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Abstract

Abstract

Microcavity-based broadband soliton optical frequency combs (OFCs),
benefitting from characteristics of integratability and high coherence, are advantageous
in a variety of applications, such as molecular spectral detection, precise ultrafast
ranging, and so on. To further improve the performance of microcavity-based soliton
OFCs, it needs to broaden soliton spectrum by dispersion engineering. Meanwhile, it is
necessary to strengthen energy intensity of comb lines by increasing conversion
efficiency of pump. In this thesis, theoretical and numerical studies are carried out to
discuss physical process and dynamical features of broadband soliton OFCs, and
analyze approaches to broaden soliton spectra in anomalous- and normal-dispersion
microcavities. Also, flat-topped dissipative solitonic pulses (i.e., platicons) with high
conversion efficiency are demonstrated in normal-dispersion microcavity. And based
on platicon combs, physical processes of orthogonally-polarized dual combs in a single
normal-dispersion microcavity are further investigated. The contents and the
innovations are as follows.

Firstly, based on nonlinear Schrodinger equation (NLSE), Lugiato-Lefever model
of microcavity-based OFCs and its numerical algorithm (i.e., split step Fourier
transform, SSFT) are explained in detail. Spectral broadening principle of microcavity-
based OFCs is analyzed through cascaded four-wave mixing (FWM). Also, its
dynamical features and influences of key physical parameters are discussed, which
helps to provide theoretical guidance for broadening soliton spectra as well as
enhancing conversion efficiency of pump.

And then, implementation methods and physical characteristics of broadband
soliton OFCs in different types of dispersion microcavities are discussed. By optimizing
second-order dispersion, soliton spectrum can reach to ~ 700 nm in SizN4 microcavity
with flat near-zero anomalous-dispersion profile (82 ~102¢ s*/m). Besides, high-order

dispersions can cause cascaded phase match, which excites dispersion wave to broaden
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spectrum even with octave spanning (1.2~2.4 um). Moreover, a new type of flat-topped
dissipative solitonic pulses (i.e., platicons) is realized in normal-dispersion microcavity
by pump mode shift. Platicon comb can be widened effectively. Meanwhile, its
conversion efficiency is almost 30% higher than the anomalous-dispersion competitor.

Finally, based on the unique features of platicon combs, mid-infrared orthogonally
polarized dual-comb generation via cross-phase modulation (XPM) effect is realized in
a single microcavity with normal dispersion. Numerical and physical investigations
suggest that, energy from main platicon comb (TE mode) can transfer into secondary
comb (TM mode) assisted by XPM effect. Pump power of TM comb can reduce from
50 mW to 0.1 mW, and its detuned region expands from the red- to blue-detuned region.
Also, energy intensities between two polarized combs gets more balanced under the
combined actions of normal dispersion and XPM effect. These results could help to
dual-comb realization with high integration, low threshold, and good flatness, which
are meaningful for precise measurement based on beat frequency technology, such as

molecular detection.

Key Words: Cascade FWM, Microcavity-based OFC, Dispersion wave, Platicon,

Orthogonally polarized dual combs.



BB LB LT 1
L B B R e 1
WIS 57117t iy W1 OO 1
1.3 TR SESTRRAZTIRIR oo 2
1.4 FEHE S SRR R B STUTL....ovooveeeeeeeeecee e 6
1.5 A ERRSEIZREE oo, 9
B2 I RRIEIE ST e 11
2 R =SOSR 11
2.2 MBS FEE IR .coooceeeee e 11
2.3 A SEETRRIREIBAETY e 12

231 LLAEBUEEST oo 12

232 LLBEITETE (SSFT 5 4B R-K) v 19
2.4 BEFETRREN I ITRR oo 21
R ] OO 24
F3E BRI FIEIRITE (oo 25
3L Bl B e 25
3.2 EMEIRIZ BB oo 25
3.3 BB R T IR TSR T s 27

330 IR BBIYIE (oo 27

332 BHUETESESMEEUEIE oo, 29
3.4 FEBMBE R HE I T IR T e 31

I I A 1E =31 € K 9 OO 31

3.4.2 IMNFIETHRREEILRITR oo 34
3.5 ZREEINGE oo 35
FA4E EEBRIRERBIRVERZE e, 37
3 =1 1= 37
42 IERARIRIIRRIBIBAETL oo 37
43 WGBS B S MR e, 40
4.4 FETF XPM BRI EATIRBUETR S oo 41

\



IE s 96 1 AT e R B F

4.4.1 TE INFBRH 24 SHIEBEEME e 41
442 TM IRFBIORFEZE SHIIBEFME .o 41
443 FIHNBEGRIEIIBEEFAIFIND ..oooos 44

4.5 ZREEINGE oo 46
BB BEEERRIE e 49
5.0 FEBEHIGTER oo 49
5.2 AR TAERREE oo 50
e VAl R 51
i B S EAEEEIA] oo, 59
e = TP 59
FBRBBIA] . ..covveeeeeeeeeeeeeeeeeeet ettt 61
QN 63
VEB B FHRBUEF A S RO AR L EAEER . 65

VI



KEJER

ExRER

HmEES

B 1.1 ERSEIHIE O ERIETRIT oo 3
B 1.2 BEREHASETRHRMFATIITE ..o, 3
Bl 1.3 MASESHE S BEIN T oo 4
B 1.4 BEBYANTBE AT ARL S LR oo 5
B 1.5 BT BRI TR RE oo 7
B 1.6 E TR TATRBEABIREIRE oo, 7
B 1.7 BT HBEASFTAVBIEMEEZRLE ..o 8
B 1.8 TAETUARIEIEAL cocvooveeeeeeeee e 9
e WA = = 3 OO U 12
2.2 BT ADD-THROUGH ZEHIBI M AE AT = E TREE e, 13
B 2.3 SSFT BETREE o oo 19
B 2.4 V3—RBINE G SIEAKIHEEE PRIRER s 23
B 2.5 RE GBS BN I FE DT o, 24
& 3.1 SiN4 EMETRIEECE SAEBE .o, 25
B 3.2 ETARITENMIESEBIZL ..o 27
E 33 ZMEBITEINTFEIRIND ..o.coooveoeeeeeeeeeeee e 28
E 3.4 BE—NEBUEBIIF IR E R AIAIRT ..o, 30
& 3.5 BERNEBUEAIIF IR E R AIAIART ..o 30
& 3.6 BT WRBEHREIFIFRDHTIE ...ooovieeee 31
& 3.7 B/AEH A= MI SR B RIKIE 0 oo 32
& 3.8 K E & BT FIFERINF AT ..cooooeecces 34
& 3.9 AT F AR L IER T oo 35
B 4.1 BT EEEMAERE IR ..o 38
[E] 4.2 TE IRFBIORHIEBEEME oo, 41
B 4.3 B vi'=r", TM IFRRHRIEREFME oo 42
B 4.4 EEGVMAES (7>r"), TM IRFHORFIIBEFIE oo, 44
[El 4.5 SRIHBEE N TM FSIMEE UERIZRBIFIM ....coo, 45

Vil



E BRI 6 7 T e B F 7

& 4.6 HAVEYIE ZMMIRDAHL ...
e EEA]

*® 4.1 WESHRMREENEE

Vi



F1E %k

1.1 MiRE=R

SRR (AR M&T 20 L 70 ERBEMFREE O. P.
Mecduff A1 S. E. Harris $#2H, 2 fi i $55 8] b AH 55 F BURSEBO S ik b e 81 AT 6 1 A
(VR AR 45 L AR AL AV T AN R AR RO 1 . ST 3E AR K27 1 T. W. Haensch 4%
FEFE RR 1 J. L. Hall 28 A8 RSO0 Ik i 558 25 0 2 I & 07 I 1
FURRTTIR, AR UE R R R KR O R SR A TR AR, TR 2005 AR
DURP 2220230 P BoR S5 & 7 W06 BELIK RSO RS R, 78 21 AT
WOCH AR TR 22 St B A AR = R S

H T AR S8 (] R AR I, DGR O T BGRR[0 R
MFED), EEEAES RIOGIERAET), 23T IS5 B AR A0 Tl A0 e I
BRI H AN T . BEEDARHDE T2 AN, Mis A o fE. smtiRee
JIEERE R, AN TRl S5 A K e B B R 51k 1 I A AMIT ST N B 2 R,
HAWIAG BIFL 5 SRR« M LL TAE G R AR, I AR 52 A
m, JGIRE ST, B R IR A T, JCHIE T OIS BRI
IS I A 5 SHG 2 M A0 . B4k, 23 THERE NG T2 CMOS F %
M, B ESR EIEE RO ARUN . ERERELERM, BT A LB R
i

1.2 Sk BT

H A STt Dok CA IS, BEA BOEOR AN i T 2 1)3%
PR, Sk~ B H 2L, i R Gt TN A, B AT
AT REEIN N KR THRPOCHRIE STk —IOER T4t
AR B HIE % T . AR SEILT SRR RS 7, B 2 ZAF R H]
R,

gt 75 B ZAH =F: FTOL MBI BRI 2T PP B Ao 23U O
FEF R BRHO AR o BT H IR R B IR 2 5t ER BUOGARAF TH HAR

1



E BRI 6 7 T e B F 7

5 s s IR AR OB U R, BRISZ IR T A AR I TR AR, DG ARUR AT
FRNT GHz B4, BT R BP R E RO 3R 10 R G A T AR T O
BT, T RRE A BIRIAR, (N2 IR T B R R A KT, SRR — M)
/NT 10 GHz 4%, HRMIETIZE A nW B0, BT R8O L8 M 2%+
LT AT AN BOGSR, EEAURNE MHz 84, RIS A pW
U FIHARH 5 AR L, S BURLEO R AR & G B A B AR E A
A, PUAS B2 R . BT, AR BRI T B A A B O L 8%
s, A ey 20 AR IR G S B S ARG, TE iR 2 ks 5 I K

21 ARk, AT ER KR, A L 27K P AW &, BB R
I o BT ARG = B T2 A1 IR o R JEE VO R A ) R 2 R b R
IS A B AR 2 A TLAE R RERE IWOR B ORI e AR, BRI R SRR
PAEARLRIEA B P SE . BT AR LR B AR ARG AT R A PR T
FE Lk P SOOI T RO B R U718 T AR R PRV T (IR 3 77 2B T v
BRI A 5 1R — FR 0 R K S R GRS A 3R NI T T R A DY TR A
SEARLR VRN F PR AR I SR, B TR IS O e R R (T RE R BT B 5
JaIEREAL I BIRIAR . A E T HBESLRUIR G R, 6T Rl (R 630 S I g 125 2
W WO G NS O (ERE, R AR R T BRSO UK L S ik
% (Optical parametric oscillation, OPO), i AF£eME 5 Mlk. W25 5 FE I X
AT S I 0 2R AU S AR )R R i o 0 2R I S AU A A SRR R RSO 18 A
RIETRAE T QUHTEAE KOG BRI, HEEAA =R —. MiATES,
HARIFEMLL: =, & Q EEEGIREE 15, BIK T MRS DFE: =, 3
AR A B BRI R FOR R 5. Hil, S B AR b TR %R
BrEG TG 2R, AW T R BOREIRME R, A RE e AR
R F RS2 F AR S S B 2 4t

1.3 AR SR
H 1969 4 E. A. J. Marcatili & X352 HOGERUETRK, 25022 uls I E#E
5 R R RIS AW . 2003 45, K. J. Vahala SRR FHZ] 5z oA

2



H1E iR

PRI RIS 2 R0 L C 20 ORI e O BT 10° 1) Si02 Tl IR 1 iR 1201,
TZRAEmE 1.1 (@), FHMIISEI TG SRR S, I B % 5%,

JEE N 1.1 (b)o ZURAH 40 AL I Tl SRR W 7T AR, T 2004 4E
PSER L BB TG M S S BRGPY, IRGGEWE 12 (. BT m
O B IR iy e it 8L, TG 75 e R T R st e 8 S SO P S &l
FERAE, ATLIRIE SR Y B E T S Al o 371X — #4548 [F Max-Planck
WF5EHT P. Del’Haye %5 AT+ 2007 £ Iy 60 mW. HO KA 1550 nm ()
SO IR SiO UL B VR SE I S EL 520 nm B B8 (A2, SE A B 1.2(b)

Av = 12 GHz

15425 154255

1,545 1,550 1,555 1,560
Wavelength (nm)

B 1.1 HRSEHKIE O EMERER. () H QEMBETZRESEE. (b) HEE
ﬁﬂ‘-‘bﬁé&c

Figure 1.1 First realized ultra-high-Q microresonator!?’l. (a) Flow diagram of process used to

fabricate ultra-high-Q planar microcavity. (b)Transmission spectrum of a toroidal resonator.
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Figure 1.5 Microwave photonics filter based on an integrated optical source!*.
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Table 4.1 Simulation values for microresonator parameters and material properties.

TE mode TM mode

Waveguide area (nm?) 3130>4000
Cladding material Air

Substrate material Silicon oxide
R/L(um) 100/628
20 (um)/awo (THZ) 3/62.78

Teff (PS) 10

ao (dB/cm) 0.07
K 0.0083
S3pa (m3AN2) 2x10%
o (m?) 4.08x102!
U 4.5

nz (M2/W) 61018

No 3.42

4 0.892
Qtotal 4.947x10° 4.953%10°
FSR (GHz)/tr (ps) 135.6/7.37 135.8/7.36
Ng 3.5143 3.5186
vg (m/s) 85.31x10° 85.20<10°
B2 (ps?/km) 71.77 5.85
Aei (um?) 6.15 6.07
y (1/(W>m)) 2.04 2.07
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Figure 4.2 Characteristics of TE platicon!®!, (a) Temporal and (b) spectral characteristics for
the TE pulse before (blue) and after (red) TM seeding. (c) Temporal evolution for the TE
mode marked with the TM seeding time point (about 60 ns).
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Figure 4.3 Characteristics of TM solitary pulse under the assumption of v;"=v," 6%, (a) Stable
TM solitary pulses (left column) and corresponding mode-locking spectra (right column). (b)

Temporal evolution for the TM pulse and (c) its top view versus ;"
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Figure 4.4 Characteristics of TM solitary pulse if considering the GVM (v,2 >v, " )61, (a)

Asymmetric temporal (left column) and spectral (right column) characteristics of TM

solitary pulses. (b) Global TM temporal profile and (c) its top view versus J, .
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Figure 4.5 Influences of pump power on intracavity conversion efficiency of TM OFCI%9l, (a)
Intracavity conversion efficiency # of TM comb when P, = 30~200 mW, P =0.1 mW. (b)
Calculated  when P.,"'=0.1~30 mW, P, =50 mW. The cases for #=1 (marked with solid white
lines) denote that the XPM effect has critically happened.
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Figure 4.6 Typical orthogonally-polarized dual combs. Pulses and spectra for (a) TE

and (b) TM modes when P, =50 mW, P."=30 mW, and ¢,"=0.018.
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