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Fig. 2. A simplified model of different coupling modes of the silicon-based photonic resonator: (a)—(c) Directly side coupled cavities;

(d) end-coupled cavities; (e) indirectly side coupled cavities.
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control of Fano resonance with a nanoelectromechanical structure”; (d) band edge mode of PCN couple with PCNCH; (e) double

PCNCs with degenerate band edges model*®); (f) the overall structure (i) and top view (ii) Bragg reflection structure constructed

with double-row PCNH,

FG: 1, POCNC B4 39 ARGt <AL, Bk R
AR FEM QH. &% WS F-PEHEE, PCNC
BB A5 IR B A, 4 R R S AT AR
PCNC LA 51 B8 43 B0 0] P55, SEI A 2
[ A TRI B (RS R4, N5 Fano FE4RAY
AR, RN IET 2 R E s, TAR IR,

T 4K Fano #5744 195 06t KOG 35 &%
Meng 45 101 R YGRS K 2 (photonic crystal
nanobeam, PCN) [y B il G XA Ry sk,
¥ PONC A B HCIRES, 25 &l 4(d) s,
T BT AR R OE BRI, R
WG, i — ¥ Fano &4 2, Mk
PR GEE BYRIHE, REMS IR LT BRI i, [l
FERUE BRI A R, PT S B RE Fano YGiik.
AT A AR Z N, e REUE Y Fano 4R
YT 2RAR B M Je m X)L EE HARIIAE Fano H:4R6
FF 3 13342,

[&] 4 (e) 3] Gt ) [RIRE A G S AT BRI A
KT Fano IHROGIEML L. TEREN T LTI APIHE
AT R R K AL, PHEFLTTRE 1) (2 %h) Im AR e
R 3, LA (2 %) WFS 2 = 90 nm, BEASSEZERL
fT i B % BRI . HRLREHY 1% (4 = 0)
TEAHFIRZRT , R S ik
AR, MBI 2 = 90 nm, PIFPREITREH

NG, AR ERR SR ]
FHARE KA Fano k.

Fi& PCN ZH:TF SOIEA B Ty, i
P A(f) H g F SR REAE RN T8 25 Z5 A T A
XCHEJE AT - AR ah 4 (4, SEBRARRA% R, T
Feb-23 ASCFU T 14 ~ 55 % 119 3 180 S5 s o', T R 5
JCHHATHE G, T8 3 SO T A 2 S R AR G AR S 3 B
G54 U Fano FE4i, SGiG LA 3 dB,
IR RBUEH 77 pm/C.

PNCN j=4: Fano H:41g 77 48 J %k R i 1 fig
BRI 1 BT

3.2  RIEINEIRAE

WA PRI (micro ring resonator, MRR) E
R R T BRI G, BA RS G F
HL A5 B . X T 2 ) LR =l o Ay 8 A
2, Jl i 5 HADES: /e S A MR &
A LLSE R Z R 25 A9 Fano HE4ik. M Fano H:4R 52
By AORE, BRI M, —JE MRR Y
BEAAE B, BT BT NS /iEiE
SLAA . HRESHRTIYE MRR 1 RST, BEAS TR
AEHLER T L] 2(a) Ron; Siob—HK R ZA
TR E RS A I, H2EE5H 5 T HoAbb R A 2
456, TR RUPERERS B B A
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% 1 A[ PCNC F=4: Fano 3RS EFK

Table 1. Parameters for Fano resonance based on different PCNCs.

#5654 RoF/(um x pm)  WELE/dB - RRE/(dB-nm ™) N Scik
PCNCZELEF ~13.2 x 047 17 (38]

F-P flliif+# PCNC ~6 x 0.45 7.3 5.3 [39]
F-P flis#4& PCNC ~18 x 0.72 1418 [37]
F-P flliif+# PCNC ~10.5 x 1.5 22 [40]
F-P & H4t PCNC ~10.5 x 1.5 24 Prif R R UL 778 nm/RIU [41]
X PCNs ~5.18 x 0.74 20 [43]

38 XAl UG FTPCNC ~4 16 SR [45]

3.2.1 B ARABBIRIERE A Fano £k 4y
7 ik

T AHEE MRR () BB, 87 SR
HOE R SIS 4y SO BT (N F-P ). IR
B BRI Fano JLHR IS INE 5(a) PR,
SR T R A 5 S SRS 1O 4 OB R
F-P &), B4 SO B o5 | A G AL #5196
Yy, X 5637 1R AL d B AR AL, JE B Fano
.

Kl 5(b) AU Fano HIRAGEE A, HH i
AT A B A A L SRR S
BRI A8 BN AR, SRS 1 [R] A
BB TE) o 5 X TE, o, FE MRR Hi
AR 2RI T Fi Y Fano G2k 2 BUge 1 1
A ABE ARG R B R T 800 A AR XA AL
25, “R 173 HUR TE o B, “Hi A 27 % 1
R TE; o 82, U5 rh AU A T 38 AR X AR AL
SR TN TN L BV 25 SR W8 & T
P 2RI R A, TR PR R 7
B B Y Fano FLPRGTERERA .

WA 5(c) BN, ST 1 m I SURHE L F-P
IR (8, ME A MRR (RGBS F-P
PR G 7242 Fano 6%, X4 F-P il MRR 1
PR EA n A 220, S RPRARBENE, G
IKE] 30 dB, Prift FAMM R K ~10° RIU (refra-
ctive index unit). ¥ 5(d) 45 T &2 & MRR 4
Fano FL4& 9, add-drop I IE i 3k & ' drop % K
Fiay A s AR, GBI AR A 45 — 5%
= WA IR E IR, D1 — S0 5 S A5t Inl i
Fano AR AT LLIE A 785 S5 157 0] 266 114 1 3 ok 3
4 Zhao % POXT X Fh Fano L4 (19 8 8 7 1 K H:
BN A I RS EGHET TR, FERHE R
G TEH R AE MRR O E IR, 3453 T

b 30.8 dB. JtiEsr##E Ny 226.5 dB/nm Y Fano
FHRIE. T MRR ) drop 5 through ¥ 11
LRI OB — B, PR iR g BAT — S
AP Fano Z0E.

E 5(e) HIZ5H &M o2 7E MRR 2B 5| AR i
Fa R 5 S EE Fano 2L PU. A FiAs Sels | A
T ERBE , SR A Y R T O 5 A h S TR
W on AFS, 52 EA AR OEM Y MRR, HATHE%E
SRS AL S 5 EA B ECIRAS ) MRR AH 5.
A TE ) Fano H:4k.

I A A S T 5] AR AT RS 45 R
(PCNC., MR M2 F-P PR T2 A Fano #:4%
HJ7 . IE 5(f) b (i) 5T, MRR 5 i 4
A PEAS EMHE B F-P 3R 28484 2, 345 T8
JG o 22.54 dB. # &y 250.4 dB/nm [ Fano
LI, I FH AR SRR A 5 DGR s i
AR 2R PEOERL N, AT SE B Fano 4R I K 1)1
B TR Fano e 45 i 1 HLA BELE Y
NG, AT TR 5 RS B oAt %
AR B, HAREEE 15 GHz (AR 15 A,
PR T £0.5 GHz. W47 MRR 5 i A~ hir
K EMDE B F-P i dias 2 8] (088 A 5 B 02, 2%
A 5(f) # (i), MRR IR & P AR R 28 n
FHES, WA PRAS 2 18] A 540 A
JERL EIT. 78 MRR iEIR#S T #E & 2 R GRS
AR AR, BIT AL 5% 3] Fano JL4RAG i 8 A
HAESE, JEERTHEHEATIA 43 dB.

MR SIS Sl Pk (2R ) v
1 Fano HARITHFR G, Pk 2 A feAsm.
%K R BB I e MRR 50 1 30 3% KOG B
LI FUATHEA P, MRR B9 EMIHEA 350 S 5%
5 MRR A & s i BAE A, AE Rk K
ST AR BRI AN KRR Fano FH4%; 4% MRR 5%
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(a) RS 5 (b)

%(’ waveguides

Single-mode
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waveguides Output-2
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generator
©) (@)
i
Ui IH] Ui TH]
<+ —» o

— e — ar
wn P D
it Wt
(e) | B~ kel ® i
L':— ______ | > : Y I w
| ' (i)
| . |
I I (i)
| |
! r | (iv)
[ vy
¥ .2 )

i t i / T Output-1
'wo-mode i
> Mode filter
waveguide | Single-mode
NG
200 pm |
————— |

P+
Nt TiN
| Si04
SiO4

B 5 %A MRR /=4 Fano 4R L (a) H5 07 BRI FH8A MRRI; (b) WU =0 628 0% 25 MRRIY (c) B 3 i 11 /L
S A MRRIS; (d) /i B8 MRRIPY; (e) ELUE 4841578 A A2 0 hids Sl MRRPYU; (f) B2k 545 & 6l /25 <AL /3

HEFEA MRRI20:34.54-56]

Fig. 5. Various MRRs with compact footprint for Fano resonance: (a) Straight waveguide with misalignment’l; (b) dual-mode bus

waveguidel*”); (c) straight waveguide with end face reflection!®¥; (d) straight waveguide with feedback™); (e) MRR with phase-shif-

ted Bragg grating®®; (f) bus waveguide combined Bragg grating/air holes/slits0:3454-56],

B FH RS A P I R R B T TR A PO, PONC
5 MRR #A7HEA (9 5(F) H (1i1)) P9, B My
SR WA LI F-P 5 MRR #E47 R4 (K
5(f) Hr (iv))BA. 5 SE AR I B HICIRAS Tl SE 4 5E 1
e HCRE, P IE = W3R 3 K A R AR
A, FTLAF= A Fano JL4R G RIS, 7840 3T 04 341
KAl RE B EIT 84 Lorentzian Y&il%. BT FiA
TR, RN ITERESLERTIA IANER
FLRO, gER I 5(f) H (v), BRI A
AR B 5 5 B e B0 MRR
Z PR AR, T Fano 2L4%, H A L8R IE K
Kb#R K Fano £61E.

B MRR F24: Fano 4R )7 58 M H R Y
PEREFE bR ANZE 2 4.
3.2.2 LIRS A Fano k897 &

IR ETR I A Fano 2ER BIE 4T 7 s
FEA = PR R SRR A BT IR
A (K 6(a))P, MRR 22 838 i B2k 3 e J2 4
B, WRERN G o B ML R A 17 22, AR5 3845 Fano

PRI 5 ARG E 2(a) BKME R LY F-P
30 R 1 i I A5 R0 A F-P IS BOI(I 6(D)),
TE LA Fano LR HAIT, XA 20E A 0F 5%
Z ITCIIREER, WA T3 BT 4> Fano HRITHIR
TE BRI PR EIT; 55 = FhoR RS & UG5 R
P MRR N BIG I BGER I, RERSTS H &R
Ge i B R 2 ] A AR AR T Fano SER AR
M), 5 3k ] B AT A A58 3B Y Fano 2R, X
Z Wil Fano JEIY | (LR 0 2 B A HE 1S
SR,

i MRR WG 7 20k X 5y, £ MRR #i &
FeE Fano SR A 45/ R PSS — K2
MRR B, 535h—252 MRR HIFERE5H).

H e 4 MRR i E45 1 528 Fano AR J7
Z.WIIR: Qiu 55 P BT BIE A MRR Pk
A MRR, 45#) WLIE 6(c)GH W% 1), M PA
MRR B b 4230 B0, O HE B o P 3 7Y
MRR & 3 1, XN A3 54 20 dB. ¥ MRR
BB B A RS FRGT A &, [FEX MRR &
HE AT OGS, T AR R R AT I HE G
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40 dB 1y Fano JE4ROGTHE . #1-ik A0 MRR P A 0.8 pm [ R 7 BER. SRAIFERE A4 b, KT
IR U0 G i 1) iR 7 B R N RE 8 52 B R AR R AR R SE B Fano 4R, 8@ 3 4
“X RSN N, HAE 0.47 nm S K Y WA MRR A0 22, FA% T BIT OLiE, IR

# 2 ARI'E#ER MRR 74 Fano RS

Table 2.  Parameters for Fano resonance based on different compact MRRs.

£ ] b/ (umxpm) G /AB R PERE itk
RSSO TR S MRR ~20x30 30 AR %24 mg/dl [46]
ZRUBLIFEMRR ~1020%230 6 27.1/nm (47]
Ui T S S B2k I SR & MRR ~22x10000 30 PripF BRI R ~10-° RIU 48]
MRRIA S5 Bk & ~20%350 30.8 226.5 dB/nm [49,50]
MRRHGEHF A ~60x60 20 [51]
MRRAG P hiks -
S PP s ~17x140 22.54  250.4 dB/nm [52]
MRRAEG T AR R F- Pk ~6x10 23 PrifRRAHE~1.76 x 10 [56]
WO MRR ~6x10 12 PriFF R RAUE366 nm/RIU [54]
HLEF-PHEGIEEMRR ~4x10 20 Prit R R 297.13 nm/RIU [55]
PONCHHE& 45 A Kerr 16 KFFHKII#E0.76 pJ, 15
AL PERTEHIPON YURALIE0.707 ps [42]
(a) (b)
al o A, WP o t
- 1)
- A1l A1l - A Ay -
711 <l Tp <
alll aly al,, a?;,
' ' ' ' tis L tp
Cl CZ
o1 Ao,2 P

(c)

‘ Drop 1
Drop 2 I et
P12 K3 /L\ 1 fi
— ‘ MRR, MRR;
253
HLK
( Ly P
LN D
2 sy | U
(e) (f)
2x2 HES
Slm1 Slm?2 DROP ADD
1y 1y - -
Iy Lah
Tslm tsim Tslm tsim
—r— —
IN THRU

6 AFES MRR 74 Fano 4R MIT7 % (a) #E-A BIA I IE 707 X MRR 4544 B7; (b) 4230 F-P H50 70 M1 22 FRAR -5 254 B;
(c) BUER A GG #9904 (d) XUIR R A & 4544 17630, (e) Sagnac JE i F-P W& MRRI™) (f) S 200 Th k-1 # /R T 9 4% 15,767

Fig. 6. Various complex MRRs for Fano resonance: (a) Analysis of double MRR using coupling mode theory®; (b) analysis of
multi-ring coupling with equivalent F-P unitP?; (c) double-MRRs nested structurel®-%4; (d) double-MRRs with feedback configura-
tionl"%%); (e) Sagnac formed F-P cavity couples MRR[™; (f) equivalent double Mach-Zehnder interferometerl®>76-7l,
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S5k 1 FH B AR B SR i 10264 BT AT —
BEEEIR iR B 25 A 7R FEE L AT LSEEE Fano 364, 40
PUGEONERAT oy E s e 1 S ol 1 €2 SRS R [ET S
LR 5 65 5 MRR & U gk 60,

THAA4 MRR HIFBELE R S8 Fano L4k 7
. MK Xiao 45 01 IHA 6(d) Frongsitsy, w
A s O TR A, 158 Fano ik
ik, Ry TR R R, R RS Wen 08
FRZEH I KO EHE, 3845 1 500 nm/RIU
AT I 3 R . 22 M K% Zhao 55 9 FE[E] 5(d)
2Pt B b 1 AN, (A5 8841 Fano i
St HAG TR M ELsk S vl R, SRA OGS R = ot
ol 29.20 dB. +H HFF4 K% Chaudhry %5 [T
K 5 AR A B8 [ #2245 4> MRR, d# it
MO R [ R G AR AR A B, SRS A Fano ZIEIH
JEHKTF 26 dB, i HE% N 368 dB/nm. HLH
SRR IR SHIE K T Fano L4,

MRR #H-BG5H 1) 14> MRR 1l AHZE A1
Bl B F A AL anlE 6(a) TR, B MRR,
S G 2Bk 5, FHorf 14> MRR i AHZE # 8
VO, AR M, 24 VO, H IR N3] — 2 [ {8 B
2 M A SRR 2 4 SR A ARAE IR X G 8 I A
Bk, i MRR 19 Q IFREK. X TARASHGRE
TR UL, 45 AT XA 7= 42 Fano SER, B AUOELh
A AR Fano L4 & HLA] (1), Fano ARG ik
FITHE R Ik 45 dB. FAR-IHEXTFR (parity-time,
PT) S5 FN Ry 2 b T i AR R S 1 b
ZJa X —Fg BN T A s 4 72 e As 34 25
FELLATY, PT 45 RBHS K A AR 2248 K4 18] 6(a) 1Y
SEF IR 1M 1AM S, T PT
XTFRAG = JEFEF, AT 59 238 R LA R S
s 100 f55 A | 1781, 72 PT il B = JB W 3 1 Skl
I, 6(a) TR 2 W24 7 7E B T n] SEB
AEXFFRA Fano HE4RGE.

MRR FIPAN KBS Sagnac FME LAY F-P 21

BIHE S RGN A 6(e) iR 0], BRI i i
BT 2SIE L EIT R4S, KA 2P Fano 2
Peftetnity. FHPOERNY Zh A& H % MRR 115 9R
W, BEMEARAT I RIE M 23.22 dB, S RAPR
Jy 252 dB/nm Ay P81 Fano FLIREHE. ¥ MRR
P Sagnac UE:, S2E0 k1% T Fano d:RE
TERRAPEN 770 dB/nml,

G L ) MRR PR IR 25 7 G A 41 i 3t
IR Z MIAEAE 2R ARG, OT H NS A S PR
IR Z R AATE A AR RS, P RE I A0 0 2K L.
Ghent K2 Li 45 7678 35001 6(f) FiR 19454,
1A BAERIEPRAS PN TR B S mT R R g, ]
TR IR AR B2 1 A6 (k-8R TR,
SCPLT fe KRR S 700 dB/nm (] §H Fano 3t
Pz . AT BIT 78 i P K AL ZE B 2 1100 ps. Ot
TER [ HOEREE BT 150 nm ., FEIESCREE S
MRR IEIRA A 11520, DARAS 4] T i m)
. EE R RE S AR AR MR I B0 T 1%
MR Sy, AR 5 e BAA R 30 dB HYTH
G, HABFE R 1.5 dBP.

% MRR j7£ Fano H:4R 771k 77 58 K LN R 1
PEREFEAR AN 3 5.

ik BIER TN
AFRA T MRR 5 £ Fh AR50 k- 15 758 T
WAL (Mach-Zehnder interferometer, MZI) #5 7=
A= Fano EHRAY 5%, 254 AT LA AL AL 7(a) B
BRI N A 2B A AR ARG AR
HEATHE A, MZLJZ B ARG L v ) >
R, = Q1H MRR G I HEE s diisi=t, I
Q1H MRR ARG W T (R ME st
(i%42k) sk, AR GE A R A TR,
e 4 MRR #& MZL 5497 /E Fano
PRI, Be BIE 7(a) Frasgs g LB o 45
PRI A8 Y LA BE ™) Chen & B0 75 556 1 1iE W itk

3.3

# 3 £ MRR /4 Fano MRS HE

Table 3. Parameters for Fano resonance based on multiple MRRs.
4t RoF/(umxpm)  {i6H/dB R PERE SCHk
MRRitk A BT ~5x40 20 [59]
PURMRR A HLE R ~5 x 40 40 35—93 dB/nm [60]
E IS MR R A B M ER ~20x100 21.53 Pri R REAE500 nm/RIU [68]
Sagnacll iU F-PREE ~100x300 20 770 dB/pm (30]
SagnaclE Y F-PHE A MRR ~25%30 23.22 252 dB/nm [75]
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A2 MZI MRR AL, Ao, Az
: + —
N it A o)
iw e Ak I Bhiles o)
Q - = A
.MRIE A1, A2, Az Ay
(c)
ai by ¢y dy
a2 ba ca ds
4x4 5 4x4 P 5
as MMI 3 & €3 IVIMI 3 o
“ 24 }Tll — & o \O\ B, .
. . *Eo»
—= f
«© - Eo1 o MRR1
E;, Ey
el MMI1 MMI2 NS
\ B Mzl = MZI2 T —e
I | . L Fou
B 2 i MRR2
B 7 MRR 54 FhAS 5454 MZI R4 7242 Fano 3LARAY 5 #: () MZIAES MRR AL (b) MZI 2144 MRRE (c) X 4 x

INZR

4 R4 P RO MZI®9; (d) MZI XU RE 4 3¢

IRB; (e) MZI WU #A MRR K28 Xk 2 57 (f) B MZI RS W MRRZ

Fig. 7. MRR coupled with variant MZI for Fano resonance: (a) Model for MZI coupled MRRI™); (b) MZI side coupled MRRI*¥;
(c) dual 4 x 4 multimode couplers form dual MZI®; (d) dual-arm of MZI coupled cross-loop waveguidel®; (e) dual-arm of MZI
coupled MRR and cross waveguidel®”; (f) dual MZI coupled dual MRR/??.

SERE AT LA SO B R RESE MZT I8, 4%,
RG] IFEH 2L AN BE 3.8 pm Y5 FISEEE Fano
EHR B RER A MRR 4R 5958 %8 35.5%.
Zheng 4% 182 R H Z2 A% 2 4 i MZL, [R] B i A
VI R T ZEABE T s 1 (R A A RAS AR A = By
P Fano LR, OIRZSAY MRR 5 SR &,
e 55k MRR IR, AR SR ST i A< A 5
BOIRZS. dniE 7(b) Btk , Zhou Fl Poon®h K43
P A TN 2 x 2 ORI GEe:, R
TR 8T SR [ s b A i g S =R i
SRR R AR XA, REASAESE [ ARAS—XT 5.
MY Fano ARG, H T 2R 255 AMBFER K,
BZARAFAY G LR, Lu 45 B 78 R OIRE &
1 QMH MRR (KAHA), [RIFHTE TR A 14>
it Q5 MRR (&#55), MM~ MRR ByIEdRIE R
FHIFEE, 338 b 2s 7 i R & A EIT FiH
W% SE WL, %5 MRR & BEA Kerr &0 193K
RMEAEL, 1E EIT HRUEAL, f b2 h Bt
MRS, anfE 7(c) Fizn, Le Ml Cahill® % H Y
A4 x 4 ZHRESRUURAI R MZI, P 453838 51
A MRR, 7580 S 8 1 AR 22, %45 F ]
PLFEA AN ST 1Y Fano 287, 2785 % H o 11 5 15t
W&, AT M NS 1 EIT Sk

F2 T R BT MRR #5550 MZI 45809 512
WE 7(d) iR, SURZHE 2 X MRR JE R %
8 MZ1 RERETE 615 7= 2E Fano Z8JE B0 g8 1-4E
ST SCRER IR D ETF VI TG H AR AR, 7
BB I L, RERSE AR FF SRS T SE 8 47
ot il 7(e) R, FHEA MRR 454G 7 28 Xk
SRR MZL I F R A R, BB A S A AL AR
PF, FEMS 3RS E R Fano 2EIRALR, ok T A A
Fano F:4R I KRG K BTH 6 /N ) 8 7). 3
MRR B4 MZI 1 TR A, T sg g« X #Y
Fano PG, Wi~ EAMA 4 f7E-3 dB g
i 1A PR T B (RN, BRAEIE R
o 127.4 dB/nm, WAIPER N 1 pmlSL RS,
F 2K MZL Y A R #1755 8%, WA DF o & %
MZI 53 e 28 &2 A e . e 7(e) FiR,
¥ MRR B PIA™ B2 S EL3E v AT drop i 1H 41
ARORIE AL MZL, S8 T BN 30.2 dB, &%
4 41 dB/nm 1Y Fano 4R 6% . & H#OG IR I,
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# 4 ARFET MZI BI04 Fano RSB HE

Table 4. Parameters for Fano resonance based on MZI unit.

4514 RSF/(umxpm) 6 /dB - #PR/(dB-nm ) o SCHk
ZRMZIFTAMRR ~65%85 33 113 [E eSS (82]

UL A A UMRRIE WY M ZT JeFF K [86]
MRREE G “ 7 38 L S M ZLE T4 ~100x370 20 [87]
MRRP BRI T 5P M ZL ~390%850 30.2 41 [88]
XUMRRA B XAMZT 56.8 3388.1 [22]

PEHE 1 AMIT Q MAMEE LR B, KA T BRI
MRR #2414~ /& Q1E 1Y B HIBL =, WA~ ] ] i4%
() MZL I8 5 PR A i G R R i FAE 37
2. Fano LRIGIEMITEDOG L | &3 K LRIE K AR
Mr R, SEER EARAR TIHOGIECA 56.8 dB Hifwr
Ry 3388.1 dB/nm HPIGIESEL

HF MZI Hoor=4: Fano 4R 5 %8 K FOXT
PERETE bR IR 4 Fir5).

3.4 EHft4soriEstast

R T DLAYRE G T A IR S B Fano 3t
fROh, —SEREER B S A M B RE IS I Fano L4k,
FERALAE ARG I AR AR T

FIRR G I 25 AN 5] 8(a) BT/, i A I
Uit A PIASE RS e, BIE FOLEPI RS 4R 2
T4 [ IR BE A8 1) FLLE )R, 3K P PR U ot
Hk B T AR S TR R Fano FLHRGHE 0. 2 JF
HRPIAE] 8(a) i EsHE, £ P SMIE [ AR & A
Kb T S RS T T A P A 1) R 5 5 A T 5

8 (a) ARG TP (b) Btk 8 G =X F-pl2
Fig. 8. (a) Self-coupling waveguidel®; (b) slot waveguide
coupling F-P composed by Bragg gratingl??.
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T3 6T R R R I th 23 AL RS LA, A
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BEORE A=A AR IR B T AR NS R AL 51/
THAK, — AR TR T Z, 5HARR
R REEAS A G, PCNC X T T 2 2R .

MRR A NG AR P A B 454, HAT A
1R DT b B R, ISR Vo g
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SR R IR R, DR MR A A2
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HAE A A R, EJRANE A 1 XS A #E
FURB RIS A . MRR 85 AR Bl A 1E i =2
I E BE M #14, LA MRR R IEEISE 4 1) Fano £
PR EA MR M. MRR AEH & A 5 HAb Y B
RN /A RHA R 254, andkEZe vt bl sl 3 25 4
AT SEI R B E AR B 5 A .

T MZIA] e Py, o 7E i s B S
MRR %514, RefeSCHLME RS = AT I Fano SGil,
HAEE SR 452 MRR 5 MZI 454 58
LAY 22 6(f) i MRR 20819 Fano JGiss &
ReA i, FLA AR it I ] USROS > MZI 2%
G MRR. MZI RefBAE R A AT, Al h HAE
THIG G FEHRIEAS | R B AR T 9 04 N
Kb, MEE S IR LA EE IR LT

AT T &P EEA ™42 Fano LR I7E
MSEOATS 6, ik 5 .

£5  HFEDCRHETE Fano LRI A H

Table 5.  Comparation of diffrent silicon wave-

guide unit for Fano resonance.

Ik RGE MR RRR TXERR N
PCNC /N i /B =) FeH K /B IK
MRR # #@EH K — % R Y&

MZI Rk ROk i A a / B ES

4 Fano ik &N E T4 M % 1

Fr b A GAE B AL P AT LA 2 R % R A
L B4R B AR 25K . Fano JLIRICHE AR X AR
PR HAE J I T A DG Eh 3] DL e KRR
f/), HI e A BE R B/ Nl R ) 5 A AR o 2 A
RN, FARHIE A N TR RAR IR, TEfek
/NI RN Nk BE R, (A5 & & B T4k
e G A P BE.

4.1 Fano tFHXZFH

YER R B4 UE 5 A B AN AT /D B 4 R 47
RICTF R — HAZRUE, IAEk, 7R3 Pk fg
ST I T T iz m w2 i, T
2 Fano AR GIE N H] TOCTF ML H, 181 9K
Lorentzian Z6JE (BAZE) Fil Fano L4k (£1.2) &I,
JGaE A I ARRFF R B FRIRE, Sbsrky “0.017 %
TFRA IR, M R AR, 3 dB H SEAH
5, Uk Q FAHIA]. oAb i 322X 52 Lorent-
zian FLPR T EHA H Fano LR 5 K 94 m £2

PASEBLIRAE RS S M HKF, BF AN, > Adp. X
MR Fano IR AR R AL AL s (9 fE
HMEA RS, & TR O

| A\ —— LorentzianZ&%J
1.0k T —— FanoZZl
0.8
® o6}
= 0.6
=
T 04
o
0.2}
/'
I
0 =
o
1.53 1.54 1.55 1.56 1.57
K /pm

Kl 9 Fano 34k 5 Lorentzian £ ¥ B JF Mg
Fig. 9. Switching performance of Fano resonance and Lorent-

zian lineshapes.
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& 10(a), Z2IF 5% UE B 45 44 7] 7 A6 P RE LR Y
Fano HA4R)G1E% 10410, SOI 31 PCNC ll#H A PCN
A S Fano $E 4% B2 (& 10(b)), i # B A
Kerr MM A NIILYER S WM R (RO H) BT
FHECT RS SALT, R SR AR
Tk, Fano JEHRIGHE I BE IR AR AT UL i 45
32 T2 SEL X L EE T4, AT #l ] Lorent-
zian YEilH FEAONY . 53E Bz A EL, A
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FEARA YR, E2E R ThiE kS PCNC A
R B RBCR R =, [z g ) sk i
HRIRFEL. &5 A S Reihizst, fEMRULT)K
WK Sk 2 i[RI T RE ) Kerr REX LSRR
LA, WM O RE R HAE, @
SER T, R g e R R AE AR FL N, B3
BHRROEMHEAER, 7 DLt —2 AR CRE
e TR AR LM N, e AR TIFE R W
FEH (0.76 pJ), FF YIRS [E] K2 FP (0.707 ps)
T IETF W, HAERRE R SHN 16 pm?,

Transmission

O i J7a 1 o~ 1
1.38 1.40 1.49 1.50 1.51 1.52
A/pm

Kl 10 Fano 3 4f ik ol ¥ ¢ 12
(b) PCNC #4 PCN Hoti%
[42]

Fig. 10. Silicon optical switch based on Fano resonant!?:

(a) PCNC #§ 45 PCN;

(a) PCNC couple PCN; (b) corresponding spectra.
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M. R, Z BTN T TR T BRI G 2
ARG =M B J#K H (third-order intermodulation
distortion, IMD3) MR Z, If# i # R I (car-
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Fig. 11. Silicon electro-optic modulator based on Fano res-
onant: (a) MZI couple MRREY; (b) single waveguide
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MRR, ¥R REFEL N 1.76 x 10* dB/RIU, ¢
TR T A s B R AN 12(d) B, T
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K /nm

(a) YT HUAT 195 (b) Jat=X MRROY; (c) #2180 12 B (0364 (d) Fano 4R 03k BEYT 3 AL 1AL b ith 22,

Fig. 12. Fano resonance for sensing applications: (a) Cross section of waveguide!*®; (b) MRR composed of grating/®l; (c) setup for

sensor364; (d) spectrum of Fano resonance versus refractive index (RI)P.
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Fig. 13. EIT-based optical nonreciprocal transmission: (a) Microrings forming a dual MZIsP; (b) characteristics of optical nonre-

101]

ciprocity spectral®; (c) wavelength of port 1 versus input power®); (d) wavelength of port 2 versus input powerl!0!.
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Abstract

The development of silicon photonics provides a method of implementing high reliability and high precision
for new micro-nano optical functional devices and system-on-chips. The asymmetric Fano resonance
phenomenon caused by the mutual coupling of optical resonant cavities is extensively studied. The spectrum of
Fano resonance has an asymmetric and sharp slope near the resonance wavelength. The wavelength range for
tuning the transmission from zero to one is much narrow in Fano lineshape, therefore improving the figure of
merits of power consumption, sensing sensitivity, and extinction ratio. The mechanism can significantly improve
silicon-based optical switches, detectors, sensors, and optical non-reciprocal all-optical signal processing.
Therefore, the mechanism and method of generating the Fano resonance, the applications of silicon-based
photonic technology, and the physical meaning of the Fano formula’s parameters are discussed in detail. It can
be concluded that the primary condition for creating the Fano resonance is that the dual-cavity coupling is a
weak coupling, and the detuning of resonance frequency of the two cavities partly determines Fano resonance
lineshapes. Furthermore, the electromagnetically induced transparency is generated when the frequency
detuning is zero. The methods of generating Fano resonance by using different types of devices in silicon
photonics (besides the two-dimensional photonic crystals) and the corresponding evolutions of Fano resonance
are introduced and categorized, including simple photonic crystal nanobeam, micro-ring resonator cavity
without sacrificing the compact footprint, micro-ring resonator coupling with other structures (mainly double
micro-ring resonators), adjustable Mach-Zehnder interferometer, and others such as slit waveguide and self-
coupling waveguide. Then, we explain the all-optical signal processing based on the Fano resonance
phenomenon, and also discuss the differences among the design concepts of Fano resonance in optimizing optical
switches, modulators, optical sensing, and optical non-reciprocity. Finally, the future development direction is
discussed from the perspective of improving Fano resonance parameters. The topology structure can improve
the robustness of the Fano resonance spectrum; the bound states in continuous mode can increase the slope of
Fano spectrum; the Fano resonance can expand the bandwidth of resonance spectrum by combining other
material systems besides silicon photonics; the multi-mode Fano resonances can enhance the capability of the
spectral multiplexing; the reverse design methods can improve the performance of the device. We believe that
this review can provide an excellent reference for researchers who are studying the silicon photonic devices.

Keywords: optical resonant cavity, silicon photonics, photonic integration, Fano resonance
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