% 52 K% oM b Hg oL TR 2023 49 A
Vol.52 No.9 Infrared and Laser Engineering Sep. 2023

£ F Si;N, #1 LRSPP {iB BRI R S

BN, R, i

‘]%273, g{«,‘

(1. AAXF NEHFE TRFR MRENES LR FREFHRELEZRST, Lh d% 210096;
2.ABKRE AMERER AN TEBARLEERETLERE, T HM 215123;
3ABXF O THAFEIRFRAZEETE TANERSFREEEST, T4 dx 210096)

 OE: ATERCAK S BFRITH LR, BAMAERK T LR e THFLY, 2L
WABAREEGEART®, ERAEFEHGEERERAY ML LFHRENEEZRAEZZ—, AT
ROGERAFEMHREAATE, BT AT A (SN, fe k424 @5 5% (Long-Range Surface
Plasmon Polariton, LRSPP) & 589 1% B R AR 25 4, xb 35 M0 M2 A6 RIS 09 IR B kAT W ) Fm A2 . A 28,
SHT T SizNy k5742 LRSPP Jk F 342 69 B X A8 420, 4 i % 4% B BL A AR B, 7T 2 IAB A2 99.9%
ALy B ades . sHRAIE - FA IR AW T 54, £ R AW, % LRSPP % F4= SisN, sk F69
KE A 0.077, ABIL RIS L0 TAL M R A IZA, FINT BRI T SRFRAEHLRER
JE VLT, b LRSPP % 7% B3 im0, B I £ 5hAME, 78 7T F IR E RHR . ok, sF LRSPP 3% 4943
WAF AT T MK, MR IR E R LA 64 dB, BA RATEG EmIRAT M, PR a0 B E AR LM
AAT 2SR R ERIR - EEFHFR S, A ROBM R SisN, Jk FHA B E T A2

ey, £ Si;Ny A AT HERGH FRA 2B AAF.

FIE: RTFERGH;
FESES: TN256

AR
YHERFRERS: A

0 35l

I

Y&F R - (Photonics Integrated Circuits, PICs)
PLSEFAE R {5 B AL A Ab B 40k, B IRIRFE . K
e ARTIFE . PUARE TSR IR 3, A B o 4 il
FE AR BBR ], ARG | bRk, ik b
TR BT R AR U Az W Y ST
AN THOR, PIC 528 1 HOGas . &S . aRIAS . 45
WA Z P RE AR R R AR A, 284 IRl E O I
HLHE, SETAS T AR B G RS

AR IO 27 A U 14 Tk 2 AR RS2 5 ) PIC 1 RE Y
HE R, & PICs T RE AL N FH T ifs 9 32 22 [R) i 2
— BT W ORI R A OGRS E Kk
AN, PR L AR MR AT s B A,
HETT R ' T AR i ) R AR, e 3
SRR L. UL, X s et e Rl IR

Yks B HA:2022-12-09;  1&1T H#A:2023-02-17

A5
DOI:

RALEE; REEBEAL
10.3788/IRLA20220881

JEREER HEA T ARMES, USR5 PICs AR EERSE M

FIRI, AMa R B2 IR B 5 58 2 2 P Rl — 2R
PN 258 Eop 5 R B E P A — e VR LA, [
AR5 itk 302 Bl ok B9S2 2L 0 R T A P B A
ABE, HAN T SO S5O 5 AR A 25 1, 33 1 58
R 420G A BR, AN RE S BN G~ 45 A 1 B B it 2 757
P 8 ahE:, B R GARTR, ML SOt A 2R 1F
BEATER . IR T AR R A R, s A
L JBE X i R P RS20, AR T Al R MR 7
R HEA QBRI S P A 55
DA T 25, A5 5 A i R PE AN Bl UL B2 T RS
e S S5 A AL T B R FE R . A B R
PR B MZIAM 8 PR R R A 1O, B T R e fk
o A AR S AT TR B I AR, PR AR AL, S B
XA EEAS (4 F2 3l A, PR R, TR
1, 5 BT — R R e A L O P e ) AN

EEWA: FHEHARAIESIH (62275047); ' ELFRAEESIE (2022M710672); TLIR4E HARF ARG TH (BK20220816)

PEEE B/, 2, WA, FEEAFGRO AT RIS

SIRGBIRAEE)E =3I, U, 2%, TR0 R E R RoT 7 s .

20220881-1



i E ok A2

%94

www.irla.cn

# 52 A

JREER, LU T 2 OG- 38 1

K % 2 171 55 B #T (Long Range Surface Plasmon
Polariton, LRSPP) Jf S Dl 4x | & R 4@ FE b
JERRE, B OGRS AR, AT )2 A S B
PR A2 0 BAT ORI R & W kL, I
MRE BP0 SE A FH T X BE RON  EA T R BE AR
. SR, LRSPP U FAEHHFER, KK 19 LRSPP J%
TG ABKMIFE, MELL B 350 KR PICs, 2
T, SO BRI FE I AU ALRE (SisN,) 9% 55 LRSPP
W FMEES, 00 K SisN, P FARHAE M LRSPP i1
SOt g H R RRE, #8173 T Si;N, 5 LRSPP /91
JEA RGN A58 o 43 B TR G I S 45 4 1Y T R Ry
P, >4 SisN, Fl LRSPP I 5 J& fe A4 BE HE A% 1 T
AT S U BN BUR AN  JE B AEK BE L E, R
LRSPP i 5 19 F 52 4 52 B Ui B 32 A 119 32 3
M2, T LRSPP U U 3Ry T™M B AL, I fR i
G, AR A IR A EAT R 0 S PR A
AN, R A SR TO R R R I MR E P R A2 24 A 4544
Beit, 7EA 2 I A 1Y SiN, I 5 il LRSPP % S:45 1)
(AT 0L T 52 B I B N BURK, 3 T ek R T SisN, P
B AR OG- 2R RIS 3l B VA 1 )

1 RH ST

e T 02 PICs [0 FI LAk BT 25 4, FLR#E
PoE T MR . 15 55 TR THEOR 0 & e,
CMOS T Z e %5 By 4 Z {& I i (Silicon on Insulator,

I Substrate
mm S0,  EEEESIN,

[ ZPU Au

SON! S AL TE (Si0)!" F SigN, U i S 1 AL Hi
P FE A5 LI R A BEAR, J2 W6 PICs 19 24 8 .
Wi 25 ' 4 B 1) KRGS AR o 23 4 B ) e, L
B T 22404 SOL Al SisN, B H 354 1 o 4Fxt Bk
=R RE, % R LRSPP I S 4T I B M G T
. BT LRSPP i A HF TM 20, WA T™M i
PR HOEA BEMUNE SO % & | Si0, T . SizN, I
S 1 LRSPP ¥ 5 1] 19 1% A5 =C, A ot 275 22 2% R
TM BT R Ol R A BR T 3300k 0y 145 3
T SOI 5. Si0, % % . SisN, i 5 Al LRSPP I T
TM B, 418 1 fir /s . LRSPP i Sl Si;N, 3% 5 B A
AEAL A4 A5E =X o3 A AR I A S X T AR, 5 SO i 5 A
SiO, P T 22 7 W 2, R W] LRSPP -5 Hl Siz;N,
TRl e LI E A BREA, BD LRSPP I 5 9134
A TR SiyN, U FREAT I

El 1 (a) Si0, P T A9 T™ B (b) SOI 59 T™ £ (c) SisN, I F-#Y
TM #5%; (d) LRSPP J#5:19 TM &
Fig.1 TM mode of (a) SiO, waveguide; (b) SOI waveguide; (c) Si3sNy4

waveguide; (d) LRSPP waveguide
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Fig.2 (a) Schematic diagram of temperature insensitive structure based on Si;N, waveguide and LRSPP waveguide; (b) Cross-section of the SizN,

waveguide; (c) Cross-section of the LRSPP waveguide
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Fig.3 (a) Coupling efficiencies of the Si;N, waveguide and LRSPP waveguide with different core heights. Inset: the zoom of the coupling efficiency;

(b) Coupling efficiencies of the SizN, waveguide and LRSPP waveguide with different core widths. Inset: optimal coupling efficiency with
different core heights; (c) Mode area differences of the Si;N, waveguide and LRSPP waveguide with different core heights; (d) Coupling losses of

the Si;N, waveguide and LRSPP waveguide with different core heights
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Fig.4 (a) Offset between the SizN, waveguide and LRSPP waveguide in horizontal (x) and vertical (y) direction; (b) Transmission field of the SizN,

waveguide and LRSPP waveguide with lateral offset; (c)-(g) Properties of the Si;N, waveguide and LRSPP waveguide with longitudinal offset: (i)

mode distribution in P, (ii) mode distribution in P,, (iii) transmission field
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Fig.6 (a) Temperature of the LRSPP waveguide under different
voltages, inset: the temperature field distribution of the LRSPP
waveguide under different voltages; (b) Heating curve of the
LRSPP waveguide, inset: zoom in the heating curve; (c) Cooling
curve of the LRSPP waveguide, inset: the temperature field

distribution of the LRSPP waveguide
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Fig.7 (a) Experimental setup of the LRSPP waveguide; (b) Output spot
of the LRSPP waveguide at TM polarization state; (c) Output of

the LRSPP waveguide under the TE polarization state
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Temperature-insensitive waveguide based on Si;N, and LRSPP

Xue Xiaomei'?, Qin Yanyan®, Li Yue*’, Zhang Tong'**"

(1. Key Laboratory of Micro-Inertial Instrument and Advanced Navigation Technology, Ministry of Education, School of Instrument Science
and Engineering, Southeast University, Nanjing 210096, China;
2. Suzhou Key Laboratory of Metal Nano-Optoelectronic Technology, Southeast University, Suzhou Campus,
Suzhou 215123, China;
3. Joint International Research Laboratory of Information Display and Visualization, School of Electronic Science and Engineering,

Southeast University, Nanjing 210096, China)

Abstract:
Objective Photonic integrated circuits composed of a variety of integrated functional devices on one chip have
become the mainstream of the photoelectric fields due to their low loss, large bandwidth, and anti-electromagnetic
interference properties, which are widely applied in optical sensing, radar, photon computing and medical testing.
Due to the inherent thermo-optic characteristics of optical waveguide materials, the refractive index of the core
and cladding materials will change with the temperature fluctuation, leading to the temperature stability which is
one of the main problems in the engineering application of the photonic integrated circuits. Therefore, it is
necessary to suppress and compensate for the drift of optical device performance with temperature to improve the
temperature stability of the photonic integrated circuits. In this respect, a temperature-insensitive hybrid structure
based on silicon nitride and long-range surface plasmon polariton (LRSPP) waveguides was proposed to suppress

and compensate for the performance drift caused by temperature variation.

Methods

LRSPP, the propagation properties, temperature stability and polarization characteristics were investigated.

For the studies of the proposed temperature insensitive hybrid waveguide based on silicon nitride and

Firstly, considering the coupling efficiency between silicon nitride waveguide and LRSPP waveguide, the
propagation model of silicon nitride waveguide and SPP waveguide was established. The mode coupling
efficiencies and the optical propagation filed under different waveguide sizes were analyzed by using the finite
difference time domain method. Then, the temperature stability was analyzed by the calculation of the phase
change when the temperature fluctuated. Moreover, the polarization properties of the fabricated LRSPP

waveguide were measured by the output spot and optical power under the transverse magnetic (TM) and the

20220881-8


https://doi.org/10.1038/nphoton.2011.285
https://doi.org/10.1038/srep41146
https://doi.org/10.1002/admt.201901153
https://doi.org/10.1002/lpor.202100292
https://doi.org/10.3390/ma15134591
https://doi.org/10.1109/JPHOT.2012.2234095

s Gk A2

2 www.irla.cn % 52 A

transverse electric (TE) mode.

Results and Discussions The mode coupling efficiencies between the silicon nitride waveguide and LRSPP
waveguide were more than 99.9% in the optimal cases (Fig.3), resulting in the almost negligible coupling losses.
What's more, the proposed hybrid waveguide still showed good propagation characteristics even with 100 nm
offset in vertical direction between the silicon nitride waveguide and LRSPP waveguide (Fig.4). For the
temperature characteristics of the hybrid waveguide, there was an optimal length ratio of the LRSPP and silicon
nitride waveguide for the defined waveguide to realize temperature insensitivity. Specifically, when the thermo-
optic coefficient of the LRSPP waveguide was —1.86x10*/°C, the optimal length ratio was 0.077, leading to zero
phase drift when the temperature changes (Fig.5). However, when the optimal length ratio is not met, the hybrid
waveguide can still achieve temperature insensitivity through the active phase compensation performed by the
core modulation of the LRSPP waveguide. When a voltage signal was applied directly to the core layer of the
LRSPP waveguide, the temperature of the LRSPP waveguide rose and gradually stabilized to the required
temperature to compensate for the temperature drift (Fig.6). A voltage of 2.5 V can achieve a temperature rise of
10 °C with the response time of 0.78 ms, which can quickly respond to the tuning needs of the waveguide,
resulting in high tuning efficiency. In addition, since the LRSPP waveguide only supports TM polarization state,
the proposed hybrid waveguide inherited the single-polarization characteristic. In the TM polarization state, the
output of the LRSPP waveguide is good with the output optical power of —46 dBm. While in the TE polarization
state there is almost no output and the output optical power is —110 dBm (the lowest detection limit of the
detector) (Fig.7). Accordingly, the polarization extinction ratio was calculated as 64 dB, indicating that the

LRSPP waveguide has good single-polarization characteristics.

Conclusions From the perspective of the basic waveguide, the proposed temperature-insensitive hybrid
waveguide has the benefits of active tuning, low loss, single polarization and high universality, which can
effectively address the performance drift of the silicon nitride waveguide caused by the temperature change and

has broad application prospects in silicon-nitride-based photonic integrated circuits.

Key words: photonic integrated circuits; temperature insensitive; phase tuning; silicon nitride;
surface plasmon polariton
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