameters. (a) Results for @ = 107 and (b) for Q = 108
. In simuration, there are four states CW (continuous wave), ML (Stable mode-
locking), MP (Multiple pulses), CP (Chaotic pulses)[Tomoki S et al., “Design of a
passively mode-locking whispering-gallery-mode microlaser” , Journal of the Optical
Society of America B, 38, 10, 3172-3178 (2021). ].
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(a) (b) ©

Fig. 2.4: Schematic illustration of how to couple light and microresonator. (a)a taper
fiber coupling. (b)a angle cleaved fiber coupling. (c)a prism coupling.
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Fig. 2.5: Schematic illustration of Raman scattering.
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Fig. 2.6: Raman spectrum of methanol and ethanol
(https://www.horiba.com/jpn/scientific/technologies/raman-imaging-and-
spectroscopy /raman-spectroscopy/).
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Fig. 2.7: Raman spectrum of graphene using laser excitation at 2.41 eV [L.M. Malard
et al., ”Raman spectroscopy in graphene”, Physics Reports 473, 5 - 6, 51-87(2009).].
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Fig. 2.8: The process of Raman scattering [L..M. Malard et al., ” Raman spectroscopy
in graphene”, Physics Reports 473, 5 - 6, 51-87(2009).].
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Fig.2.9: Band structure of graphene.
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Fig.2.10: G’ Raman band using 2.41 eV laser for (a)monolayer graphene, (b)bilayer
graphene (c)trilayer graphene, (e)four layer graphene and (e)HOPG (Highly oriented
pyrolytic graphite)[L.M. Malard et al., ”Raman spectroscopy in graphene”, Physics
Reports 473, 5 - 6, 51-87(2009).].

G N FOEREFig. LI DX 512777 = ORFBITKEFL TELT 2 2 Lhn
5.

D NYE

D A2 FIZERD X 51247 1270 1450 cm ™! LB N 2. RGBSR T 232 KT
HBREDIDE—IPEETIHEET T 7 = VORI EREREENT VWAL T <
VORISR ST T DT H BRI IR,



3.1 b mA REUHRBOMEK 29
E3IFE

27z VEE FOA FOERKRUFHE
31 FOA FRSHEEOER

FEA FHERBOFEHIIKREL DI TL 74 UV TT774,2. Ve bZvF U7,
3. FIANR=N—TvF U7 4 CO L—HFV 70 —D4DODTENDHZ. TNZTh
DITEZRLEKZL T Fig. BIIZRT.

(a) (b) (c) (d) (e)
Si0,
e e St N
Si photolithography wet etching (BHF) Chemical vapor €0, laser reflow

etching (XeF,)

Fig. 3.1: Fabrication process of microtoroid.
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Fig. 3.2: Mask to make silica microtoroid.
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Fig. 3.3: Gaussian fitting of a dip of silica microtoroid. (a)Center wavelength A is
1551.4934 nm and Q factor is 1.92 x 107. (b)Center wavelength X is 1551.86763 nm
and Q factor is 1.09 x 10°.
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Fig.3.4: (a)Graphite we used in this thesis. (b)PDMS we used in this thesis.
(c)PDMS on slide glass.
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(a)

Fig. 3.5: (a)Graphite on scotch tape. (b)Graphene sandwiched between scotch tapes.
(c)Scoth tape after exfoliation. (d)PDMS which is attached with tape of (c).
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(a) (b)

Fig. 3.6: Graphene is located in red circle. (a)Graphene on PDMS with a magnifi-
cation of x40. (b)Graphene on PDMS with a magnification of x20
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Fig.4.1: (a)Graphene we transferred to silica microtoroid observed with a magnitude

of x40 optical microscope. (b)Silica microtoroid before transference observed with
optical microscope. (c)Graphene on toroid observed with optical microscope.
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Fig.4.2: (a)ESEM picture of overall appearance of graphene transferred toroid.
(b)Graphene on microtoroid observed with ESEM. (¢c)Raman spectrum of graphene
on microtoroid.
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Fig.4.3: (a)High Q factor microtoroid before transferring graphene observed with
optical microscope. (b)The microtoroid after transferring. (c)A picture of micro-
toroid which enlarged the place where graphene was transferred to.
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Fig.4.4: (a)Graphene on PDMS before transferring. (b)Graphene on PDMS after
transferring.
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Fig.4.5: (a)ESEM image of overall appearance of microtoroid after transferring.
(b)Graphene on PDMS after transferring. (b)ESEM picture of microtoroid which
enlarged the place where graphene was transferred to
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Fig.4.6: Raman spectroscopy of graphene on PDMS.
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Fig.4.7: The number of layers ofgraphene on PDMS.
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Fig. 4.8: Experimental set up of measurement of Q factor.
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Table. 4.1: result of Q) factor measurement.

HDEE (nm) | QE (N> 277 —40) | QE (N7 Y27 7 —1%)
1550.37612 6.06 x 107
1551.68546 6.43 x 107 1.9 x 106
1549.50646 1.47 x 107 2.1 x 106
1548.34169 1.11 x 107 8.1 x 10°
1551.4934 1.92 x 107
1551.55913 2.79 x 107 2.2 x 106
1551.86763 1.09 x 10°
1548.2845 1.63 x 107 3.5 x 106
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