BIITERURIENE R BIRS : 20240854227
B4 1
AL TREIMER G XEIRITERR)
TERUATENERLD

- K

L= 22160447

AR TIEIPERFRE Al 2] (Sugh) - {5 B

AT TIRVMERE GRiIARZETIEIMFER)

20244038 27H



(—) ZAXEL (B (WL TREMER WL RETEMER) TEREWEMFARET
BIMRARPPESERR) , ST (GU) TREIMBAR P A SChR e, 2461 i ]

L XA BE R B 18 RIR AN B ML 35 AR RR B R I

A NAE LA SR EAR RIR AN LMV HOR KR T, SR EIRAN SO CBC  asF A BT B e 5
THIRE, AR RFERSIL S St RN ARG T AT N DA 248 1 2R in L5
2o B 7 2 Mo 05 A B SR L, I HLRERERE AR SRR IR I 3 41 S R 4
HAMERE. BTS2, @ VFERPFUERTR, ANMGER VOB SSMEDE 5t
I W, da e 55 %5 T A

2. TRESEERIZTN

2022~
20234 IA], A NAETL IR OC AR AR A IR Vvl —F A AN TR E, 25
TN AR S H - ARIRAEIEIR R AT, N St ) Je 98 i 3 A e v AT i AT A2
STLE i fift ok 7 KRR RO A ARG AR B B K IR 1), SeBL T H AT2E T2 100 H & [
MR AL G

3. FESKPR AR &3a s FH e RR i P = 2k R 1 S

FEIXR IR B TR S, AERIET B BIBAVEAE B 2R A e & |,
WHWGR TIRZ, I AR 2R I AR A T TR A (R S Bm i) L, X PR AR 7 2 e
B FHIEEARRE, FRAROG I T AR TR A 0 i RS B A S . I
FEAEIR AT H Bt RIE IR S e FE A 25 A4 B BSCILE), 35 ZE A A T PRI B3 S
FEIEFRRE R RS, FESCIG S R AR b, RIRS & Tk A= M 85, dt— 2D seal ik
REAE Tl FORHbEA ™ A SO LT 5B 2 F BA S N s B B R A B 5 . TUH 1Y
FETAENER U NSkt EEERERIT. SR M, R4 5214
R DU 4, AR NASHRE ST 2R BT SEIR 2R J5 2EPERE IR 53564
TENZE.

F LR ARSI AR R, HEL T AN REL R AR A RT DL R, AT
AT A EMEA B SR ZE R HIE T s 5 KRB A7 4, R R Re i S HF K
A= BEEAFRAMAET UG EE. BT RRFEE, BAOTEM A TR L &
, MARZBCINT, JFHEEZHH SRR, AR FRES, EEIFAEERAET]
E.

BRI VAR . BT L2 giEzoh, B2/ 2 AU (Chem
ical Mechanical Polishing,

CMP) %% HTHMBITBEK S, FMNER. BREKSS. REBEZIM. T2t
T COMPEE 2] LU R ARG T AR AR 106, (BT SR bt T ZA MR, PR LA
SEMARGER - MR FEAR AL . DGR T EIR AR K 1B E [ AR BIRIKF
HERIGIC TN, R R AR ST MR e, BAE RO EARAERE, A TR R
G o RIS, TR B ) FRAIC 7R 22 B R R 3 25 AR R AT M, XAV T 484
H5RGR)/NUL, ARG SR IE AL A & TR SO R RS AR, BT
ZHE, MECLORFR SR . SN EE i EEEBOG T RAEIMT AL, B SRACIAE I RN,
ISR, PARARIFE I T 5 R4 i L2 E R FA .

N T Bk, FATGIA TR S 5RCRIS E i AHS &7k, Bt T 8RS

3




FRIBE T BT SR PR e 2k (R ie 2 bl i A< AT AR () Rz ST 25 i il el & BV TH AT DL S 0K =
B, IR BRAR =R AR ST N B RECIR G, 110 L 58 EATAR, o 18] D25 A5 Ji 5 38 3 4 78 i R
o B, X AR AT DA g8 P ] BB B R AR oy SR T AR 10 ] SRR PR Hh £ 12 [
» BIREAR h R RAL G R AR 2R EC A . L BRI AR AR I R I s/ g 1 R T

Bt ER T 205 A, BAE R I REE RGBS 10, 12dB/ enffI AR IESBIAE, S5
FEN2. 5dB/emJ B SR L, HARFEFRCE BB T I01/20, IF HAM RS, ihZEn
WAL S 7Y 25 R ] e R A AR g pih Al b AR 1 IR R A SRR AR, 520 TR AR, BRI
TAEFERRAR . FH G AT AEIR 2R 41 v] LLSIER0. 635 nsHKIERIZERT, 5 /NER B3 A 5ps.

JE P R DASEBURAS BB MR R i(5 BARR oK, SR = Al FOs P B 1l 32 PR A L35
» BAPURBTI. K5, SRS al, JF BT LICMOS T MM A . W2t
TER AR 5 EARASRE Fr LB ORI ik BE, BIANIEIR 2. i EER RO FEIRAX
QM . MBOE TR BCAREEIY . TR/ RSt Bk, BB s
REE, m DL AR X SEOUM A B SRR A B OB ER IR S B4 L e
HE X




(2D BBHNES (REME  [REEH, FURSEHFEF (REREWRI. HRKEE. €5

EF . REUESS. RO E LB AR SIVIERS) s, HFRESEH—4]

1

AFFRIAREME [RE. SHRER. KAEFIEN. ARSIl T, SRS, A

BRIRE ., A ]

D% gl . X " NN
‘ . ik, e o | ZRATE | TR 44/ .
JRARAAFR ROPERRE) | ek | AEH | SRR |, I\ #iE
fERL bR, Tk, #E | iR | idises | T
CHREL A C] H
Ultra—low—loss é§ﬁ§15§121
ili i N 2023411
S111Fon Waveguides ST i Cons and 1/5
covering a very large H04H )
Photonics
band
Conference

2. RAHEAE (RIS E50REMATE . RBBRNAEARET . SVEREEERTR. B
FERR B HI REEEL. BRI S BTHEIAR. R ARG AT RS MR T5
R BTERRRE . TRER. SRENEH . #ESMTLRR T RIERER KRB RNEFEaR

1% ]




(2) ERMMERE. T KBRIIGR AL RN

LT O RPN TRt 84 9>

e IR | miwtine 1 RO
S el | HEORSL 96 4 (ERBOAKLL)

TGP EZER)
& NKi

MR RN LRPFTSBRHIAREAR, wHBHE, BRA—VHE
» RRULEE !

AR /’i%};}é};i




—. HERIEZTFNEBHRMEEZATER

H R
LA

m—
3&%\1’?9}%%%%%@%% S 2 HI TAE T 8 %%%%1%‘%

iy OR& O6#% OFEH
88 N/ B HAERE TR EARET (AF) -

Hi R
B AT

MR PP e 2, TR Be EXT IR ST AR A% (CRAORERSE. Bk
SRR UIGRIT (8] B 4% ORI, ARRIEEHBO) » PTG BRI B A
BN A RS TN TAEH, BAAREGRWT:

L@t OA@Ed CRRREAE: )
TRMZREFERDPRBHZET (NF) - # H H




¢0-¥0-¥202 ‘Hf H 11 [f

;éﬂﬁn<ﬁﬁ%ﬁ

"EHMGVEME ok, h TR T
T (A Ry

Nl 5 wﬂ Yz N [N < 3 [N
| RAMEN B OE W W C (RES CRED [ MEE ENRCNSHERTY A T e
\ BRFAEY | A% |07 BT UL Witk %2202~ 1202
HAFHY | 6 [0 B (0, | WEEEHECZ-0202 | ¥TETE | 16 | o EA——— "
I % ot . - EE Y W £2202-1202
LGB Wil| M ERL£C00-2207 | MTEYY | 28 | 0% UM S U E N ES T DA b e
L ! s i
W)LY s oz Ep—— w rp - =3 % Wy £2202-1202
T | FEESHEC0z-1208 e 88 |07 PSR E G TR 2L M5 W 8 £2202-1202
R 18 071 MIARTHEG B | RSB H50000-1202 | wmEyy | 2% | o1 o o T —
BHFENE | @ oz VHBHRY | MAEEHECI-1200 | $TETS | 88 | 02 Bp—— TG —
LR v6 (072 GEWW VLN | WEEEH£2002-1202 | M= 08 |oz Y T E Ty EE—
¥ &S 28 |oz & o e .
PHNTURET| o s wtozortzon | BF58 [ 88 [0 SR AW e e Mty 422021207
(T E e A N
WHEH | B (RS WA EH [B) ;8 < 5% WHEHE | B |gE| e WA ER [B] 0 e 5
o=y = : ’ )
FUVE 2L B T kL €€000€20¥2021GE€0T & - TMARes L00Z0EFZ0ZESEE0T & ok T TT) &
€0~ : = - :
07202 * i #57Rsh 60-120Z * Hf 57 ££012 BhEn ©B0 T2 ERNERT L
m .N s =t = : -
E=7 4= HEEH INE MEHITSEEBRW YL R W Lyv09122 &%

EEE T YT BT
M % ¥ W E Y T ow



2023 Asia Communications and Photonics Conference/2023 International Photonics and Optoelectronics Meetings (ACP/POEM) | 979-8-3503-1261-4/23/$31.00 ©2023 IEEE | DOI: 10.1109/ACP/POEM59049.2023.10368676

Ultra-low-loss Silicon Waveguides covering a very large band
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Abstract— We present an ultra-low-loss silicon waveguide
covering a very large band. Additionally, we investigate the
waveguide wavelength-dependent scattering losses.
Remarkably, we achieve loss reductions of (0.1663, 0.1226,
0.0742) dB/cm around (1310, 1550, 1910) nm, respectively.

Keywords-silicon — photonics; ultra-low-loss; multi-mode
waveguide; very large-band

L INTRODUCTION

Inrecent years, silicon photonics has emerged as a highly
popular technology due to its CMOS compatibility, high
integration density, and cost-effectiveness compared to bulk
fiber optic systems [1,2]. Notably, on-chip optical waveguides
with ultra-high refractive index contrast (An~=2) confine the
mode field within a compact size [3]. However, this high
contrast also increases the interaction of the mode field with
the rough sidewalls and surfaces of the waveguide, leading to
enhanced scattering losses [2]. Many applications of
photonics integrated circuits (PICs) now require long on-chip
waveguides for functional unit interconnections, such as true-
time delay lines [4] and optical gyroscopes [5]. Therefore, it
is crucial to reduce silicon waveguide propagation losses
across very large wavelengths.

The roughness of interfaces is the primary source of
propagation loss in waveguides. Currently, there are two main
approaches to effectively reduce waveguide loss. One
involves improving the fabrication process to reduce
waveguide sidewall roughness. Techniques such as chemo-
mechanical polishing (CMP) have been used to achieve
smoother waveguide interfaces [6], and wet chemical etching
is also commonly employed [7]. However, these processes
may not be suitable for mass production in multi-project wafer
(MPW) foundries. The second approach involves reducing the
mode field's contact with the sidewall through mode field
modulation. Careful optimization of the waveguide's cross-
sectional shape is an effective means of reducing scattering
losses [5].

Additionally, we observed a negative correlation between
the scattering loss of the mode field in multimode waveguides
and the wavelength. In this paper, we conducted a systematic
comparison of multimode waveguide losses across different
wavelength bands. Notably, we achieved an ultra-low-loss
silicon-on-insulator (SOI) waveguide with a loss of 0.1663
dB/cm at 1310 nm, utilizing the MPW foundry approach, and
a cross-section of 220 nm x 3000 nm. The same structure
demonstrated reduced losses of 0.1226 dB/cm at 1550 nm and
0.0742 dB/cm at 1910 nm.

II.  DESIGN AND SIMULATION COMPARISON

The cross-section of the ultra-low-loss waveguide is
carefully chosen as 220 nmx3000 nm. Figure 1(a) illustrates
the design of the proposed SOI waveguide spiral, featuring
single-mode input/output waveguides with width of 450 nm.
The central part of the spiral, depicted in red in Fig. 1(b), is
specially designed with four Euler curves followed by two
sections of Archimedean spiral. A gap of 2 um is judiciously
selected. To suppress and eliminate higher-mode excitation,
we determine the Euler curve parameters (Rmax, Rmin) using the
approach described in [8] and [9], and the S-bend narrows to
a 600 nm wide waveguide in the middle from 3 pm.

For silicon waveguide, the total propagation loss is the
sum of many contributions and the interfacial scattering
induced by sidewall and interface roughness is the main
source for the total loss. Here we introduce the three-
dimensional volume current method (TDVCM), a method
modeling the radiation loss due to scattering from the
refractive index inhomogeneity at this rough interface as an
equivalent polarization volume current density, to calculate
the propagation loss due to interfacial scattering and has
observed a negative correlation between scattering loss and
wavelength.

We conducted extensive calculations of the propagation
loss attributed to interfacial scattering across the studied
wavelength range of 1200 - 2000 nm. Here, we analyzed and
compared the propagation loss of the 220 nm thick SOI wave-

Archimedean
Spiral
A

R, R i

(b)

Figure 1. (a) Spiral 3D diagram featuring single-mode input/output
waveguides with width of 450 nm; (b) Composition of spiral with tapered
Euler curve S-bend and Archimedean spiral.

Authorized licensed use limited to: Zhejiang University. Downloaded on March 07,2024 at 10:06:26 UTC from IEEE Xplore. Restrictions apply.



(a) (b)

450 nm 3 pm
Sio, = Si0, -
BOX BOX
Si Si —
(©) (]
Es Eos
=2 Total Fit = Total Fit
=4 Sidewall Fit 204 ——— Sidewall Fit
2 Surface Fit 2 Surface Fit
23 So03
= =
22 202
£ 2
E1 0.1
= =
o) £y
i &

200 1400 1600 1800 2000
Wavelength (nm)

200 1400 1600 1800 2000
Wavelength (nm)

Figure 2. (a) The cross-section and TE, mode field distribution at 1910
nm with the waveguide with of 450 nm; (b) the cross-section and TE, mode
field distribution at 1910 nm with the waveguide with of 3 pm; (c) the
variation of three types of losses in a 450-nm-wide waveguide with
increasing wavelength range of 1200-2000 nm; (d) the variation of three
types of losses in a 3-pm -wide waveguide with increasing wavelength
range of 1200-2000 nm.

guide with width of 3 um and 450 nm, encompassing the
scattering losses induced by the sidewall, surface, and the total
propagation loss. The sidewall and surface roughness used
were 3 nm and 0.25 nm according to the modern fabrication
technology [10].

Figures 2(a)-(b) show the waveguide cross-section and
TEo mode field distribution simulated by MODE of the
waveguide with width of 450 nm and 3 pm, and we can find
that the contact area between the mode field and interface of
the wider waveguide is less. Figures 2(c)-(d) present the
calculations results, demonstrating that propagation loss
attributed to interfacial scattering of the waveguide with width
of 450 nm and 3 pm gradually decrease with increasing
wavelength, including the scattering loss due to the sidewall,
surface, and the total loss. Notably, the scattering loss induced
by the sidewall is too small to exhibit a discernible trend.
Besides, the loss of the wider waveguide is much lower than
the narrower waveguide. Specifically, the total simulated
propagation loss of the waveguide with width of 3 pm is
calculated to be 0.1591 dB/cm at 1310 nm, 0.1169 dB/cm at
1550 nm, and further reduces significantly to 0.0721 dB/cm at
1910 nm, contrast to the 2.8233 dB/cm at 1310 nm, 2.4201
dB/cm at 1550 nm, and 1.6877 dB/cm at 1910 nm of the
waveguide with width of 450 nm.

III. EXPERIMENT

We experimentally fabricated the spiral waveguide on a
220 nm SOI platform with a length of 23 cm and a width of
3 pm, thereby validating the simulation findings. The
fabrication was carried out using MPW foundry,
demonstrating the compatibility of the ultra-low-loss
waveguide with CMOS technology for scalable mass
production. To assess the losses of the same structure across
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Figure 3. (a) 23 cm long spiral loss at 1310 nm; (b) 23 cm long spiral loss
at 1550 nm; (c) 23 cm long spiral loss at 1910 nm; (d) matching between
test results and simulation results.

a very large band, we employed inverse taper coupling
instead of grating couplers to couple optical signals at
different wavelength. The test results, presented in Fig.3 (a)-
(c), showed that the average loss of the spiral was 0.1663
dB/cm at 1310 nm, 0.1226 dB/cm at 1550 nm, and further
reduced to 0.0742 dB/cm at 1910 nm. Remarkably, the
experimental results aligned closely with the simulation
outcomes, as depicted in Fig.3 (d), indicating a strong
correlation between them. Slight discrepancies observed can
be attributed to the effects of sidewall and surface roughness,
which are inherent to the fabrication process. The successful
verification of the ultra-low-loss waveguide's performance in
practical implementation reinforces its potential for advanced
photonic integrated circuits.

IV. SUMMARY

In this paper, we demonstrate an ultra-low-loss silicon
waveguide covering the entire spectral band and reveal the
relationship of waveguide scattering loss with wavelength.
achieving an ultra-low-loss SOI waveguide with a loss of
0.1663 dB/cm for the TEy mode at 1310 nm based on MPW
foundry, which cross section is chosen as 220 nm x 3000 nm.
The loss of the same structure is 0.1226 dB/cm at 1550 nm,
and can be greatly reduced to 0.0742 dB/cm at 1910 nm. The
ultra-low-loss waveguide mentioned is compatible with
CMOS technology and can be mass-produced.
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