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Abstract: This paper introduces a low-thickness sandwich waveguide structure comprising silicon nitride-sapphire-sili-
con nitride layers. By exploiting its dispersion wave radiation effect and mid-infrared phase matching condition, com-
bined with the waveguide pulse transmission model, this study examines the impact of different physical sizes of the
sandwich waveguide on the phase matching point and spectral broadening. Through numerical simulation, a supercon-
tinuum spectrum ranging from 0. 5-4 pum is generated, producing a farther mid-infrared dispersion wave at a -40 dB lev-
el. Moreover, this model provides an in-depth mechanism for nonlinear waveguide pulse transmission. Theoretical anal-
ysis reveals that modifying the physical size of the silicon nitride and sapphire interlayer and altering the phase-matching
conditions can regulate the position of the dispersion wave across a broader wavelength range.
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guide structure

Schematic diagram of silicon nitride sandwich wave-
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Fig. 2 Mode field cross-sections of silicon nitride sandwich

waveguide at different wavelengths
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(K o c, C, A A, A, Reference
Si 10. 66842933 0.003043475  1.54133408  0.3015164855  1.13475115 1104 [15]

Sio, 0. 6961663 0. 4079426 0. 8974794 0. 684043 0.1162414 9. 896161 [16]

ALO, 1. 4313493 0. 65054713 5.3414021 0. 0726631 0. 1193242 18. 028251 [17]




208 g hh 5 2 oKk U e 43 &

500

i /\‘

anomalous dispersion

. . normal dispersion
zero dispersion
-500|

=1000 -

Dispersion/(ps-nm!-km'!)

1500 s L L s s
0.5 1.0 15 2.0 25 3.0 35 4.0

Wavelength/pum

K3 RARESRZ DT @R, KA XA RO @
DX, O R E B B RLX
Fig. 3

sandwich waveguide. The gray area represents the abnormal

Dispersion coefficient diagram of the silicon nitride

dispersion region, and the white area represents the normal dis-

persion region

Nonlinear phase/(10* m!)
LoL L s

| . . .
1.0 1 20 25 3.0 35 40
Wavelength/um

K4 1550 nm i AT B AREJeJZ2 3 S A Az PERC
Fig. 4 Phase matching (PM) diagram of silicon nitride sand-
wich waveguide at 1 550 nm input wavelength

DWs, [GiE E— 209 e B P 2L X I, e A, R4
PHE TAGLVE R 835 3 T S BN &, i i
BT T AR MR 2 75 J7 72 (generalized schroding-
er equation, {&/FK GNLSE) Il MATLAB 315340 1 4%
TR R

0A(z,T) T am «
= — 4 —
0z (WZ‘Z'B'" m! oT™ 2

JA(z,T)

, i 9 [ A
riy(l+ - aT)A(z,T)J:OR(t VA(=T - ¢')Pdt

(m=2) .(8)

Ho A2 bk b B BRI i R ER) |, o, 2200
W, a SRR EBFE RN A R TR, B, K n B
R E R() Rn P2 i N A%, A7 155 — Tk
7R A8 BSOS FIRAE L 4 I e n AR MU L A4
AL L A BERROSE XU T WSk 1 A B R
WA, TEQ B AR SCZME T Si N,k i 2
o AR SCHE T 4 B e A% R3S 7 ik (RKM4) Sk 35
GNLSE, HAJ 012 H T i 53 v (i B SR B8, ]

R4 o TS B B FIDRG RE
2 FEZR

2.1 KESFEE W DWsFSCG IR

15 EL T F K G 8 5 v KA 1550 nm, ik
&R 200 fs, EAH IR R 1 kW, R ZW FKEY R
WE s frs 48 F 2 Si)N, B H 4 500 nm, 32 )2
ALO,JRFE H 2 50 nm, [ )2 Si,N,JERE H, 4 200 nm, fiff
AR FIE WM 1. 4 pm P F] 2.2 wm, A dE R
0.4 wmo [#15Ca) RAS[A] 90 2T B AR DL BC ]
FATTAT LIRS A7 T P A AH AL VL L A i — 25
2L AN X IR Bl . 3R i TR A YR R N,
e T AR A BT B R i 2 & A AR Ak T A R S
FRox 2 5 Y T A5 AR €0 ) el N IR
PR . B 2) . (6) %, i S el ss
ORI 57 VC e i 4R B IR RS o A TR] i 5 9 B 9 06 3
BIS PR 7= A i s 198 sl 5 H L D e S A%
BEEA —F, AU (SWDW) B 47 B A X ER
SE TR I €0 B (LWDW) I 1 K 38k T 1) K 9 Rl B%
3. W 1800 nm i, FEiE AT WL 500 nm 37 JEH
W Z0 A1 4 000 nm, 7F —40 dB i K F F 77 A= A
DWs,
2.2 TESi,N,EE H 3t DWsH1SCG IS0

wE 6 fios, AR5 )2 ALOJEFE H 4 50 nm, -
JZ SL,NJEEE H K 200 nm, BARY S5 5 WA 1. 8 pm,
PX 100 nm ()25 KoK R 2 Si,N, R EE H M 300 nm |3
500 nm, 228 % T AT AT S DT AT DA —
A 8 4 T 0 B S AR A DE TE A5 4 B S kAR
RS EANF R, BRI BN 2SN JEE S FECT
2 R 3 BT LAFRAT LA D #6100 nm 228 T
JZ SN JEERE , DT ARAS AT 45 A A 437 D C o5 o AEFRAT]
X H,_F R A I AR v AT LU ) 4 A A DL
MO.7 pm #EFE 2 0.5 pm BT, K Z AR PEBE A
M1 6 pmBfFITZLF 2 3.5 pm, SEE T4 0.2 wm
AR 1.9 pm I . NE 6 (b) FRATAT LM%
B rpr 27 A O 0 7 A ARUZAE H S 300 nm B G
Tk TE AR AN B, 3 PRl SPM A R ) 5 F ik o
RO B T D, A A R e b i T 4 (LA
TR K o
2.3 LFESiN,EEH X DWs# SCG B2

58 F 2 SN, R H A A FRAT AR e 2
ALO,JEERE H 4 50 nm, F )2 Si,N,JE R H 500 nm , 5%
P FTEE WA 1.8 wm, LL 100 nm B9 45 K¥ 12



34 NN 55 T R RULRE N T 007 W2 SN S FRE S 290

—— W=1400 nm
—— W=1800 nm
— W=2200 nm

L L L L L L
20 ) N lrfplli
I 2N A/ w\, N~ W-l400mm
N & . \
-60 \/\'f o \m B
— A \

Yy

220 Il?])l“
_40 7ﬂ =1800 nm
gor \»“V”\

Input

= { il W=2200

\ AV | —2200m
e 'Fl"“» Bl Y - VN
-60 j it e T
-80 .

0.5 1.0 15 2.0 2.5 3.0 35 4.0
Wavelength/pm

Optical power/dB

E'5 71550 nm ikl , H=500 nm, H=50 nm, H =200 nm 5%
R ORI WX AR P BE K SCGHEMa : (a) AR W 2544 T &
A RE e 2 T A AL DL (b) AR w4604 T Ak 2
I3 SCG gl

Fig. 5 Effect of different ' on phase matching and SCG un-
der 1 550 nm pulse, H=500 nm, =50 nm, and H =200 nm
conditions: (a) phase matching plots of silicon nitride sand-
wich waveguides under different #; (b) SCG spectra of sili-

con nitride sandwich waveguides under different W

Si,N, JE & H A 0 nm I 98 2 300 nm, M7 AT LA EE
B, % % A DEBC 5 AR X R 2 7E 0. 6 m FFHIT , K
PEAAIVCHEL SN 2. 7 pm BB 2 3.5 wm FifT . 0
& 7 (b) Fir 7R 1 SCG Stk Bl i — 20 Bk T (o ™
A=A B FIARA DC L 25 A S 3R
2.4 ALO,EE H Xt DWsF1SCG HIZ M

HE— BB 5E T I 2 ALO,JREJE H XA DT L s,
N ™ AL B . H B2 R SR T
e I )2 R FE H 7E 30 nm .40 nm . 50 nm 31 | N
54k, )2 Si,N,JEJE H 200 nm, F)Z Si,N,JEJ¥ H,
A 500 nm, ARG FTEE W R 1.8 wm, (NI 8 AT
7N, 45 JEE FE B AH AL DR TE A N SCG 33 1 AH B,
IR BB RKARE . 33X f A/ INE B ALO, X
AR T A TS SR DTN R R AR AR |
R AT S F B AR AN AT A /N B 3 R
H P AR T EC S WAL . A ELESR L B8 30 nm
I A B AOEIE ], 7E-40 dB /KPR P A2 A
DWs,

3 Tt

KT HHE, h TA H A 2 A RE D Tl W A

—— H;=300 nm
—— H;=400 nm
— H;=500 nm

L . . A A
AN ——— Tnput
| / \\ ————H,=300 nm|
. / \‘\‘
20l Input
———H;=400 nm|

601, W‘W\x\
-80 + + + + +

A A

' VW,

Optical power/dB
L
=3

Input

-20
f Igﬁsoo nm|

\ ur,“
-60 F A

Tﬂw""i'ﬂ'” A 7
0.5 1.0 15 2.0 25 3.0 35 4.0
Wavelength/um

Kl 6 #E1 550 nm ki, w=1 800 nm, H=50 nm, H,=200 nm
ST RTR BT AR VEEE & SCG 0 - (a) ARIRl H, £ F
RACREIZ D T HARRLIE LI 5 (b) A TA) H, 2648 T BALRE R
JZU T SCG K]

Fig. 6 Effect of different H, on phase matching and SCG un-
der 1 550 nm pulse, =1 800 nm, H=50 nm, and # =200 nm
conditions: (a) phase matching plots of silicon nitride sand-
wich waveguides under different H, ; (b) SCG spectra of sili-

con nitride sandwich waveguides under different 4,

JLZK AR TR TR E AR LML i b B VE TR . h
T AT R, FATTA I A A R R 19 A A i
P FAEATRC RN fay ADGTR N 16.4 mW /Y
B HDOL LT CK %5 (EDFA)IF % & 6 dB #5 7 BLAE,
FE 1 550 nm P <A IS 5 A B BFE N 0. 68 dB/
mm. FA TR TIFEFH AT H, K BFERT Tk
IR G AR J5 e AT R R R

XTI A Fop R AR R )2 500 nm (AL
fif, £ 500 nm & AL AE 2 Al 2 T (atomic
layer deposition, ] FK ALD) L H 1k 27 S A TR
(low pressure chemical vapor deposition, fij #K LP-
CVD) il & 1 5 A7 BRI AL/ N EE HE R AR RE , W] A Rk
ANTERA R JEERE T AR A B AT, sl sis) N—H B, Dk
IR KU, B L R . A UTAR-IR SO BRI
73 Al — 20 [ R DO 50 M, LA K
FIRAEARE . ESEPR N T, Fe AT ) A 2t AE
500 nm ZALHE Y T F R H ALD il # 50 nm i 5 41
WS, I OS5 A R . 1A 9 IR g A A
HL 0 085 (SEMD T B B R~ A1 D

X T SCG i R F AR P.ORZH



300 AP/ NS Qb g A

43 %

—~
o
R=
-
=
=]

— H,=100 nm
—— H, =150 nm
—— H,=200 nm

Dt 3«
nh >
T

|
N 4
n

T T

Nonlinear phase/(10* m!)
=]
[—3

.
-20f v | /\ foput
_40 ﬂ \, / /“_/\%\ H,=100 nm
~60 q VAm'l N\W\\‘

=20f,
_aol/ . ~Hy7200 o

-60 )” TTH

-80
0.5

Input
——— H,~150 nm|

Optical power/dB
b

Input

15 2.0 25 3.0 35 4.0
Wavelength/pum

7 AE 1550 nm ki, w=1 800 nm, H=50 nm, =500 nm
AT AN H A RLVERE B SCG R - (a) AR H Z&F T

RACHE I 2 P T AR GRLVE R I 5 (o) AR H A4 T Akt

JEERH SCG A

Fig. 7 Effect of different /7, on phase matching and SCG un-

der 1 550 nm pulse, #=1 800 nm, H=50 nm, H=500 nm con-

ditions: (a) phase matching plots of silicon nitride sandwich

waveguides under different H, ; (b) SCG spectra of silicon ni-

tride sandwich waveguides under different 4,

FRAXF TSk H ) AR R E TP LD AN I A R K
B2 W B 10, A B T SRS 3E Y rh £ A0 i 2
P I BT SO A N S E, i Be S — AR
B BRI . AR 2 iR B T —se e R
MAALRE DWs P24 853 . MR Z A ST
Pt RS B e J2 AL e BT T e Hh 2104 DW R
N7/ N

4 it

BT R /NE R AL RE B Je )2 25 4, i 1 AR
PSP HRSE ST B A Y R T A € 0 4
FISF- 30 A A7 A7 DL L . 7E 500 nm JE FBF A AL RE T
PR 5 A0 Je J2 PR /N L B b 2 Ak RE , T de b iy
e 2 T 2 BRI TR SR ae k. 5 AR
R AR I T A e, HLA T O 5 A (BRI A o7
VETC 2 B, 2K A 7E [A] 45 1 550 nm ik vh i A S5
TR I )2 kS BT T T R A A 8
HL AT DL P 0. 2 pm AR 1.9 wm P52,
FEHE 0. 5~4 pm Al T 1Y IE S R T8, F HAF-40 dB

(a) 10.0

R
n

H,=30 nm

Nonlinear phase/(10* m'!)

0.5 1.0 1.5 2.0 25 - 3.0 35 4.0
Wavelength/um

Bl 8 7E1 550 nm ik, w=1 800 nm, H =200 nm, H=500 nm
M AR H XHAEALVE R K SCG R4 : (a) ANIF] H 264 T
RAGRE 2 T AR BL PERC AT 5 (b) A [F) H 264 A A ik R
JZEWE Y SCG A
Fig. 8 Effect of different H_on phase matching and SCG un-
der 1 550 nm pulse, W=1 800 nm, H =200 nm, H=500 nm
conditions: (a) phase matching plots of silicon nitride sand-
wich waveguides under different H, conditions; (b) SCG spec-
tra of silicon nitride sandwich waveguides under different A

conditions

(a) (b)

El9 AT ALD i F AR Al 5 SEM K : (a) i
ST R 5 (b) it Sk i 14

Fig. 9 SEM images of silicon nitride waveguide covered

with ALD sapphire film: (a) side view of waveguide; (b)
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Table 2 Comparison of waveguide size, DW position

and SC bandwidth in different reports

Structure

DW posi- SC band-
Waveguide  size wXh/ Reference
tion/pm width/pm
(nmxnm)
Si 850%220 1.25/2.8  1.25~2.75 [19]
Si,N, 1 100x720 0.7/1.8  0.67~2.03 (6]
Si,N,/Si0, 1 000x750 0.7/2.1  0.46~2.13 [20]
Si,N,/Si0,  1300x2 700 0.5/4.5 0.5~4.5 [21]
Si,N,/ALO,  1800x750 0.5/3.5 0.5~3.55  This work
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