| %49 % & 19 #9/2022 4 10 B/ E R

BT Il i BERL R A IOE A TEA BUE BOR

RE B, R, FRE
A2 R A BB RYE 5Ot TR B . 3 100191

FE [ R A W B R T DR B R AR M B AR 5 B ABUE RS & T LS O
RO 2 5 TR 40« TR AE OB RE IR OGN B R i 5 A5 ST R AT W7 ) 00 R A . 25 Tl 2 A A s ol £
LAY AN T 0, 2 300 v B I BE (R AR MR 7 | T R B 1 R AR O TR R T Y R R A TR T I R AR
JE B O B A BUE BORITAE R AT S E IR . B58 TR 4R T Ml BE AR RS A S B S, AR I R IR L B
D B L5 IR T AR AR s L, ST T A T [ B A SO B O A A BUE HOR M HLEE L JF ZR IR T T
AELTEWO LR BRI BEJS L AT T I RE A O ) AR S PR R R L OF ELA 4R T el I 3 TR AN 1A R S AUAR B9
R 5 [ o LA b 8 0 ) I R A SR Sy 2 R X B, MR T 1 T B DU ARUAR ) T 92 B R 5 0 S 0o (B

R UE TR RO ROR G h R R At 4T TR E.,

XA ARLMOLAE s U WOLEOR s WOBIEABUE s DIRTR

HESES TN248 XEttRERL A

1 5] G

[ 5 B A XM (WGMR) J2& — i 1] FH 50 1 35
FE A 4 G LB I R B 4G ik 5 AR R B 1 e 2k T AR
. WGMR i % 1 8 B 1 78 B4 ROBE B9 25 [l 1Y
] o EL A 48 e O F . 0 LR A = 0
WGMR PG AN W08t BE3G 706/, 8 3% 1
TS YR AR, AR A T T
TR R 45 WGMR G SEHL A 2 T LR,
458 T A AR O T RO
Pl R B O T AR R F B R G £
A I ARZ TS L WGMR R BE 5T & L
ATEJE T T2 A e w5 . 3 B agom 1k, 3T
WGMR 6 2% 11 B 2 90 1 T 3028 306 #8 | J5
Sy A A R AR LR R AR A, AE
T WGMR - 5 # il A 55 v, 7 4 380 0 7 I 42 45 3
T MRS, 40 Fano 2£#RM"™ Ob ik S
B AT SE2E T L K R AR R
AR AR LR SE O AR T N T TR R R
AU HAE A Tl g DR R A e
U5 Y St R SRR, N T
AL TR, BT WGMR (9 B 3 A 88 Mot
R T HF5E 9248, WGMR 7 58 i K 36 15 7 2
i R L AT LS B B LT B OGRS A

DOI: 10.3788/CJL202249.1901001

FIH WGMR (9 J5 1) i A1 LS 52 806 A9 T A Rt
OB E TR He mREFEERE, FIL.,
783 F WGMR W06 A 7 A 80 F R R B, 48 5%
WGMR &8 2 50 CUnisg iz 3 4 A i o IR 55O X 30k
Lk T SRGEME RS HL B, X T ARG R E B A LR TR
WOt A A EERE X,

3 —J7 T, WGMR H A3 & 19 b T IR 5 BB/
O YN AN BT RS o e o | 5 oy @ VA O - 1R 5 3
EINE NN o, otk Wl [F1 b ¥ =8 = S ) = a3 O
2 it B DL AT AE BE R S M 2 O R U R B
£ WGMR w21, i & 4 4% 0Ol iR A |
Q) AN G =21 Rl 1111 R) G =3 At U Pl P U .0 =
WS 565 2 8 2 T R 2 A R O .
rp, L O TR A RN LA B v SR RN 7 A Y R
WSS T e e mEE, 2014 4F, Herr & 7
MgF, SR e 2] T AR B /R INF . B 95 & i
WYY R HIORI IR 2 e S G £ RN A FE B SUEE -y, SE B T
Say H BB 2 R S GHz B e bk vk 1 )3
T CHR R B 5T BB R B RO AR A R A
BRI R 0 A A v g Sz B B 3 T 4R

3T DR L BRI Y 7 A W LA T8 AT
Ve AT C AR AE A AL IR . BE B BE T 2 A IR A R
FRAM 2 AR O R e — E B BE L BRI T 6 M0 A o0
LB TTREME . W R EROBIR 5 3 F WGMR 106

KB . 2022-05-19; 8B HHA . 2022-06-26; KA BH . 2022-07-04

E&WA: BEAAREIES (62175007
BE1EHE . "xiayu@buaa. edu. cn

1901001-1



=R E B GR

49 % %19 H1/2022 &£ 10 B/ E#®

EREVNE s N i R WD ol o 971
i 2R T SRR IR R e A
TR ST A 7™ A i I e A LT R N . Bl
ERCE BRI R SR EM T, Rk L
AT T8 B T 1) 4 B YA

ARCRMER T WGMR W 30OE A EABIER A,
BN AAT WOGMR WS 5, 1E58 =/ hih
BHE T 3T WGMR W30t A A B £ AR 78 45 4 9
FUFHOGE RSB . /N A T WGMR
H AR LR RN . B /N IR T O A ABE
B R T BN E R WOMR 72305 & th % a4

@

i AR RGPS B T AR Ao A H A% IS T 6 HG R i
SRR AT W AT T R,

2 WGMR )5S 50

2.1 WGMR HIiE#RE

WGMR 1 # $ig i 4 7T DL JU AT Ot 2% £l B Ok 43
Br. i 1 BRSOt e i ot 2 0 A A 2E A
IR BEN . A EAE RO N AR i R o A9
WK BB EAG B  ASE 6 S A i B B KT8 DL
et R, B 1(b) iy WGMR Py i 7 (% 1] 35 BE A 2
(WGM) #3753 1 A .

Electric field

K1 WGMR FEHRER. () BIHENHK T ERZEE; (b) A W B 3 50 A

Fig. 1 Schematics of WGMR principle .

(a) Schematic of constructive interference in micro-ring resonator ;

(b) typical electric

field distribution with whispering gallery mode
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Fig. 2 Structural diagram of narrow linewidth self-injection locked laser based on WGMR
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Wavelength band Wavelength /nm Highest quality factor Material Linewidth
Ultra-violet 370" ~10° MgF, <C100 kHz
446. 57 <1 MHz
Visible . ~10" MgF,
6987 Short term: ~ kHz
_ 1530-1570"% " . Siy N, e Short term: 1.2 Hz"™"
Near-infrared . ~10 B o)
2050 MgF, Instantaneous: 15 Hz
Mid-infrared 3367-3421°" ~10° Si <09.1 MHz
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Table 2 Optical frequency comb characteristics obtained based on different nonlinear material platforms
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Fig. 6 Schematic of generating device of self-injection locking optical frequency comb based on WGMR
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Abstract

Significance A whispering gallery mode resonator (WGMR) is an optical device that can confine light in both spatial and
temporal dimensions with total reflection. Owing to its high-Q and small mode-volume characteristics, a WGMR is a
powerful and reliable platform for various photonic applications such as microlasers, optomechanics, biosensing, laser
stabilization, and nonlinear optics.

The WGMR-based self-injection locking technology uses resonant backscattering inside the resonator to purify the
spectrum, which significantly reduces the laser linewidth and has been extensively used for laser stabilization. Because no
electronic feedback control is required in this scheme and a WGMR can achieve a Q-factor of over 10° with a micron-scale,
the technique can achieve a sub-hertz linewidth with a compact size. In addition, the WGMR with a wide transparency
window can be integrated with lasers operating in various wavelength bands to achieve narrow-linewidth lasing.

In a high-Q WGMR, the photon’s lifespan can be prolonged from nanoseconds to microseconds, which improves
light—matter interaction, making WGMRs well-suited for the acquisition of ultralow-threshold nonlinear optical effects.
Numerous nonlinear effects, including second-harmonic generation, four-wave mixing ( FWM), stimulated Raman
scattering, and stimulated Brillouin scattering, have been theoretically investigated and experimentally demonstrated in
WGMRs. In particular, optical frequency combs (OFCs), namely microcombs, based on four-wave mixing in a WGMR
have attracted substantial attention and have been generated in many integrated phonic platforms. However, the
conventional generation of microcomb requires narrow-linewidth pumps, which is challenging for on-chip integration. The
WGMR-based self-injection locking is a viable alternative scheme for integrated microcomb.

The study introduces important parameters of WGMRs, followed by the recent research progress on self-injection
locked laser based on the WGMR, nonlinear optical effects, and high-level integration of microcombs using self-injection
locking.

Progress First, four key parameters of WGMRs are summarized, namely resonance wavelength, free spectral range
(FSR), quality factor, and mode volume.

WGMRs are excellent candidates for achieving a substantial linewidth reduction owing to their high-Q property. In
2015, researchers presented a 1550-nm semiconductor laser with sub-hertz instantaneous linewidth, which is stabilized by
WGMR-based self-injection locking technique. The typical structure of a narrow-linewidth self-injection-locked laser with
a high-Q WGMR is presented in Fig. 1. The scheme utilizes resonant Rayleigh scattering in the resonator, due to the
internal and surface inhomogeneities. In backscattered light, a fraction of the light is reflected to the laser with the
frequency of the selected high-Q WGMR. Owing to the fast optical feedback, a notable depression in laser frequency noise
is achieved, which corresponds to the linewidth of the laser. In 2017, researchers proposed a theoretical model for a
WGMR-based self-injection locking method, as shown in Fig. 2. The analysis indicated that the degree of linewidth
reduction scales with the square of @. Moreover, a detailed theoretical model illustrated the importance of five structural
parameters that may improve linewidth reduction. The five parameters were the backscattering efficiency, the phase
delay of feedback light, laser-microresonator frequency detuning, coupling regimes, and the optical path length between
the laser and resonator. Self-injection locking is based on the WGMR technology and has been widely employed in lasers
from UV to mid-infrared bands, as shown in Table 1. However, the linewidths of a self-injection locked laser in the UV
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and mid-IR bands require further improvement.

The nonlinear characteristics of high-Q WGMRs have been systematically investigated. The threshold power of the
nonlinear effect is proportional to the mode volume and inversely proportional to the square of Q. Therefore, a laser with
low output power, ranging from microwatts to milliwatts, can generate nonlinear effects inside a WGMR. Moreover,
high-performance photonic applications have been obtained based on an integrated nonlinear WGMR, as shown in Fig. 5.
In recent years, FWM-based microcombs have attracted increasing interest, and researchers have demonstrated
microcombs on various nonlinear material platforms, such as SizN,, silica, Hydex, silicon, AIN, SiC, and AlGaAs, with a
full list provided in Table 2. Owing to low propagating loss, wide transparency windows, and a CMOS-compatible foundry
(CMOS, complementary metal oxide semiconductor), WGMRs based on the Si;N, platform have been extensively
investigated. In addition, WGMRs based on AlGaAs have achieved significant improvements in ) factors in recent years.
AlGaAs with high refractive and high nonlinear refractive indices is another ideal platform for obtaining an integrated
microcomb.

The generation of microcombs pumped by on-chip lasers is both of paramount importance and full of challenges. The
WGMR-based self-injection locking technique can achieve a fully chip-based micro-comb. In this case, the WGMR provides
optical feedback to narrow the linewidth of the laser and serves as nonlinear material to generate microcomb. To date, a
considerable number of studies have demonstrated fully chip-based OFCs based on laser diodes and high-Q WGMRs, as
shown in Fig. 6. To determine the nonlinear dynamics of self-injection locking, researchers have investigated the self-
injection locking process by considering nonlinear interactions.

Conclusions and Prospects A WGMR with a high @ and small volume is an excellent candidate for an ultranarrow
linewidth laser with low-threshold nonlinear effect excitation. Furthermore, a high level of integration of microcombs can
be achieved by combining both the self-injection locking method and low-threshold FWM. Finally, further developments
can be made in self-injection-locking parameter optimization and Q-factor improvements.

Key words nonlinear optics; microcavities; laser technique; laser injection locking; four-wave mixing
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