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PEH T — M TS YRGS RE R 1 x 2 ST EUE 8y, b/ iEiE R
MAERE T, SR IERERE T O R 2 B S, R 2R EIEA B2 7 T4
BT 7 I B T PR, IR 5 & By 15 IR I quasi-TM BE A28 FGE S8 XFE s
W T TR A5 A 5 IR HE T 45 1 R I BB AR AR, IR R T A i R TR B AR I A AR BB
BB A — B AR B R T 2T X K B, 20 2R MR HE T U 3 AT i it i 1 tH — BAYARE, ML
o g 10 HE RS AT SEBAR Y S i e Th . SR =4 BRI 382 4B TE A 0 1 % 5% e R e AR TR
PEAIDHE T 288 S S5 S B RIE R 2. SR SE R, S s i 2 BT X RSF N 3 x 5 um?
i, 76 1.55 pm TAFPEAK T, quasi-TM EBEH H quasi-TM —B i (9 4f AR FEL) 8 0.35 dB, fir % 5
[ ER L —16.9 dB. 5148, 45 T iS00 B AE S F b AL 4 AR 1 L.

KEIA: B B eds, 2T, M, BT

PACS: 42.82.—m, 42.79.Gn

15 =

T B0 1 B AR B A AR T2
5 AN 8 A F T 48 (complementary metal
oxide semiconductor, CMOS) &< & 13 78
BAEE I (1.3—1.6 pm P K) FE W, G IR/NME
THE. J14h, FER T RS m AT R R A AR
REfg /N AL, BTG A s s AR k. R RS
W FERM ST AR, WoB iR EEs . FEHOREE.
R4, FEOGIRAE 5 8 OGS SUREA ) R 1) 8 H
HISC. 3 —J71H, J9 7 2 B 2 38K 1 ) 28 4 s
RITR, FREHFEAR, w58 H (WDM) U]
{52 (PDM) 126 & 8543 5 F (MDM) [7#) 4 v
ATy REERR, £ b Rah a5
ZRH. Hd, MDMAE R 25 2 HHEA (SDM) [
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H. MDM R4t B A7 &5 Hy ff 8, A2k R /N 45 4
T R A S B R BRI R A
FEAS T MDM REEHIE L. S5, ZHEAEL MR
Hh PR e A R A DA RS B B i A o )
e W B R A 1) R 205 MDM BRI R . BRI,
L £ % 4 28 (mode order converter, MOC) #2 [
e 5/E y MDM RS HIAZ O BOR, SEBL S {IRp 48
Z IR A B e D RE, B2 B ORTE. e
MOC £ 2R FIHUUE S 6 000 8 6 2 A hr
e AR A AR 25 12 454, 3 53 MOC B
FY B3 Sk 4l 1914 5 29 (multimode
interference, MMI) # & 2 &1 15101 54 T 3 2 4
B NRAG ) A a S, w7 AR R MOC 454
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FE mr vE. A ZE M R PR AN BB SR A,
R F AU Seth g O WK B
25 RO BEA T O AR R AR Y 2
2008 4E, Yan P2 £ H T —FhHET Si/Si0, B i T 45
I 2 x 2 Z BT MOC, MMI X 35 (1) R ~F A
20 x 829 pm?, TAEPHKTE 1.3 pm BT, FHBE N
65.7%, FEIRAF T BN HLAR ) AT — B A R
B RE. (B2, Za R T SiA R a4
F, HRSHm A, AR SR B 7240 m s
BERR. JTAER, RS S0 5 12924 R L R (1 A
TR B R R ST s, 52 30 B A A 78N 5L 1
Pz ORTE. H AT, 3T REIEAE I S 45 M i MMI 2
MOC, [E &Mt SRR R IE.

AR SCHR H i 3 e T A g K R S 1
BN x 22 BT 2 BB B ks e 2%, b
N/ HEE N E T, SR i A
Pz Jm T RO i) R HETE R R 2 B . AR e A
BSHh gy R E,. 5 B, B350 E R U KRS
P65 YR T 45 R 1 B A5 ks 25:20) KR AE )
— B AR AL B, AR Vet R HE T MIMIT &5 44,
B AR L M TR S U8 2 AASE B iy T i S — P ASE, A
T SE IR H ks e Th . %Rk 3E MMI 4 MOC 7]
PL5 WDM B | &R 456 &R BT, segl MDM 5
WDM & &4, MTiHem A 8 ok i it 2
&, 5 CMOS T2, K 4K B /i
AR Z S EARAL & T, 25 R Y MMI X 38 R~
H3 x5 um?, TAEHK N 1.55 um B, quasi-TM &
FRAE 4 H — B A5ty 11 PR 48 N A0 FEZ 9 0.35 dB, %t
i S B L —16.9 dB. BN, A SCPEAN4 T
T HE SRS HIHIERZ, AT
SRS P AR 77 1) AR AR 1 IO

2 BREMESE

A SR AT A BR % 4315 (FDFD) 25300 k47
R SR 7. FDFD A5 b2 5% FH 131 8 46 [
RARZVE RS, S EE A B e, &
F = 4 i 38k 7 BR 22 43 1% (3D-FDTD) B132 3475k
AL TR T MY, A 2% A 1 S B 2 400 % o A
RE.

BRIAT PR 22 43 A % B R oh 22 v = O FE 4
FIH Yee Mg 7 5 AT A NS H, K E 0

WHHRE,, H, &5, BintE B, AT
B ..
?OEm(Zvj)

1

= - 7[1{90(%] -

1) = Hy(i+1,j— 1
K3ea-hahy )~ Ha(i 41,5 =1)

o : . 1 . .
_ Hz(z,])+Hm(2+1,])]+mHy(@ —1,5)

+ kge;hg H,(i+ 1,7). (1)
Kb BN REE LG ko NETHWEEL .. A
WG hey by D EIN e 5y 71 E WSS B (H,),
E,(H,) R (Him) M sa . S8MT50 250
SCHR [30]. AR, (1) XT24k i AR
H 7%

[A] - {z} = A[B] - {z}, (2)

X [A] R (1) A RBUERE; A = B/ko, B
NAEREE R, ko NH B AT WL {2} = {E,, B,
H,, H,2}"; [B) AR, T R 0 ARG
&, (2) R[N K F R (B, B,) 8
Widn (H,, Hy) 7782, /N R FEM A, 38 st 5

5 FDFD R FH 0 B 3R 30032 570 S8k oK A v
Yy [ AN [, A BRI 22 433 (FDTD) P34 78 i
$ R IR TR A R ] L BN S L
Bt 2 (PML) BT Wi 54644, LAFDED iH5 Hi 11
AR NI AR, FDTD B85 43 #1 K 2 $0b ik
iR, s R BN SR, B R IA R
H[ 225 SCHR [36]. A SCR A FDTD B4 Hr s 78
MOC H AL 4E A AE L, Ak e RE5 4, 45t o0k
ZHIHIER 2.

3 GEMERE

Bl 1 (a) FTE 1 (b) 235l 26 T MOC =4k 4514
J MMI X S 1 (M 4k) n e B, i 2 BT A
G E T, R RS, = %N EK S
o = 5% Rl QS MR HE TR B2 20 ) AL e N/
T8 55N R, b Ly V MMIIX KR,
Wit N MMI [X 58 FE. i A\ ¥ I (input port) it
% 11 (output portl). #i i %4 12 (output port2)
I3 BB SR RN S R L N R
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Fig. 1 (color online) (a) Schematic layout of the proposed MOC and (b) its cross-section of the MMI section.

(taperl). it iEF:48 1 (taper2). % iEH: 482
(taper3) 73 Al 7N /i -5 MMI X (1) 42
2%, Quasi-TM JEA5E 4 N o K £ 5 N iE g kN
MMI X35, 30K 7 A= s B s, % B A 2 8] AH B+
W HBE B RN, ke — B EIR A B,
quasi-TM — B N 55 % H oty 11 150 H ) B quasi-
TM He A5 ECAE i th o 1 2 % . & ik it
1 quasi-TM FEBLE 49— BB 1) 6 D) 2L AT BE &,
NTIE S &

FELLT 2 ffreh, andohenl4e W, it A S 4
N TAEAEE (SiO9) #T S #E N 1.46, E/FREM
BHE (Si) it Zne = 3.48, MEXHTH F ng = 1.58,
i Z B hy = 200 nm, £ & hy = 50 nm, wpF
TN FE ST B, WIE L (b) s, #8fF TAEE P K
A = 1.55 pm, S &S 77 MW E 1 (a) fras. \f

4 BEERET®

T 56K FH FDFD 1575 7 28 B A i A ke v, DA
B A 2 R 5 0 RO B S RARS. B
(2) 45 T RS quasi-TM K — [ 485 i 47 7
®E,5E, MB350 AWE 2 () FIE 2 (b) AT A
G, B0 & E, R AT 5 R A X
BAEREETRAES. B2 () fME2 () h—E
IR 43 A5, 7 58 58 RS 35 0 T iR e 16 4% i
B

N E B B D IES L4 (D =
n*E, n MBI ), FEE, 77 & (quasi-TM
B LI 3 0 ) A IESE, LRI I 28 X 0 S i
H1 37 LA LGB n2 /m2 38 58, X T Si-SiOo 15 31 3 2 43
M ZEMELZR, B 2 B 2, 75Kl 2 Ha) DL
BFE W, S5 M quasi-TM AL 7E K47 85 % 1
FEX A3 2] TR GF s R ). 10 quasi-TE 1 X 1) 3%
o3 At (R ThmiE, WA 45 ) 55 MR R 3 2R A,
I AAEREANRE R, DR, e EXH 7 0 R A LA U
S 85k 45 2 HE 58 1) quasi-TM B A T3
MR AR HOLE S

B 3 (a) A Tk 25 Al U5 3 455 A R0 HT S 2R B
FREMZBH LR TLUEH, HEFRE
JE we M 250 nm 3 J1 E 725 nm Y, quasi-TMg 5
quasi-TM; B ST 8 T nege = R IB G EH. Y
wy < 500 nm I, ARG A REARBEE AR, S ELA
R M awe > 500 nm B, FEESOK 08— A
L4, B3 (b) 45t 1R A 08 he B3 I 51
quasi-TMg 5 quasi-TM; B RT3 2 nege F125 40
TH. AT LR HBEE he FIIE N, quasi-TM A 5 —
B A5 BT RACHT 5 28 g 35 2 FRUIE RO H, I H. hg
PIEAAS 5 5 R AU E S B 2 we = 400 nm,
hs = 50 nm I, FE T A] ARSI, ATE NI
H quasi-TMg B S H R . B we = 1000 nm,
hs = 50 nm b}, #&E T Al K E— BB, a7 Ak
quasi-TM; B H 3 SR ). @ id FDFD #4309,
MMT DX 98 E Wi = 2 pm i, AT 2594 Tl
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PA_EF m b, BB 7 A BEAR ) 2 B9 RN (H MM [X 35 7 B 22 45890 8082, 53 30 AN i i 3 11
BARRN). quasi-TM HEA M AN S S, 2EA it — A B A
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Fig. 2. (color online) Field distributions of the (a) E; and (b) E, components for the quasi-TM fundamental

mode, and (c) E; and (d) Ey components for the first-order mode.

®

TMeff

300 400 500 600 700 50 75 100 125 150
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K3 (MTIRE) BalE I FE neg i (a) we (b) hs MK F

Fig. 3. (color online) Effective indices of the guided-modes as functions of (a) w¢ and (b) hs.
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Ly/pm
Lg/pm

430

i i . i
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. i
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zr/pm
—12 -6 0 6 12
T T T T T T T N T]
| (b)
! ! —aA— Py |
0.95 1\ 4095
| | :—V— Pp:{ |
3 i
' Q
| | | | | N
0.90F - B 14090 E
‘ | | | | g
| S
1 =
; q
0850 b NG NG 085
0.80 L— 1 ! i ilps80
—24 —12 0 12 24
zr/pm

B4 (MPEM) (2) Lt (Lr) B Wo (Wawr) B7324L; (b) Pr (Pr) BfEHIFES Z1 (Zr) B
Fig. 4. (color online) (a) Variation of the Lt (Lg) with the Wy (Wymr) and (b) variation of the Pr (Pgr)

with the Zr (ZR).

VA% U B2 Y MIMIT X 358308 5 5K 48 J¥ 45
P, A SO R HE R 45 K, 9 R R
Wan(z) = Wo + A x 22, Hdh Wy N Wk
B F RN (RIS 2 = 04L), ARL
P REL, B IR S0 AR, B0 %
JEWo(z = 04L). W3 %8 Wi (2 = +Lay2 AL),
MMI X 38K B Ly FEE R E. B4 (a) g5 T B8
B IRHE A5 RO SR Wo 3N, s E S E B,
1E—/N A IR E B AR RN K Ly (AR o, 3
FW, =3 um. [FE, B4 (a) W H TR SR
MMI [X 35k & FE Wi 3N, — AN A H 8515 34
MK Ly B2 O, B 4 () HATBUE H, W
BRI, Lo B4 0. [RIFE, JETE LR ) Ly BEE Wi
(3G T B 0. BRI, TR R MM Z5 44, Jek /)N
08 FE W, RN SO WRAE T S5 44, v A5 R0k
ANMMIK B, SRIG R G B4 (b) 4Gt THM
TR 5 BB AR RN 1) Th 3 g ek th 4%, b Py,
Zr 5 MR TGP S ARG I A — L Th 2 S A& 4
PHEY, Horh Wiy = 3 um. AHZR Pr BIIZLR T B
R TR AR 1) B SR SRR Sl R R 5
FEAE AR IRAE. FIRHBA T R SR E
BeBA B TR Pr BEAEHIEE 2 Zr L%, 3
HWo =2 um, W; = 3 um, A = 0.00347. A LLFE
H, SRR IS B BRI FETEAIR, 3 )
HINGENE. @it xS R 4 (b) B ik, RBIGETE
0 MMI X3S Ly K129 174 T H) E &

KEEIT, SR ks 7= A4 B B A i #e. Rk, —
URHE T 45 40 AT A5 250080/ MMIT X388 ) K B8, AT g
AR AR, SRS, TS5 3 T FDTD
R — R HETE MM IX S ) B AR 308, /T A E,
B3 53 A o — IR BB AL B, 1 8 MM X 3511
KPE Lvinr ~ 5 pm, [FET AR K] 4 frid @ 45140 2
KO B IR A I S BIE: W, = 3.1 um,
Wo =2 um, Lynir = 5 um, REA = 0.088. ¥
RRANZE SRR, P ik 2540 2 U0 6 e 3 1) Ty e 22
K. 51 x 283 dB D) de AN A, R B e ds 1)
N T AL B F R AE MMI X 38046 N 3 & P AL, 1
7EF MMI X384 N2 1/3W; (z = —0.55) &b. 1
A AR S quasi-TM, #1115 S FR 2 N
T 1, K5 quasi-TMo B9 3F K2 vt
T2, Wikt FDTD #H4l Bi5 7 & B, /£ MMI
DX 23 A, B 72— B B AR A B A T MIMIT X 2k
B o K 29 120 Ak (R RS LI B 2 = 0),
177 2 A R L 43 A 1) 5 HLEBE SR — B A s i )R /s,
JIT DA JFL T8 AE MIMIL X 330 i H 3 79 2 1/10W; 4k
(BPfar o S 2 (AL B 2 = 1.2). Sl B,
HH I 5 2 B 5 AN 2ot H o 1R i g
I R 7 W= R o Rt L G AN G BN DA KTl a2
L5 8 5 2 S MIMIL X 35 (9 8 1, 7 A % H 3 1
a3 S YA I B0 45 T g DA B L Dl 28 43 T bE AT 3
W, X SLHMOC B £ [ fE.

K H 3D-FDTD v 43 i A SCHr e i (1 MOC (1)
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S, SRR LI B4, RS
HOBIEE 2. (2L TFAMHT R, B A SURE L
LRI C B MERESEL h I SO BT,

L = —10log, (Pi )7 (3)
P
C' =10logy, (Pj>7 (4)
A P oS N3 F R quasi-TMo B D2, Pl

0.4 ‘ ‘ |
—-0.7 —0.6 —-0.5

;/pm

3.1

3.2
Wi/pm
5
BiE W, (d) MMI KISKEE Ly FIEGR R

Cc/dB

B 3 11 1R quasi-TM,y BEEIDIE, Py At i 11
24 quasi-TMo BRI Dy 2. Horb i Hum H 1 a] 7K
B — P, RYE B, HETE MM 4 H gk A
oy 1 A% ORI T 1 quasi-TM #5& (— B AE
B, MU A A ROR, AT A AT RN,
Ui 1 2 BB T, IR AR BRI T B A T

i 11 2 A A I F) R

Cc/dB

—11

—12

C©/dB

—13

—14

—15

4.5
Lpvr/pm

5.0

(MR ) FmARFE L 55 C HE () WA FALE o5, (b) MMI X HOTEEE Wo, (c) MMI X 3H3%

Fig. 5. (color online) The insertion cross L and crosstalk C' as functions of (a) the position z; of the input
waveguide, (b) the central width Wy of MMI section, (c) the width W; of both ends of MMI section, (d) the

length Ly of MMI section.

KI5 (a) st T HIA B SALE o B A
WAE L 5 HCHm, bWy = 2 ym, W; =
3.1 pm, Lymr = 5 pm, 6 = 1.2 pm, Leaper = 3 pm.
M LR, LS CBES A 50 5 o (15
n, 2R e, Mo = —0.55 um B, L/h

Z1°90.425 dB, C #1284 —15.018 dB, K LHfE 2; 1
BAAEA —0.55 um. [ AT AR E], FAN P FALE
o 7 —0.6 pm £ —0.47 pm B KN, L /M F0.5 dB,
C/NF =15 dB. B 5 (b) Fron ABEE MMI X 351
0 58 FE Wo I, L5 C Jeiii/ G g mii&ss,
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Hrf e, = —0.55 pm, W; = 3.1 um, Lypyr = 5 pm,
§ = 1.2 um, Liaper = 3 um. HERE, Wo
RAE A2 pm, M L /N250.425 dB, C
/NY) R —15.018 dB. ] LA1S 2] W, 1925 % 1 R
BUHAE —60 nm % 100 nm JEE A, L/~T 0.5 dB,
C/NF —14 dB. W5 () A THIANFBFEL S &
Pt C B MMI X 38 10 79 5 56 55 W, I AR 40 O &,
Ha;, = —0.55 ym, Wy = 2 pm, Ly = 5 pm,
§ = 1.2 pm, Liaper = 3 pm. AJLUEH W, e
i, L5 C S ig sy, Fitnr DUfE W, i
PAE N 3 pm, U L /NN 0.378 dB, C /M)

—-13

T
(a)

L/dB
C/dB

1.1 1.2 1.3 1.4 1.5
§/pm

4 —15.013 dB. W; fli BB 7£ 0 nm % 200 nm 5 [
W, H LATLI/NT 0.5 dB, C/h T —14.5 dB. 5 (d)
S THASFELSHPC 5 MMI KJE Ly 1
KAWL, Kz, = —055 um, Wy = 2 pm,
W, =3 pum, 6 = 1.2 pm, Ligper = 3 pm. MK
HRT L, BEAS Lo 3800, L5 C 258080/ G 38N
. UL A, Ly ROUEN S um, M L
#1°40.378 dB, C' 415 —15.013 dB. MMI [X 3K &
25 251 R B AE —600 nm % 300 nm N, AEM
iK% 0.5 dB i AHi#E, —14 dB #H .

C/dB

0.36

1.0 1.5 2.0 2.5 3.0
Liaper/nm

K6 (MTIREG) SHASHEL SHIC 5 (a) Ml SR 6 & (b) HEITBH FKIE Liaper K F

Fig. 6. (color online) Insertion cross L and crosstalk C' as functions of (a) the gap § between output

waveguides and (b) the length Ltaper of taper waveguide.

N T NS N AR FE T IR A A E A, AR
O\ T 5 MM X 38 2 [a) SR P 46 1 4E T
BFERESE, WELIR. HEE S (taperl)
10 B B EH 55 N I 3 AH A5 1 98 2 400 nm 3G 0 2
1200 nm, KB N1 pm. HEB P F2 (taper2) K
TEEH 1.6 pum ik /N E 1 pm, AT HEHEEE TN
A RRIEF 90% LA b, HK R A3 pm. [H
FE, #EIE 9% 5 3 (taper3) [ % FE H1 600 nm 5k /> &
400 nm, HKE &3 pm. E6(a) 4 1
T AR 6 54 ANBIFE L B 90 C 15K R il 2k,
Herz; = —0.55 pm, Wy = 2 pm, W; = 3 pm,
Lyovit = 5 pm, Liaper = 3 pm. Elh, CHf % [A]
BE 5 10 00— P 5 /%, (6 M 1.2 pum B
F 1.5 um, C H K/ T 0.5 dB; T 4 A 45 FE L b
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BE Liaper HI3E 002 50080/ J5 38 im0 A2 44 BRI,
A DA E HE 9% F K E Leaper MEAAE N 1.8 pm,
IR L9 0.346 dB, C 4 —16.9 dB. Lyaper i
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C/NF —15 dB, AIRIFIIR 2.
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Fig. 7. (color online) Insertion Loss L and crosstalk C'

as a function of the wavelength.
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Fig. 8. (color online) Evolution of the major components E, of the fundamental quasi-TM
mode through the proposed MOC.
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Abstract

Recently, silicon-based photonic integrated circuits (PICs) have attracted considerable interest due to the advantages
of high index contrast and complementary metal oxide semiconductor compatible process. Furthermore, to meet the
ever-growing bandwidth requirements for data center and supercomputing, several multiplexing on-chip technologies
by using silicon PICs are proposed. Among them, the mode division multiplexing (MDM) is widely recognized to be
important, where mode-order converters (MOCs) are fundamental building blocks. In addition, slot waveguides can
efficiently confine the light in low-index regions, thus forming various kinds of novel photonic devices. In this paper, a
compact 1 x 2 multimode interference (MMI) mode-order converter (MOC) for silicon-based slot nanowires is proposed,
where straight waveguides, as the input/output channels, are connected to a quadratic-tapered multimode waveguide
via linear-tapered waveguides. A full-vectorial finite-difference frequency-domain method is used to analyze the modal
characteristics of the used silicon-based vertical slot waveguides; from this, quasi-TM mode is chosen as an input optical
signal since its field distribution is strongly confined in the slot, i. e., the electric field strength is greatly enhanced in
the vertical slot, and with the increase of the width of the slot waveguide, it can support higher-order quasi-TM modes.
Compared with the beating length of rectangular MMI structure, the beating length of quadratic-tapered MMI structure
can be effectively reduced with transmission loss lowering. From the imaging position of the guided-mode in MMI region
via self-imagining effect, the length of quadratic-tapered MMI structure can be determined accurately where first-order
and fundamental quasi-TM modes are outputs, respectively, from wider and narrower channels. A three-dimensional
finite-difference time-domain method is utilized to assess the performance of the proposed MOC, where the insertion loss
and crosstalk are analyzed in detail. The results show that an MOC with an MMI section of 3 x 5 um? is achieved to
be an insertion loss and a crosstalk of ~0.35 dB and ~ —16.9 dB, respectively, at a wavelength of 1.55 pm by carefully
optimizing the key structural parameters. Moreover, the fabrication deviation of the proposed device is also analyzed
in detail and the performance is evaluated, where insertion loss and the contrast are considered. To demonstrate the
transmission characteristics of the proposed MOC, the evolution of the excited fundamental quasi-TM mode through the
MOC is also presented. Numerical results show that the presented MOC realizes the desired function, converting the
fundamental quasi-TM mode into first-order one with reasonable performance. We remark that the present MOC has a

good potential application in MDM system to improve the capacity of the silicon-based on-chip transmission system.

Keywords: mode-order converter, multimode interference, slot waveguide, silicon photonics
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