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Abstract: As the information age progresses rapidly, the demand for silicon photonic integrated circuits in optical
communication, quantum precision measurement, artificial intelligence optical computing, and microwave photonics
continues to grow. As an essential component of silicon photonic integrated circuits, optical isolators effectively
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prevent the backpropagation of optical signals, ensuring system stability and reliability. They are widely used in key

technologies such as optical fiber communication, quantum communication, and laser systems. This paper reviews

the research progress on on-chip integrated optical isolators, focusing on different implementation methods based

on magneto-optic, acousto-optic, electro-optic, and nonlinear optical effects, discussing the advantages and

challenges associated with each type. Finally, the paper explores future development directions and potential

applications.

Keywords: silicon photonics; optical isolator; non-reciprocal effect

1 3| §

bt 5 DR IEE A S, i T S b S
B s B G, SRR . RS Ak 7 A L
(silicon photonic integrated circuits, PICs) 7E Y6 i {5 .
OO DGR B ERAAIE ., S &) m
B SRR R R E SO PR PICs HHE
PILH R, Horp, OERRE &S R AR — D Irmrpt
i ik FLBEA AR S 7 )Gl ot i g, A8 PICs R4E
A G T BA R E g N, B AnBHEY R 5
JGHE AU DGR E S5 2 BINEOGES . Wit
WERGTMZ AT RGN, &
AR Z R RIS . GRS e 2R tE b
FIABE . PR AP B 58 . IE LGRS, FREs
s HB i 15 A A S R 2 2 Al AR R

W T ) R 0] 375 S D P i K78 S 48 2 Sy e KB 125
FE 5 BB B KT e — Y I 3 Bl R (1 B
B (AP ES BE R T 10 dB MBS L 10 dB R B
Bi)o KBRS . ERR B T AR A FE R
I ERE 2 A RO R R B R, T e PICs
RGN AR, RS R R S 50% 1Y A AR
BOGHE 4 T w4 AT #E6 (magneto-
optic, MO) "™ | F (acousto-optic, AO) &'
H1% (electro-optic, EO) &, U KOG AR LR 5L
R A nE R BEOGRR B RREA T . &
BEPEROE AL, BIIm G RO RIMELIZERL . 775 MING
YRl ATFE RIS 5 BT 75 R0 Y B i i it 22
FTAOEFE R kAR B 5k, BREIT
HEgeirse; mothmsastEaeii s, HoFeR . T
kG BE AN T 5 ARG SRR B gt T4 A AN

SiO,

Through isolatcgr ,

|
@Phase 0 @’hase 6

|
Isolator ¢
chip ’

|

L]

|
Forwar}d ¢ Filter chip PN

I(Backwardnor_‘ ’
AL

—_ — Lmod 1

L]
! . Backward
<

i l . h :rhrough isolator |

Integrated
optical
isolators

V&<¢=1 202,

= (o}
R, - o
3 M. D= ¥o
XS o —_—N
/77
,‘,ﬁ/d z
WO
2 =
w—' =

XPM SPM Thermal

Backwards 7/,
isolation

Fig. 1

A1 AT REFEGE EERLRE R gI20E2

On-chip integrated optical isolators based on different effects!*'*'**"

240285-2


https://doi.org/10.12086/oee.2025.240285

W, . HL T, 2025, 52(2): 240285

https://doi.org/10.12086/0ee.2025.240285

UEP AR, R BB B RS . AR T
BT AR i A R RO S B, X
RAHLEFAPRAIEAT T JEE,

2 FESZEHRE

oM E RGP — B, BEORTE
VO IR 5 i 1 LA B, AR A 0 R 1 A [
A S 1 M ERE S E L Hy, iR 2 IR
Yoyt Ey. Hyo TEJCIRNGOL T 30 1 B4 se i d5 7
A
VX E = —jowuH,
{ VxH, =jweE, ’ M
X o WREESHMIR; 1 AN TREET R ¢ Ao
iR VOSSR T () B A,
() FASET E, AR
Hy-VXE, + Ey-VxH, = jo(Es¢Ey - HopHy) > (2)
S i e, R REA
H,-VXE2+E1'VXszja)(ElsEz—Hllqu), (3)
K@), K Q) Hmifs
V'(ElXHZ—szHl)Zj(L)(EzEEl_ElSEQ
- Hz/,lH] +H1/.1H2) ) (4)
HeMlpEpr it s ok, X @) A%, 152
e 2% H D) e
V'(EIXHZ_szHl):O. (5)
X g BT BREVERVERS R , 20 BLEOR &%
PFIT IR R HA SRR o
S=5", (6)
A SE@)T:??ES(?EIS,',-:}J,-/%, aiﬂ*ﬂbjﬁj”aﬂﬂﬂﬁﬁ"élj
§ R 1T AR A S R (BN i A IR
R B AR EORA TR R — AR B R R 7 1) '

ME SV, SCHAR T D . SRR S U 1 R B
FEOM R 2 fros , O R R W12 o
RAW—AJ7 1 LR T . 8 7T e 25 5
ok, BAAERFRIK A H B RO AR 1
ORI HITOER AR IOAT K, AR SCAEER =35 R i e
Ea AT A . BEFROCRRES AR/ NIAL . Bk
R EE, BOCHBIAE LIS S 25 Bz R 2, HF
FENGUHRIRE A L TR Ch s 25 o

™= Forward light
m Backward light

)

b, _0 0| a
b,) |1 olla
B2 Bk S UGE T e B B A HRA4E

Fig. 2 Single-mode waveguide two-port isolator and its
scattering matrix

g

3 #HRERS

B oo Tt o S R PR T 85 3 VB SO S
W T DNEPEE OGRS . PR IRES A — AR
Bk seBbebm s, sl 3 fis . WiRELaE Rt
AT O PR T 25 R A e . el ) A BE ) SR AR T
] FUEH 7 ARG . A IR IR 25 72N ) 04 £ 1)
A . Rl PRI AN SRR 45039 )
it B AT 5B R 1) SRR B W T RE . PRI RGP B 4
£ 1550 nm JE KT AT SEBLR T 30 dB YRR BT, /1

Polarizer

Polarizer

B 3 MakkmiiasiEiER

Fig. 3 Diagram of traditional bulk magneto-optical isolator device

240285-3


https://doi.org/10.12086/oee.2025.240285

WorBit, 2. GH T2, 2025, 52(2): 240285

https://doi.org/10.12086/0ee.2025.240285

T 1 dB WA ABRE. SR, ROGH K5k
BB AF AEAR Y fiA% 2R L AT R IE ,  BUER IR
PR

B % 4 B AR 1 AS T B AR Ce: YIG™ ! Bi:
YIG™ &k hi S et R B R B, RIF 454 |
ANEAREE Y A B RECRR B s g i A ok, 4G S fh-
5 R+ #4L (Mach-Zehnder interferometer, MZI) 4%
FU 0 BRI R IS (micro-ring, MR) 4544
B (multimode interference, MMI) 545

3.1 ®Et MZI 4544

MZIVE R Cha s i 25 2 —, B RaT L)
IBWIF] 1975 4, Auracher %07 HEH 1) —Fp S FAE B
Y IR R ZI L =R A [ Bt BRI RNI U Y e sy N
BRI T 2RRRE], J0EF TS e, B bR B
4 (wafer bonding, WB). ;4177 (sputter deposition,
SD). Otk it R (pulsed laser deposition, PLD) 45
B AR AR W &, Ghosh 25 7 2012 4R 5
5] 6] $E 5 5 B R il £ T SMO-MZI g 5 4%, B
il 4ca) FE 4(b) B, B & &% T™M AR E 8
BB L 25 dB(IA] 4(c)), i ARFEN 9.7 dB. HHXF

TE R ICHIFE RS, Ghosh 25 7E454> Si/MO I T/
WAL T 8 MR iEF #% (polarization rotator, PR),
Wk 4d) Fias . B 4(e) R T iZ a8 1€ 1540 nm 4b
SEELT 32 dB WIS EE, {HEH T PR MIBIAMIAE, %
AR ABIFER R T 22 dB.

2014 4, Shoji 25" SR FH Sh IR RS 1 il 2%
MO-MZI [##sds, HAZARIK FAE (silicon-on-insulator,
SOI) It I B 28 1 Z5 A N ] S(a) Bim o i X
T™ i % O O B 25 EE R 30 dB, Jfi AfAE A 13 dB,
Flsb) R T H BB E G, KEMNHR 1.5 mm,
Shoji %7E TM B 5 1Y — s i i1 TE-TM B FE 445
., FE#EA MZIZHi, kA uH 18 TE fi AD6HE %
BN TM R dRot, ARSI TM B Es de kA 7 ik )
TRy (nlEl 5(d) FR)o A AE 1553 nm B AL 1R
Bk 26.7 dB (& 5() Fiaw), o TSR
K, MR FHCLF BT iRE R 33.4 dBY

AR, FHUTRRE AR #l5 MO-MZI 5 {41
MTHERE, 752019 4F, MFRHERF KA SOI #f
JiE A PLD HARSELT MZI & TM 5 TE Pkt
MIRR RIS, PIRP R 25 A2 WA LR an 5] 6(a, b)

= Ce: YIG on -5
B I S
[ L, Magnetic field o-15
kel
Light infout =
— — ]
> 0 -_—
* seGG [450um £7%
Ce:YIG 1260nm &
= -35
Curved ] L, —_—
gratings 900 nm _a5
Y X Silica buffer
= ‘]; 1491.6 1493.6 1495.6  1497.6 1499.6
z z Y Wavelength/nm
_20 , Backward
@ -30
=
K]
8-40 32dB
£
[72]
& -50 Fi d
TE grating = orwar |
coupler
_60 ....................
1535 1540 1545

Advanced pa;sive waveguide

Wavelength/nm

B4 & A A 4 & MO-MZI T8 % £, (a) &1 Ce: YIG B 269 MZI A0 KT8 B BREAMNE; (b) i @ilE;
(c) ER @t ey tbinit; (d) Aiim PR B LEMBIEE; (e) shnsty T a9tk ik
Fig. 4 Wafer-level indirect bonding for the preparation of MO-MZI isolator®**”. (a) Schematic top view of the optical isolator composed of a MZI

covered with Ce: YIG; (b) Cross-sectional view; (c) Transmission spectra for forward and backward transmission; (d) Schematic of the structure
after the addition of PR; (e) Transmission spectra under an applied magnetic field

240285-4


https://doi.org/10.12086/oee.2025.240285

WorBit, 2. GH T2, 2025, 52(2): 240285

https://doi.org/10.12086/0ee.2025.240285

ﬂ Nonreciprocal Phase bias  Output port nS| waveguide Ce: YIG

3x2 couplers
24l v
field s

phase shifters

Magnetostatic :

Transmittance/dB H
1
N
o

__Reference w/o Ce: YIG
Il Reference w/ Ce: YIG
-30 :"“”—T‘I’%“‘N‘:’r*
2 40/ L
-50 v
-60 + Backward | w:/lo H Forward
1530 1540 1550 1560 1570

(input: TE, output: TM)

n Wavelength/nm
TE-TM mode Port-4 Port-1 e -20
converter Ce: YIG Optical isolator o "ig”ﬁ?’\a"’m ot TE)
Optical isolator TE_ Port-4’ it T =30 /( P o o
R
Magnetic field Mode | 3 e
. converter; g —40 N
Si ! = N\
Sioi Forward == £ 50 %
Y 1 c ¢ H ¢
~ 1 = 60 Port-1—Port-2
H
1
i

.
R
'," Backward
+

(output)

=70
1530 1540 1550 1560 1570

Wavelength/nm

1.5 mm

B 5 &5 ALEseHE MO-MZI a5 £,

(@) &F MZI %) SOl k5 B 5 RIEA; (b) #4460 MZI AKX F 8B 5

) RMBEG; (C) BRI EIE; (d) B TE-TM RS B e) Ll s BRERE; (e) £ Si-F& L) RmA%;
() AT B B0 1 Fesp 0 2 Z A 6954 5
Fig. 5 Wafer-level direct bonding for the fabrication of MO-MZI isolator"*". (a) Schematic diagram of an SOI waveguide optical isolator based
on MZI; (b) Microscope image of the fabricated MZI silicon waveguide optical isolator; (c) Transmission spectra for forward and backward
transmission; (d) Schematic diagram of the optical isolator integrated with a TE-TM mode converter; (e) Microscope image of the integrated
optical isolator on the Si platform; (f) Transmittance between port 1 and port 2 of the integrated optical isolator

FiR o TM BB B 284 1574 nm P K AL H A7 30 dB
P e AR B 5 5 DL K 5 dB B ABRAE, 10 dB HIFE
B 96 9 nm; TE MR B 25 7E 1588 nm Kb H
A 30 dB MU RBRES LI K 9 dB A AdRE, H 10dB
BB B 55 2 nm P 2020 4F, HL PR R SE R
BAEAALAE (SLN,) F & FAE S T W R MZI
RIFEESAS, &l 6(c) o T HIVERY Si,Ny/MO U (1 #K
T HL T /8% (scanning electron microscope, SEM)
K%, HikS ™™ JERR) E, /- RAatan (&l o0 Fis .
TM B B 29 7E 1555 nm I K HA 32 dB i KR
BRI M 2.3 dB B AR, 20 dB RS E N
4nm, 10 dBFRE W %~ 13 nm; TE FX R B #1E
1558 nm I K H A 30 dB 4 e KB & B LA & 3 dB
HOFH AFE, 20 dB FRESH 54 S nm, 10 dB [ ES
i 94 16 nm'™ . Chen %5 7F 2024 45 i B JE/R T
BT MZLZSHR i EREGRR S &%, AR FAE 1550 nm
BT SEE T =53k 50 dB YRR S AT 72 nm (1 30 dB
T o N o 3 W TF &2t B et (I S S e |
R X R R

BT MZI S5 K6 1 B B 15 45 1 O 3 7 1 L v ol
B R SR R IEYE, AT LG AR
SEPUREHAGIE S A0, H R A A Kk, H

AL IR RENE . SR, BISMY PR 25 LY
K27, MZIFRE T REa T ABRBIRASGE, #H
BRI TREMENRE, MZI 45 TR0,
AT NS A

3.2 ®i MR &4

TP 1B I s PR 55 4t 0T PR F- (quaality factor, Q).
IR B AR RER, 1ERIRUERS . SLImIEE
BOtE . TN B AESPEE T N B
RS CAT BT RR B SO e B s sl A 0 3 1, A s
16 (R T BT OCAERE 7 I ) 175 6L
N, PEAAEE AR . X IERGRE, SGES T
R A AR & HE AR I AR 5 s R T S ) 545
TR R BN R IR IR, BE 50 G
BT S, AT S B B R, L B
& 7(a) Fis o

2011 4E, Bi %" @1t PLD £ R 145 Ce: YIG ¥
i, RN AERE LR BT R 4R ) MO-MR
Bar, Wi 7(b) R ARIEAE 1541.6 nm K TR
PR 19.5 dB URAES LA 18.8 dB AT AFRAE (141 7(c)).
2016 4F-, Huang %" &R T3l i b A5 A Ce: YIG
WA MO-MR R, R S B R 0 fcs R o0

240285-5


https://doi.org/10.12086/oee.2025.240285

W adi, 4 S6HL T/, 2025, 52(2): 240285 https://doi.org/10.12086/0ee.2025.240285

: []
. Reference Si WG

-20 -20 Reference Si WG
S S
2 g %0
o o
c c
s S 40
TE isolator € €
2 2 -50
[ ©
RPS = =
: -60 :
Backward Backward' ' Forward | |
1530 1550 1570 1590 15630 1550 1570 1590
Wavelength/nm Wavelength/nm
m--
-20
m -25 m
3 K}
8 -30 8
200 nm .é -35 §
€ _ \ / £
g ~40 \ 5 45|
© —45¢ { \ o
= i Reference TM WG| - -50} \ Reference TE WG
-50 } J Forward Forward
5 Backward =55+ Backward
. 1530 1550 1570 1590 1530 1550 1570 1590
. Wavelength/nm Wavelength/nm

B 6 WREAHE MO-MZI a8 £, (a) TM 4= (b) TE & & £ 4903 243 AL B %, 42K 4 100 um;
(c) TM #= (d) TE B X 1% & B 69i& 41 038, (e) 41449 Si,;N/MO 585 49 SEM B4 (f) 424 Si;N,/MO %5242 TM 49
E, #7: (g) TM A= (h) TE BEX 8 % %654 kit
Fig. 6 MO-M2ZI isolator fabricated by deposition technology ***”. Optical microscope and scanning electron microscope (SEM) images of (a)
TM and (b) TE isolators, respectively, with a scale bar of 100 um; Transmission spectra of (c) TM and (d) TE mode isolators, respectively;

(e) SEM image of the cross-section of the fabricated Si;N,/MO waveguide; (f) Simulation of the E, field distribution of the fundamental TM mode
in the Si;N,/MO waveguide; Transmission spectra of (g) TM and (h) TE mode isolators, respectively

ffffffffffffffffffffffff o . |
i —_— 0
Joa} 1 -
c S -10 h
K] Si resonator 5] 1
2 i § -20
= E |/ Isolation ratio
2 Igolation ratio g -30_01 A 19.5dB
g © -20 \ { \ |
MO oxide = —40{38 " TM mode
Operation wavelength 1 o I | ‘ -H
X, _ 1540.8 15416 1542.4 ‘ +H
Zy ?841.4 1541.5 1541.6 1541.7 1541.8
Wavelength Wavelength/nm

Si reference waveguide

powerldB
Ld

v
- - )

Transmitte

545 1550 1555 1560 1565 ——-80 mA
Wavelength/nm 32 dB isolation +80 mA

-70
1555.01555.1 1555.2 1555.3 1555.4 1555.5

Wavelength/nm

Transmitted power/dB '
I
N
o

Ce: YIG SGGG

B{7 MO-MR &# &5, (a) MO-MR L8 & ¢4 T4 R, (b) FEHABKBEEMTER; (c) TMAEX &4 L,
(d)faB BEELEMA; () h LB REE I MBI () TM B EH L%
Fig. 7 MO-MR isolator®”. (a) Working principle of MO-MR optical isolation; (b) Schematic diagram of the non-reciprocal optical resonator

structure; (c) Transmission spectra for the TM mode; (d) Perspective view of the isolator device; (e) Microscope image of the on-chip
isolator device; (f) Transmission spectra for the TM mode

240285-6


https://doi.org/10.12086/oee.2025.240285

W adi, 4 S6HL T/, 2025, 52(2): 240285

https://doi.org/10.12086/0ee.2025.240285

WA 7(d, e)o FE 1555 nm P K AL, AT oS
TM A5 25 1 B 25 E ok 32 dB(&] 7()), i ATFE
2.3 dB. UbAh, B EN FHPEGS]A PR, 4
T TE B3 MO-MR [ #, DS H e Lkl 25 dB,
FHABHERN 6.5 dB™,

Du %" AE 2018 4R T — Rl HAT B R 5 LY
MO-MR FEE R, &l 8(a, b) 437 k2 B 5 2 P Fn i f
BEEIME, £ 1560.1 nm JE K AL, T™ R IRG A ES LE
ik 40 dB, JHABFER 3 dB, WE 8(c) i, AT
AR ABIRE, 8 % il 7 — Rk T hrirot
Tl T 28 TM AR Si,N/MO-MR [ s, HOE
4 0 g R AN E] 8(d) fs, BT SEN, IS A 1
(RABRANFE, ZEHAE 15703 nm K ALSEI T 1 dB
HOFR ABIFER 28 dB MIRRES B, Gnl%l 8(e) Fizn. il
E— AL TR Z5 4, 7E 1579.25 nm Il K Ab 4 A 5
KNIk 0.5 dB.

5T MR 56 (01 ' b 25 25 LA v B 25 2 R IR
ABFERILHY, AET MZI 5 RPN, & T
RSO TR BN . SR, MR IEIREE S
HHAT RS, HISRIR R AR, A5
B, DM B A S s R R R TR R,

Silicon waveguide

B AN T T ZEOR B B, T LAt — 4R T
T MR Z5H B RE GRS e 00 TAEMERE

3.3 B3t MMI 2544

FETF BT P (MMI) 45 F49 % 6 B 5 25 (4 1
AT IRT 2000 4F By Zhuromskyy 2542 0 MMI
MAS MR 2R, R T e —E
PEES AN AL A BAR, BT ROGRLN , IE ) RIS i A5 4%
AR s K AR AR X RR AL, RGBS e A 22 5
3 P MM SRR, AR AR e e di
Ui T A L RRAS, T B R G AR PR T
FURAGRRN, I SE B RS

2005 4F, Yang " fifi FH 5 6 5 B AR AE InP 5
i EIE T Ce: YIG/InGaAsP/MMI & B &% . Hi T4
G AR ATRA, SEER SR WoR R E AU 2.9 dB.
2016 4%, Shui %" 48 ) T —Fh 3T TMO I TMI 5
A RERE TM 28 MMI #EGRR B o, Hh 4 s B 4
 9(a) iR . B TARE MR, X R LR IE
[ FR [ A4 e R B 2mn T Cm+1)r (m D)
FIAANI 22, RG-S IE RS T AHE LB 2 . AL
PALERELI, 31042 um KZREEEL T 0.817 dB 1
FHAHEFD 1.6 nm 1) 20 dB FEESHF Y. Yamaguchi 25

H

Transmittance/dB

1559 1560 1561  ==f====== t....

1559.9 1560.0 1560.1 1560.2

Wavelength/nm

Transmittance/dB

IR=28 dB
1568 1570 1572| __y _ ——Backward

Forward

1570.05 1570.20 1570.35 1570.50

Wavelength/nm

A8 MO-MR&&E™Y, (a) kL HiRELEMTER,; (b) MO-MR 2% ReGHALE RME; (c) BB Beyiks ik
(d) & F SizN, Rl IRIEe) TMAEXLIE S B3 RMERE; (e) BB Beyid 4 it
Fig. 8 MO-MR isolator®*”. (a) Schematic diagram of a non-reciprocal optical resonator; (b) Top-view optical micrograph of an MO-MR

isolator; (c) Transmission spectrum of the isolator; (d) Optical microscope image of a TM-mode optical isolator based on Si;N, waveguide
resonators; (e) Transmission spectrum of the isolator

240285-7


https://doi.org/10.12086/oee.2025.240285

WorBit, 2. GH T2, 2025, 52(2): 240285

https://doi.org/10.12086/0ee.2025.240285

Waveguide

Tapered mode
converter

! Oﬁtput

A\ Inp neto-optical phase shifter N

TEO+—TEQ «~TEQ —TEQ
TEO A TEO
TE1 —TMO—TMO— TE1

—
1500 ym

‘Silicon
Ce: YIG

g
Silica ]
S
‘»
L2
1S
(72}
15
= 50 Forward
-60+ Backward

1530 1540 1550 1560 1570

Wavelength/nm

S XX

RS "

@ b )

o ) |

5 T

[72]

S -60 Forward ”

= Backward

= -65 REF w/Ce: YIG

-70
1530 1540 1550 1560 1570

Wavelength/nm

B9 MO-MMI&# %, (a) SOIIMMI ZZ X T8 & %44 R2E; (b) 15 BeE4 ik (c) & F TE X4 MO-MMI &

BRTER,;

(d) MO-MMI & & S 69 FAL S A ; () Fa B BayiEH ik

Fig. 9 MO-MMI isolator®>*”. (a) Schematic diagram of SOI/MMI magneto-optical isolator structure; (b) Transmission spectra of the isolator;
(c) Schematic diagram of MO-MMI isolator based on TE mode; (d) Top-view optical micrograph of MO-MMI isolator; (e) Transmission spectra of
the isolator
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R RTRAEOL R L RERILE B Bk rus
Table 1 Performance comparison of on-chip integrated optical isolators based on magneto-optic effects

Device type  Year Isolation ratio/dB Insertion loss/dB  Isolation bandwidth/nm  Polarization Platform Structure Ref
2000 4.90@1550 nm — — ™ GalnAsP ~ Waveguide  [46]
2004 9.90@1550 nm 25.0 — ™ HfO, Waveguide  [47]
2008 21.0@1559 nm 8.00 10@10 dB ™ Si Waveguide  [48]
2012 25.0@1495 nm 9.70 0.40@20 dB ™ Si Waveguide  [38]
2013 32.0@1540 nm 220 0.50@21 dB TE Si Waveguide [39]
2014 30.0@1548 nm 13.0 1.0@20 dB ™ Si Waveguide [7]
2016 26.7@1553 nm 334 — TE Si Waveguide  [31]
Mo-Mzl 2017 17.9@1562 nm 10.0 2.0@10dB TE a-Si:H Waveguide [49]
2017 29.0@1523 nm 9.00 18@20 dB ™ Si Waveguide  [50]
2019 30.0@1574 nm 5.00 9.0@10dB ™ Si Waveguide  [32]

30.0@1588 nm 9.00 2.0@10dB TE Si Waveguide
2020 32.0@1555 nm 2.30 4.0@20 dB ™ Si;N, Waveguide  [40]

30.0@1558 nm 3.00 5.0@20 dB TE Si;N, Waveguide
2024 50.0@1550 nm 0.687 72@30 dB ™ InP Waveguide [21]
2011 19.5@1541.6 nm 18.8 0.040@10 dB ™ Si Ring [8]
2011 9.00@1550 nm — 0.040@5 dB ™ Si Ring [41]
2016 32.0@1555 nm 2.30 0.60@20 dB ™ Si Ring [33]
2017 11.0@1558 nm 9.70 0.16@5 dB ™ Si Ring [51]
MO-MR 2017 32.0@1555 nm — 3.0@20 dB ™ Si Ring [43]
2018  25.0@1550 nm 6.50 40@20 dB TE Si Ring [42]
2018  40.0@1560.1 nm 3.00 — ™ GeSbSe Ring [34]
2019  20.0@1584.8 nm 11.5 — TE Si;N, Ring [32]
2020 28.0@1570.3 nm 1.00 — ™ SizN, Ring [40]
2005 2.9@1550 nm — — ™ InGaAsP ~ Waveguide [9]
2016 45@1550 nm 0.800 1.60@20 dB ™ Si Waveguide  [35]
MO-MMI 2018 16@1561 nm 3.40 — TE Si Waveguide [36]
2021 15@1537.3 nm 5.00 2.00@10 dB TE Si Waveguide  [52]
2024 45@1550 nm 2.59 53.5@35 dB ™ GaAs Waveguide (53]

45@1550 nm 2.25 70.0@35 dB ™ GaAs Waveguide
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Fig. 10 Acousto-optic isolator™. (a) Representation of phase matching conditions in frequency-momentum space; (b) Schematic diagram of
the phonon-photon interaction region; (c) Forward and backward transmission spectra under perfect phase matching conditions
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Fig. 11 Acousto-optic isolator*'**". (a) Schematic diagram of the CFIDT; (b) Cross-section view of the acousto-optic interaction region;

(c) Variation graph of isolation and insertion loss with frequency detuning; (d) Schematic diagram of the isolator device; (e) Cross-sectional view
of the isolator device; (f) Transmission spectra of the isolator
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k2 RFERHIER LERKIRE BMAEILE

Table 2 Performance comparison of on-chip integrated optical isolators based on acousto-optic effects

Device type  Year Isolation ratio/dB Insertion loss/dB  Isolation bandwidth/nm  Polarization  Platform Structure Ref
2018 15.0@1550 nm — 0.0088@3 dB TE AIN Ring [59]

2019 8.00@1540 nm - 0.0080@3 dB TE AIN Ring [61]

AO 2021 12.0@1523.7 nm 0.6 0.80@16 dB TE Si Waveguide  [11]
2021 39.3@1538 nm 1 0.0016@10 dB TE LiNbO, Ring [10]

2021  10.0@1545.55 nm 0.1 0.0056@8 dB TE Si;N, Ring [12]
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Fig. 12 Electro-optic isolator"™. (a) Working principle diagram of the MZM-based isolator; (b) Square-wave voltage signal; (c) Forward and
backward transmission when modulating the MZM with the voltage shown in Fig. (b); (d) Forward and backward transmission under the
driving frequency of 2.75 GHz
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Table 3 Performance comparison of on-chip integrated optical isolators based on electro-optic effects

Device type  Year Isolation ratio/dB  Insertion loss/dB  Isolation bandwidth/nm  Polarization Platform Structure Ref
2005 30.0@1550 nm 8.0 — — GaAs/AlGaAs  Waveguide  [64]

2015  12.5@1500 nm 55 90.0@12.5 dB — LiNbO, Waveguide  [13]

o 2016 — 5.3 90.0@7 dB — LiNbO, Waveguide  [65]
2021 13@1556 nm 18 0.0160@3 dB — Si Ring [66]

2023 48.0@1553.2 nm 0.50 120@37 dB TE LiNbO, Waveguide  [14]

2023  15.0@1550 nm 0.50 100@10 dB TE LiNbO, Waveguide  [15]
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Fig. 15 Nonlinear optical isolator"®*”. (a) Schematic diagram of light isolation through Bragg scattering for forward-propagating light; (b) Case

of backward propagation light; (c) Schematic diagram of the optical isolator. SPF: short-pass filter, LPF: long-pass filter; (d) Transmission
spectra of the isolator, with the upper plot for forward-propagating light and the lower plot for backward-propagating light
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Fig. 16 Nonlinear optical isolator"""**"

. (@) Schematic of spontaneous symmetry breaking in a microcavity; (b) Device diagram of a

nonreciprocal isolator based on Kerr effect-induced fused silica microring; (c) Graph of the isolator's characteristics as a function of input power;
(d) Microscope image of a Si;N, isolator, scale bar: 100 um; (e) Measured insertion loss and isolation peak under different
coupling rates k, and k,
A4 AThRFIERMEIULG R LERLIGE Bk s

Table 4 Performance comparison of on-chip integrated optical isolators based on nonlinear optical effects

Device type  Year Isolation ratio/dB  Insertion loss/dB  Isolation bandwidth/nm  Polarization Platform Structure Ref

2013 4.0@1582.3 nm — 8.00@4 dB — Si Waveguide  [16]

2017 30@1550 nm 7.0 — — Fused silica Ring [17]

Kerr 2022 23@1550 nm 46 — — Si;N, Ring 18]
17@1550 nm 1.3 — — Si,N, Ring

x? 2020 40@1570 nm 6.6 150@18 dB — LiNbO, Waveguide  [20]
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On-chip integrated optical isolators based on different effects

Overview: The rapid development of information technology has fueled increasing demand for high-performance, low-
cost photonic integrated circuits (PICs) in applications like optical communication, microwave photonics, quantum
information processing, optical sensing, and artificial intelligence-driven optical computing. In these systems, non-
reciprocal photonic devices, particularly optical isolators, are crucial components. Optical isolators allow light to pass in
only one direction, blocking back-reflected light that can interfere with optical sources or even damage lasers. In optical
communication systems, they help release multi-path interference and enhance system design flexibility by preventing
crosstalk between devices. As the need for highly integrated PICs systems grows, the development of efficient, compact,
and scalable on-chip optical isolators has become a key research focus. Several implementation methods for on-chip
integrated optical isolators have been proposed, based on magneto-optical (MO), acousto-optical (AO), electro-optical
(EO), and nonlinear optical effects. Each approach presents unique advantages and faces specific challenges. Magneto-
optical isolators achieve non-reciprocal transmission through the Faraday effect. These devices typically consist of a
magneto-optical material, such as Ce: YIG and Bi: YIG, combined with Mach-Zehnder interferometer (MZI), micro-
ring (MR) or multimode interference (MMI) structures. While MO isolators offer high isolation ratio and robustness,
their integration is limited by material mismatches with semiconductors and high insertion loss due to material
absorption. AO isolators rely on the interaction between phonon and photon in a waveguide. These isolators are
efficient and compatible with low-loss materials like AIN and LiNbO, but have limited bandwidth due to their narrow
optical resonance. Electro-optical isolators control light propagation through the Pockels effect. In an EO isolator, an
external electric field modifies the refractive index of the waveguide material, such as LiNbO,, to induce phase changes
in the transmitted light. EO isolators are promising due to their fast response times and wide isolation bandwidth but
face high power consumption and thermal issues, limiting large-scale integration. Nonlinear optical isolators break
reciprocity through effects like Kerr nonlinearity or Four-Wave Mixing, offering broadband operation. However, they
require high power levels to achieve strong isolation, making them unsuitable for low-power applications. Additionally,
they are complex due to the need for extra pump sources and filters. Future advancements in on-chip optical isolators
will focus on optimizing performance while maintaining compactness, scalability, and compatibility with semiconductor
processes. Hybrid solutions combining different non-reciprocal effects, improved acoustic wave generation, reduced
driving voltages, and the development of new materials with higher nonlinear coefficients will drive the next generation
of high-performance isolators.
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