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Abstract: Surface roughness of silicon-on-insulator( SOI) nano-optical waveguide can significantly increase scattering loss.
It is one of the problems to be solved urgently in different application fields. Firstly, the concept of surface roughness and the
progress of theoretical research of surface scattering loss were introduced. Secondly, various advanced measurement methods of
surface roughness of SOI nano-optical waveguide, including the problems existing in the characterization of surface topography,

were reviewed. Thirdly, several kinds of surface smoothing processes were also introduced. Finally, some conclusions were

presented combined with our study.

Key words: integrated optics; optical waveguide; surface roughness; scattering loss

51 &

TEid 2B LAR RO 746 1 B DG 0d
F01%) DI R A A R
JIHATRIZ RO, R G| T V2 U R R, O
FHAAAPE R B, FeT 4% 1K _7f (silicon-on-insu-
Lator, SO) 44K 5 B SR IR 5 4G 25 9
LU VL e 5 AN R A AR ) 2F 54 ( complementary

RE4WE: BE AR ERES R I A (61471255,
61474079 61501316 ;51505324 ) ; [ 5 /\ 7% — B A BT & &
THRIBE R H (2015AA042601 ) 5 B F - i B A 5 OB H
(20131402110013 ) ; 111 P§45 75 4F 64 28 BH97 F (2014021023-3)

Y& I3 #E(1980-) , 55, 1 LA oe 2k, B 2 A8
PIAKOLPE T MEMS (&8GR T7 IS

# JHHIEE R A, E-mail; wdzhang@ tyut. edu. cn

Wik H 1 :2016-06- 08 5 L E & WA H 1 :2016-06-28

metal oxide semiconductor, CMOS) 3% T. ZAHIE A 1
RO RO T R R — A LR R 25 . BRI
FRATH RN 3. 42, AR I 5 A (A AR S
R L AS S SHHHN 1) S E . XML
i R A G RE R B BT Y, IR AT DA SE B /s
g S e 1e ., R, SOT g4 K 56 i 5 m) DA FH7E
FAERBUENC TS, AN, BT LS A CMOS
il T 2SS G, B RO 78 i 6 10 AR 77 AR
SO TR B R ARG, HRT, AT 278000
SR RIS T VL B R SR, Bl
IO SR AN T 4™ e, TR I T 28 kR . b, 3R
T RIS A AE 2 SOT oK I 4% 5 TH oz FH o T T i 17%)
FERPEZ —,

DG AR AR FE AT 43 Ay R SR ARG WSO R R
SHEE ™ o XFTF SOT 4K il S w5 , fE M AE P AR
R— BB S Fh i 32 39 T REL A 32 368 i 1) B P A 5 | /S



368 o

S S

2017 4£ 5 J

f14 , LI T 1) RUBE /I, 2 T KL 38 G A S B AR 1 S
R, BRI R, 2O T R MRS B 1om ~
2nm B, HAGE A FEAR T 1dB/ em ; H 2 Y 3R ADHLRS B2
S 10nm i, HAES B FERS 1K 5] 30dB/em ' H A,
PR F— R L2 T L, T 20K
S R A, — s L 114 2 TATHLURE B 2 S T R f i) .
TAHEDRE B2 S 2538 hm 1 i O e, s AR IR 2 0
T B L FH o DRI, G 2 T AR 135 2 SOT 44 K i %
TEA45 75 T P o 155 A e S S ) A8, T, 1 2 BT
FHC LI T 6 T WOHRS B 7 1 19T 9 Hs
— B, T TR 1R B O % T AR BE 4% T 5
J 25 AN IR AU S 75 3R, 45 1 LA A 1Y R AN A
Jigs

ACHEENH T R IHBE S, A T K
BURFEEIC B s e . RS, IR 45 S 1 Y
KSR AT, 15 1 4 Fh 07 ¥ 78 SOL 4Kk
FIES R T WA AE R R BeAh, B A4 T JLFk
TR P REDEH T2 BUE MG S R ERLRE & 7
TR 5 396 R HEAT 2045 , %0 SOT 48K )6 i 5 o7 i i 5
HEATHI R,

1 REFREEEERS B REEL

1.1 REHEEEHS

LR B R SO A — NG o BN
FLSLFRTATE 1 A R 48 T 1) -5 BB T 2 1T A9 O 22 A
JE o FEARIRIAT L AN, FIAS R 19 2 ok e & i
HUBERE , HLA— S A Hoaf e i A . %
T SOL 9K G T oK Ui, 7T 7 i B (atomic force
microscope, AFM) IR 45 e 3 W, FLR A B B2 70 A
FRIERF AR B0AARC BB o XA A bR BT LA
AN

R(u) = O'Zexp( - ‘LL) (1)

b u g B, R O RGO IR L, R 5 AR i
2 o NITRER AR ES s L, R SRALR o MRS S5
(R R AR TEEE ) 5 o HIRIRAE S PR -1 1 5 BEAR
V- R SR B R A i 22 78 B, 28 W AR Z 307
HRRLRERE . 207 ARRLREFE i 2kl R

g = /1;2%'2 (2)

I, n SRR SRy, R S S i 5 AR T
VR ZEE , o RS R RIbRER ZE . HAT, o 7RI
SRETESFRAE ) 2] o
1.2 RESHSHRBERRMRER

TEANR] R 40T, 2 v AEL e T2 399 386 3 A TR 1) £

o, TEEEBOGAA S, 3R MDHLRS B 25 B 25 38 ok It =
WU AR, S AR T N o PRI, R AIR3 r RE RS
2 SOT 0K ik T by FH Hh i 2 A DR i OGS [ . 1/
G OG0 R HLRS B 5 | 1 B AR T T 0F
Fo FAE 1969 4, MARCUSE ™ st 1] FH bl B8 %o 2
A VM i 5 3 TORDRS B2 5 BUR AR Z R DC R #E 1T 1A
58, I HAR M T 8 A BE 407 5 F . TIEND' 5t
T E RN oA 1 R i T 2 TRRE 2 3 A AR
¥, BJ5 PAYNE FI LACEY ™ %o 22 i RS 725 IR M $5
B3 A 58 5 A3 A AR T B SRR R T A BT, 9
e TR RE MR AT 2R 08 2, LM R 45 2R 1 IR A A
B THRERBSESSESHZENKBECR, TR
SEABATT 25 S 1 R THRELRE B2 IR M\ 25 B AH DG pRES 3 AT B
U RER IR

2
o
a = (M (x,5) (3)
Tkt 0y
L n,V
AP, V=kd /n’-n’,x=W-",y= W=
0 1 2 4’7 n]W/Z
2 2
n _n s y, M2
B —mh' A =Tk JE A A I d
1

B FE, ny B ny 435 SRS 5 0 )2 B 4T 5
BB MR ER, A g (V) AR HBE T2 &
KRIE L f. (x,y) SEATTE 2 L R AL FR o

RITANZR T 20 i M 5 B0 5 RE B8 20 A7 5
T ELR A 336 5 V0 B TSR o 46T 1 S Bl 45
FESEATAMHT. 7E 1988 4FH1 1989 4, DERI %5 A 1224 %
SEXTE T S B BRI T T . (HOR M EEE R
We B RS S HHRRE 2 10 B 56 B, WA 2 1 36 1T HLAE
JE S I SRR AE Y 52 . IBRAHIM 28 A2 7 1
— T 7 1, FEISR At S 4 TR R B8 S ) B A6 A £
5 M ERE AR D E I SO BRE . X B i LSkt
TIEN {98 2 0 26al, HAM T4 A5 R IBE ST 45 0
ZERIEAR 5, peAh, KIMPO 5 AR 3R T — Pt
(A RS 307 v MR s b 7 3 , 46TF D 3 T L 44
R AT, L s . Ho e SH SR, b
R GIERE  n RTH N S CULIEL 1b) 1A k3 3 %,
no RS (LA Lo) IEEITSR 0, = (ny/n,) X
0o PRI, S 2 O RURE FT LIRS 2-D SFAR

a a b Y a
I | n,
n,
H b & b Feg | Perr | g
1y ny

B Bk A R ST RO R B (E, 850
a—RIBPIREE b—KCF I EPPRE T T By AR S



4l A3

B W SOL ki 5 2 THDHURS BE 1 W55 oF 369

PR FEHIS HETT 007

KIM 5 A4t 097 3 0T DI -5 2% Tk RS B2
51 B R FE AT B (R X A T AU B T
— X 2 L K 1) R TERLRS BE R . N T RIS
FEWE T 4 > T A0 0T EL S B RE (4 &2 i, PENG
2 NPT T — Rl R A AT S R O, X R
TR O AR E A PR AL AR S, B
SRECHRFE R D RO TS . R ERE R
5B e K AR S B O R AR, A R4
ST T 1) AR S A R AE

g, g,
o = Zkodh4nhgh fu +«/§k0dv4nvgv e (4)

A, dy, B d, 30 kKD ) R B )P I
258, ny, Fong 30 R 7Ky ) R T AR S Y
Pripr, g, Al g, 235 B 7K P J 1) e B 1) Pl g 5
LTS g L f, RS, 20 51 K7 1) F0 2 B )
SR T A % B PR B FAY, o, B o, 3R K
ST T A L T AR S B MR RS B

RS T 2R S U R AR 2 B O, SR T I
SRR B 22 MBS A AT A . BB, B TTAE S
Brid B P AR 2 B AL, 3 26 5 PR AR AR MEAT = kG
BT S, 3T, JABERANSARY %6 A\ gt 7
P e L O e R e 2 ) R R R R A B
o XAV GEATE K K12 () (B AR AR 2S 8] 1
BB 2 (] ) PR ST 2% T R 94 Ol A 481 3% T AR E
TG, RN T B LA, B8k ds ok LR
R oy B 5 SR JE W e M R VR S 1 % T R
A [m] B S PR 25 8], REAT 7= Az W 28 0 i S 3% TR RS
FERIRY [ 2 SR AT N ) 2 TR AR

B2 JABERANSARY %5 Ay i AR [ 26 2 3 i LS fig A5 g 128

I 7 AN AT LA S 2 TR S b 1 TR
AR 38 0] DAAE TS AL B SE B moRE BT SR AT o
BEAN XA A M i FE AN T K 2 A 2 i PR S
filt, PR SE IR R AR T B . AR R A i R
Xof 2 THRELRE 5 5 L I8 5 A 40RE B ip R s ot ot P
T Q ZIRIMERIAT T RER T, Fd a5 B4
552G A, R4 B, UE B JABERANSARY 28 A2
Fit 2 TEHELU R J32 M 7 v ) TE A PE . BT 3 A A
FHERLS TSR B Ry 045 R A 45 SR L [
3a M B FAL IR FE RIS ARALRE BE AR (L i 28, I 3D
R AL R FE R A DG B A AL 2. Bl 4 2L

2500
a

20004 ——~PAYNEFILACEY [#)§2
—n— [ 25 T B

fE R/ (dB o)
=
g

5004
0
001 002 003 004 005
557 LR
120
b
= 100
g
2 80
2 60
g Y — PAYNEFILACEY K442
{\_y 20 e 'H li‘JC ﬁj ﬁ‘ ‘Dj ﬁ

%o 01 02 03 04 05
HH A B /um
B3 ST S MR AT A SR 1
a— ELIE PAEWAURERESS 7 ARRLRE S (Ui 28 b— B I S i 4R RE B
K AR A 2 2]

75T EE/dB
|

| L L U
B0 LN
S N O O

153 1.5 1.55 1.56 1.57
#K/um

P4 ST S0 FLA Hh DL S SRR IS T S 0 e

MRRZE RS A AT . X ELas ST LAE

T JABERANSARY 45 A 452 J7 15 B 45 4 14 23 7

ER ST R AR — 8, ot s B R 2E

VST AR P A A AL SR BT o

2 SOI YARAFHESREMIRRAST &

DR JBE 2% W35 M IO i S U RS, 1 2
FHECEXMHAT T Z R, REITFTERE
BT A 0 T 200 1 2 TP 005 JE 0 I8 3 TR 53R o B
ZOCHE L, PRI, 8 TS e 0 A g AR e D7 32 %)
A R I SR AT RAE , 2G5 U FE 23
Mrid B b ANl AR ER Y o T, 2EAS [R] F8 WP SR
A VFZ ek I 32 T SR AE ik A TR xsk
I 7 v AT Ao D R« 4 i R e fih =X AT
BT LA B AR P A T] 00 Sk D B4 03 A« AIUARAR BT
2 OG5 RS 2 345 (scanning probe micro-
scope, SPM) DA T A ( scanning electron

—
W
e}



370 oo A 2017 45 H

microscope,, SEM) FE&DPY D B2 UE[30] ~ % N H N AT, 2% 1 J& X AN [R) i i A 55 Bk
SCHR32 o040 T 0 0 AR I, OO 7 S A
F 1 IR Fe RPHURS B2y He s Y

Jrik RS 3 A él‘fﬂ%h; - e R
HUBRREF e B B 15~100  0.1~1 & B SRR 3 S i
HEVI: B % 500 25 % RUEVRRE B e 2
bk I 2 500 0.1~1 % TP
Sz B Sk i 4 10° ~10° 0.1~1 B e S N
Jrik T () IR 2 105 ~10°  0.1~1 2 S (N T 1000m)
B IR R R YU £ (N F 100nm)
e T s B 2 500 ~1000  0.1~1 &
IR 2 R i 0.2 0.02 D T R S, L
BT A R R 0.2~1 0.02 i U LN
Wtk /2T % % B SR
e B/ A B & > 10~20 B (U B WL R,
Pyt 5 1) gt s s 5 10 ~20 & zﬂﬂ%i&#ﬁﬁ?ﬁﬁﬁﬁéﬁﬁ%ﬁ
G i % 5 50 @ TR MY
SOT 4K H I 38 >R T34 T2l &, i B
R — M AE LA R A . RIER 1 PAHREE,
HAEH i % 18 T %% ( scanning tunneling microscopy,
STM ) 1 J& F 17 8. 43 5% ( atomic force microscopy, AFM) %‘é o
AT R ORI PREBIAAE . A B BB T g x
TFREZE A SCBURE i 22 6 50 R AE S IR N yd
STM 47T FRAE AIRE i AT — 2 1) T FEL P, DA i -
LR R -5 WA i 2 D B — e s B A L i o H TR )
F 5 LA 55 , DRI U 2 T MBS JE R RE P STM i 5 HRARESEN R
FTFEME. AFM 2 STM 5@y o) o Bl —42 g R GERIHN . XA 2 fERRARS

FEA BRSO, 2 S TF M RE i S et 2 i AL 2 DT IRl 7 1 A P FERLICAE, S5 TR ALK
FHER] g (FEAtAe ) Sk sc B m IS . By, SEBURGOT I RTER] X AT AT LI I LR I
AFM T LSRR R, A AT TS e ey, BRI L RIADE A TRAE . (R R I
RER R H AT RS R R S F R Y e SRRARTIRMERY , 0 H AT R BA B B RO b
— . {HE, FIAT AFM 3 SOL 9ot S ks 1l
FE [RVREAEAE—Se ] S5 3 2%, %G I S B R RS 4 A DI B R R DU A T 18 e o e 2 — o 1Y)
BFANE , 3 BV A 0 S OB RE JE T 0P ARM ) FEE SR 0 B B K S R ARME Ok S B
B3 TR R TR SR AR e, R s DBk (LB 6) )0 T4 AFM A
ST R BRI GRS S B B 07 b i REAOCICEE R R T B RO S O, R
R R — i U LT A0k, AFM AR fe s P AT HE LSS B0 0 00 BE , HE TR ) AFM PR B
LN N AT B BRI AT LA LA — 5 (A A BE 1 T 8 3
T SEBUMBERURE I A, ATE 2 M TR Z 2, BORSLTI R UL A — 2. O R
o MARTIN 25 AP W3 7 — Al AR I o S B0 g AFM Ui B0 22 3¢ 31 SEM A 5L &= N2 R # RIXER
S ST i 2 1 T S e, DR A 5 FRUR, S TN Zal AR, e S 5 8 0 22 s
B o 3Pl 770 LR S F 57 2 WO PR T g, 0 YRR 7 2RI A o X T i i S 454 , B 00
T A B O R R R Gk e . BERERE T KA DL S LU RE I S A W B, SUM. Rl
TERK GBS BRIERY AFM Al 2 56 k4] = Jr) PANDRAUD %5 AN o il FRLURHRE i 1 i 560 T
PREF SRR 2 BT . XPF OB A s e DR OUREIR S L A A 80 ) ) A SR AR ]



4l A3

B W SOL ki 5 2 THDHURS BE 1 W55 oF 371

HefuhR et

P16 et B i ) B B FE 57 1 s P
WG o
DN T AR A T B A it A 0 4 O T i S 1)
L, 225 SRR 42 ] R IEE 3 I A6 5 DU BE SO A it R4 7
S0, IR IF BERERE bofs D BER] A AFM ARG 65, 3X
FERT LU T AFM BRIFESR BRI B 00 BEFE A5 (An el 7 e
IR o IXFHTT I B IR SR TR T A il T TR i 4 R
ECRATIIRANRERS SOL 24 K Sl i 3 M BE T2 550 E A7 00+
PR S e e S R AR — B A L oK, SRR i I BE (Y
MG ARH /N, TSRS AFM AR RELEAR 24 /M
WL PN 52 BN BE T S 0 4

a

pREr

i
W WEE

Bl 7 505 A A S LU R TS A0 0 D /s R
T SE BN BE A R B, AR 22058 R R
SEOEE RSB LA ROk . (EJ2, MIBE R BERE N, 7
R I8 1 5 I 22 P 2 S Bkt il ek
TS R—HEE, P MBI St 58 40, Fir Ak
HH AR 0] BE TR S50 5 S5 s A K O 5 S 00 BE T B 22 il AR
NI S Tt o TP 7 R I (R =3 v i) A

K8 RE T 3-D IS L HA R A A K 4

WRILF I RS ATRAE . 18] 8 S fH A i
IKF-HCE I, F ] Park 23 7] NX-10 B Ji7 5 12 G g
FHRYRENC T 3-D T3 S HI S IR AR A R SR . ik
BERFW] R TFIRPTICE AR S NX-10 AT LS4 K
oK B R R T A RAL

Pl 8 YRl 8 % TR0 2 A0 M i 45 SR AR v, (H
S HOFABE S th I S BETE A AR o g 1 S 3L B
e & VR 221 1 b T B 3 e A A i AN IR
STt RN 7125 , AELJR 3 AR D7 9 A D0 3 e 4 T i
HNEN9 i), AFM 2252 B4 T A0 i ) 4t
WOGAR = b PRET B 52 B S 3 S 45, 4 o B S 45
352 5 3 3 O S H PR 25  position-sesitive
photodetector, PSPD) , M9 af AF H, M FrmER
JEERE T , DNk N AT TR 1) A AR R AT B, 5 D HC AR R
W 2 RTBOCI B AE S oG8 . AR ERE /1 R
N TR MERS LB R b B A 25 R . VR U 2R O T
e 5[] AR ) Tt B 2SR SR ik 2 g i 5 000 B 2 4% 30
LB GRS ) |, 75 AL i 0 7 I 68 7 [ 0 25 JHE 4
WOCI A5 5 BOERH

I ok

o7 AU
JE LRI

KO A AR PO AR SR &

BT B3RS, HETRT SOT 442K 't I 5 i BE T 551
FALBAFE—LERIR, ] DUA M, 3 A0 26 ] AL A AR
AR 5 PR i 2 e 98 5l /N B JLART RS o R R R B F 5T
H, AEPRS T 2R SOT 40 K Sl I S BE JE A 2 — > ik
A PR

3 SOI#AkNKESRKRENXREILE

SOI G4 oKG I T T pEL A JEE = 2EAE SN T A0 i
Z0 i T2 R g LA, ] e ARG bl 5 2 T KA B2 5|
BTV Z BT H R xS g A P
PN —ZAEEICR I T 205 Xt -t
FrRMDEHEALE B, A SO, 20 LA R i )5 Ak
BRI LS T A, o S O R B . Xt
FIMTTZEOAT wi TAE, f T RN AR Z X
BRI, H AT, SOL 49Ktk 5 5 kb B % 1
TEFZAME FB K BTk, T it



372 o

ot B AR

2017 4£ 5 J

T AR S 4
3.1 AEUFE

TEROM T2, PR A8 2 R TE i R 3R
T A — R AR . B AT o TR A R A
AP R R R 2 BE TN BB SR
RATUAE h, AR AR & — Fh AT RO Rk I R DG T
TSR EE T2 FE B2 S0k (S5 ] v Vel il 1k
ST AT R AR S S s 183 1O Y
TFEIEE AL e TIE g MR CF, #0100, AR 9 20 i<
RSB 5y 480W, CF, /0, "R I i 0 100 (ml -
min ') /250(mL + min "), Z] Bl ] 15min, 4L
WHEJZTE HCLF O, WA AT 7 A, ARG FE b iR
2 NH, i 0h DL R BR R A Y) o XMh 5 ik i
AL DK () B ALRS B2 BEACE] Inm DLF . BE4h, LEE %
NPT — T 32 A3 R ot I oA RLE Y B 4%
JE Si/Si0, T 2 TORLRE BE S 1700 18 A0 B, % S 7E
1000°C ,H,0 #1 0, IR A4 H 484k 43min, A LS,
] HF 359 25 BRI R T AL 2 X Fh 7 vk vl DAL
DUPEERLRES B2 e 10nm FEAKE] 2nm, Ff-ff 0. Spm T8 B 1Y
RO AL i AR B 32dB/em FE{IKF] 0. 8dB/cm,
SPARACIN %5 A7t 5% FH 15 Ak 2 48 Ak i 0o 1 e S )
BEJEAT I AL B, AE#H RIFE A AT 4 B[R B AL
SAALT AR B, DL HE 22 U SA A 0] I B KL RS 132 0'6 T A%
B S 4E R FEB], RCA ¥ ¥E (10min SCI, DI rinse,
15s HF, DI rinse, 15min SC-2, DI rinse ) & H A %K
M5 o B AT R AT AR /N Y IS O BE 45 AE
9.2dB/cm [EAKF| 1.9dB/cm , X} F 630nm T B ARk IR
S, AT HC ) BE X 7 AR RE BE iy 1. 4nm [ AR 3
0.7nm, BT IR AEOCTE T2, A HAt
WF 5T I A2 28 A 0 0 Ak - O R AELRE B2 E 7 75
VAL EE IR T R R VR R — A K
Rk RO L2 HRE WA A2, Hrp
I R ERE TSI RZ2 0, 5T R
JER AR o SRR R BRSOG4
WP T I
3.2 SRANAZE

e Tt SR SO RE I R TR AR 52 & 22412
A | BU B €10/ Sl O < 1B = o s ¥/
SRMEEIE IR X —B G T L I 5%
T L RS B E 4T 0% W Ab B, 1998 4, MORICEAU %5
N R E 2T b R R I SR KRR SOT g 1R
FIMBRG o WAL XF 1150°C 544 & il 2R KRG
BRE Fr AR THEAR AFM I8 R e & B, 34 5 AR
Hiti Y 2 R (DA Sam BEARENF LK) o TES 7%
HRL6S ] v, A5 ok e il SR K VA R 1 25 A4 T A ek 28

AT THFSE . S IEAE 1000°C 5040 e 408 X, 1
AR A DX 388 1) 45 A6 7 1 A 30 8 e, 2 T RELARS Bt A
L. Inm FE{KE] 0. 19nm 3 T REAR SOL 5 TE i1 M BEAH
B, WANG 25 A3 I 3 S E 47 0B JOrb B, iR
KA AR ) 30Pa, &3 3 60mL/min, iR
KIRJE 700°C IR 5 MBE 35 J5 ARMLRE B2 i 28. 73nm
FEARE12 20. 1lnm, AR, LEE 88 At t—Fh bk |
AR RIR KT Z, FLAMCAE SOL Y6k 5 45 #4755 -
WA S 2 IDHLRE I b1 F MULLINS f 45575
YA T T 2R R T B 1 S 2 A T A E AL
P25 SRR, R B R BCS W 3 T e 1 o, B
FEA TR, A T UEBT F IR B A A A A AT
TE 1100°C , 1333Pa F504 F XA IR K Smin, AFM il i
SEILAEH, MU BE X5 7 ARHLRS B2 M 20nm @ 3 FE AL )
0.26nm, 7EZ%SCHR[45] 1, GAO 45 AR Fl &R
KT AR T BT B T HDRURE B i 1o R b P
SO J& o't it 5 M B MRS 2 A 10. 2nm R T B 2]
0.3nm, {EEMRIELEE S5 A )52 56 5454, MU E 10 fr
IR SETE RGNS SOT YK i R AT T AR K LI b
5o HARGHIB AN HE R IR BERKS
BB LR A, TR 1100°C ,1333Pa 5514 T &R
AR PR 10min, fif P 5 98 ThDHLRE Bl 1. 750m REAIG 3
0.91nm ( QUE1LL 7R ) .

B 1L SR R G 3 1 AFM Ji4s
LR LIk R RER S 25 Sk P 4 A SUR KT
EZ AN B HR AL — € R B L AR 1 3 TwH
BEJE . AUR JOLH L5 AL T AR B, LA A
JE LB VAR FOEHT A B AR T AT FE I 7 R
fifo BEAh, FIB K T AR G A R MU A =, il LR
AR T A PR A o (ELJR T BRI T R



4l A3

B W SOL ki 5 2 THDHURS BE 1 W55 oF 373

I, T ] 4 SR k23 3 LT 3-D BBl
1, SR KON AE e il A6 1F R DR T
3.3 HEXRBUKETE

Br T B R UR SOt T2, AT
BN T HE St A B T2 i ARMANI
S TV SRAR A T g PR [ 3R 2k N L RE AR
TR, I R AR SR DML R B2 o 3R IE I 4 i o TR 1
AR 0%, FEXAN RN T2, BB MOE R B R 4
o 200, HHOE U8R B2 DR M 5 i 234 o ot
IR AT LASE o F P R G AT R R e R
BEHE N 100MW/m® [y nd A o, BO6 & 97 & ik
ARG AR R B G S L R A, 3 g g fof B
HGNARFANIMEIE , B P IR IR A2 A
o 1B 12 B— MR R R AT S SEM E&

P12 OB RS WAL TS RE MO SEM PR 1L

BOURELLE 45 A\ 41 ty — i Bl g < A 1 7
TR AL MU G 1 (gas cluster ion beam-chemical
mechanical polishing, GCIB-CMP)” [t 2% 1 Y& 1 77 5
SRR T, 8 A A BEAE 80° BT N, 7T L)
WO BERLRE B2 FEAIRE] 0. 39nm, A BFFEE & ) —Fh
WOCIBHIE AR XA A Kol 5T BOt a8 Xt
DS IOV BE A4 746 M L 3 AT G 2 TR 82, AR 0] 3
SERRI], X PO i BT LU I8 5000 BE R e B2
i 14nm FE{IKE) 0. 24nm, JLAR, 84 — 2677 745 1] LARE
A2 TP RURE B2 52 000, Ee A2 ALt sk ™ R 72
PUBLETY S AT Y BT A S S TR AT LAAE—
FEFERE FRRAR SR IR BE o (A IX— 41
AP A 3y T2 AR A LA ], RISl A A [
B LA WHELMS B R AL BREE SR . iy L, 31X
BE 7 AR TE G R 7

4 N %

B T 5% T SOT 4K i T 2 T LK BE 4% 77 THi 1)
W e , B K R i RS B S DB U R e
HOE RIETESRALTT ik KOG = R 6 T 2577
TN BEE T 4507 5% BTSRRI 45 H el
FAAERA R LR, SRS, S Easelh 17— =
TAERY R (HZ G T SOT 9K i 3 4 Jr Tl BIF S AR
IRANGE ISR, v, e Sx 3 TR 12 5 1 76 9 IS 4

FEEATREO 20 AT L G fof 552 B0 490 oK RO 3% 181 T 35 )
B AL A ] i — 5 AR AR D 33 TR 2 0 A2
TR DR SCHETIRE , SOT YK G T )™ W B4 B i 55
S ST 5 YL, (B [ R A AE 1 25 O B (AL 145 g

Z % X #

[1] MEISTER S, FRANKE B, EICHLER H J, et al. Photonic integrated
circuits for optical communication [ J]. Optik & Photonik, 2012, 7
(2) :59-62.

[2] DOERR C R. Silicon photonic integration in telecommunications
[J]. Frontiers in Physics, 2015, 3(1) :1-16.

[3] THOMPSON M G, POLITI A, MATTHEWS J C F, et al. Integrated
waveguide circuits for optical quantum computing [ J]. IET Circuits,
Devices & Systems, 2011, 5(2) : 94-102.

[4] SMITH P G R, GATES J C, HOLMES C, et al. Fabrication of silica
integrated waveguide circuits for quantum enhanced sensing, quantum
information processing and number resolving detection [ J]. Proceed-
ings of the SPIE, 2015, 9370:1-6.

[5] GOBAN A, HUNG C L, YU S P, et al. Atom-light interactions in
photonic crystals [ J]. Nature Communication, 2014, 5(10) :3808.

[6] JAGER M, BECHERER T, BRUNS J, et al. Antifouling coatings on
SOI microring resonators for bio sensing applications [ J]. Sensors and
Actuators, 2016, B223(1) :400405.

[7] BARRIOS C A. Optical slot-waveguide based biochemical sensors
[J]. Sensors, 2009, 9(6) :4751-4765.

[8] LUCHANSKY M S, WASHBURN A L, MARTIN T A, et al. Charac-
terization of the evanescent field profile and bound mass sensitivity of a
label-free silicon photonic microring resonator biosensing platform
[J]. Biosens Bioelectron, 2010, 26(4) ; 1283-1291.

[9] MUKUNDAN H, ANDERSON A S, GRACE W K, et al. Waveguide-
based biosensors for pathogen detection [ J]. Sensors, 2009, 9(7) :
5783-5809.

[10] WERQUIN S, GOES A, DUBRUEL P, et al. Silicon-on-insulator
microring resonators for photonic biosensing applications [ J]. Inter-
national Conference on Transparent Optical Networks, 2013, 9(6) .
14.

[11] VAHALA K J. Optical microcavities [ J]. Nature, 2003, 424
(6950) : 839-846.

[12] CHEN X, LI C, TSANG H K. Device engineering for silicon pho-
tonics [ J]. NPG Asia Material, 2011, 3(1) : 34-40.

[13] DAI D X, BAUTERS J, BOWERS J E. Passive technologies for fu-
ture large-scale photonic integrated circuits on silicon; polarization
handling, light non-reciprocity and loss reduction [ J]. Light Sci-
ence & Applications, 2012, 16(81) : 500-505.

[14] HUNSPERGER R G. Losses in optical waveguides, in integrated
optics [ M]. New York,USA Springer-Verlag, 2009 :107-127.

[15] GNAN M, THOMS S, MACINTYRE D S, et al. Fabrication of low-
loss photonic wires in silicon-on-insulator using hydrogen silsesquiox-
ane electron-beam resist [ J]. Electronics Letters, 2008, 44 (2) :
115-116.

[16] LEE KK, LIM D R, KIMERLING L C, et al. Fabrication of ul-
tralow-loss Si/SiO, waveguides by roughness reduction [ J]. Optics
Letters, 2001, 26(23) . 1888-1890.

[17] PONT S C. Computer vision-surface roughness [ M]. New York,
USA : Springer Publishing Company, 2014 ; 781-782.

[18] LADOUCEUR F, LOVE J D, SENDEN T J. Measurement of surface
roughness in buried channel waveguides [ J]. Electronics Letters,

1992, 28(14) : 1321-1232.



L - S

2017 4£ 5 J

[20]

[21]

[22]

(23]

[24]

[25]

[29]

[30]

[31]

[32]

[33]

[38]

DEGARMO E P, BLACK J T, KOHSER R A. Materials and
processes in manufacturing [ M]. 9th ed. Hoboken, New Jersey,
USA: John Wiley & Sons, 2003 223.

MARCUSE D. Mode conversion caused by surface imperfections of a
dielectric slab waveguide [ J]. Bell System Technical Journal,
1969, 48(10) : 3187-3215.

TIEN P K. Light waves in thin films and integrated optics [ J]. App-
lied Optics, 1971, 10(11) . 2395-2413.

PAYNE F P, LACEY J P R. A theoretical analysis of scattering loss
from planar optical waveguides [ J]. Optical and Quantum Electron-
ics, 1994, 26(10) : 977-986.

DERI R J, KAPON E, SCHIAVONE L M. Scattering in low-loss
GaAs/AlGaAs rib waveguides [ J]. Applied Physics Letters, 1987,
51(11): 789-791.

DERI R J, HAWKINS R J, KAPON E. Rib profile effects on scat-
tering in semiconductor optical waveguides [ J]. Applied Physics
Letters, 1988, 53(16) :1483-1485.

IBRAHIM M H, KASSIM N M, MOHAMMAD A B, et al. Rib
sidewall scattering loss estimation for trapezoidal optical waveguide
[J]. Optoelectronics and Advanced Materials, 2009, 3(9) :917-
920.

KIM C M, JUNG B G, LEE C W. Analysis of dielectric rectangular
waveguide by modified effective-index method [ J]. Electronics Lett-
ers, 1986, 22(6) : 296-298.
PENG W Q, WU Y L, LIU Y,
waveguide with trapezoidal cross section [ J]. Journal of Central
South University of Technology, 2012, 19(5) : 1317-1321.
JABERANSARY E T, MASAUD M B, MILOSEVIC M M, et al.
Scattering loss estimation using 2-D fourier analysis and modeling of
IEEE Photonics Jour-

et al. Scattering loss in optical

sidewall roughness on optical waveguides [ J].
nal, 2013, 5(3): 6601010.

ZHANG H, LIT, JIAN A Q, et al. Modeling and simulation of the
effect of surface roughness on properties of silicon-on-insulator opti-
cal ring resonator coupled with a straight waveguide[ J]. Optical En-
gineering, 2015, 54(12) :125101.

ALI S H R. Advanced nanomeasuring techniques for surface charac-
terization [ J]. ISRN Optics, 2012, 2012(1) ;1-23.

BHUSHAN B. Surface roughness analysis and measurement tech-
niques, in modern tribology handbook [ M ]. Boca Raton, USA.
The Chernical Rubber Company Press LLC, 2000 ; Chapter 2 Section
3.

WHITEHOUSE D. Surface and their measurement [ M |.
UK Hermes Penton Science, 2002 168-211.

BINNIG G, ROHRER H, GERBER C, et al. Surface studies by
scanning tunneling microscopy [ J]. Physical Review Letters, 1982,
49(1): 57-61.

BINNIG G, ROHRER H. Scanning tunneling microscopy [J]. Sur-
face Science, 1983, 126(1) : 236-244.

BINNIG G, QUATE C F, GERBER C. Atomic force microscope
[J]. Physical Review Letters, 1986, 56(9) : 930-933.

BRAGA P C, RICCI D. Atomic force microscope [ M ]. Totowa,
New Jersey, USA: Humana Press Inc, 2004 . 3-12.

JANG J H, ZHAO W, BAE J W, et al. Direct measurement of
nanoscale sidewall roughness of optical waveguides using an atomic
force microscope [ J]. Applied Physics Letters, 2003, 83 (20) .
41164118.

MARTIN Y, WICKRAMASINGHE H K. Method for imaging side-
walls by atomic force microscopy [ J]. Applied Physics Letters,
1994, 64(19) ; 2498-2500.

London,

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[51]

[52]

[53]

[54]

[55]

HOSOMI K, SHIRAI M, HIRUMA K, et al. AFM characterization
of GaAs/AlGaAs waveguides [ J]. IEICE Transactions on Electron-
ics, 1996(11) . 1579-1585.

SUM T C, BETTIOL A A, SENG H L, et al. Direct measurement of
proton-beam-written polymer optical waveguide sidewall morphology
using an atomic force microscope [ J]. Applied Physics Letters,
2004, 85(8) : 1398-1400.

PANDRAUD G, EDUARDO M B, YANG C K, et al. Experimental
characterization of roughness induced scattering losses in pecvd sic
waveguides [ J]. Journal of Lightwave Technology, 2011, 29(5)
744-749.

PANI S K, WONG C C, SUDHARSANAM K, et al. Direct meas-
urement of sidewall roughness of polymeric optical waveguides [J].
Applied Surface Science, 2005, 239(3) ; 445-450.

WANG Y, LIN Z, ZHANG ], et al. Side-wall roughness in SOI rib
waveguides fabricated by inductively coupled plasma reactive ion
etching [ J]. Applied Physics, 2004, B79(7) ; 879-881.

WANG Y J, LIN Z L, ZHANG C S, et al. Integrated SOI rib
waveguide using inductively coupled plasma reactive ion etching
[J]. IEEE Journal of Selected Topics in Quantum Electronics,
2005, 11(1) . 254-259.

GAO F, WANG Y, CAO G, et al. Reduction of sidewall roughness
in silicon-on-insulator rib waveguides [ J]. Applied Surface Sci-
ence, 2006, 252(14) ; 5071-5075.

CHABLOZ M, SAKAI Y, MATSUURA T, et al. Improvement of
sidewall roughness in deep silicon etching [ J]. Microsystem Tech-
nologies, 2000, 6(3) . 86-89.

LIU H C, LIN Y H, HSU W. Sidewall roughness control in ad-
vanced silicon etch process [ J]. Microsystem Technologies, 2003,
10(1) : 29-34.

ZHOU L B, LUO F G, CAO M C. Study of the plasma etching
process for low-loss Si0,/Si optical waveguides [ J]. Thin Solid
Films, 2005, 489(1) : 229-234.

GNAN M, THOMS S, MACINTYRE D S, et al. Fabrication of low-
loss photonic wires in silicon-on-insulator using hydrogen silsesquiox-
ane electron-beam resist [ J]. Electronics Letters, 2008, 44 (2) .
115-116.

AMIN TM F, HUDA M Q, TULIP J, et al. Sidewall roughness con-
trol in deep reactive ion etch process for micromachined Si devices
[C]// Electrical and Computer Engineering (ICECE), 2012 7th
International Conference. New York, USA: IEEE, 2012 . 82-85.
DEAL B E, GROVE A S.
dation of silicon [ J]. Journal of Applied Physics, 1965, 36(12)
3770-3778.

SUTARDJA P, OLDHAM W G. Modeling of stress effects in silicon
oxidation [ J]. IEEE Transactions on Electron Devices, 1989, 36
(11) . 2415-2421.

DEATON R, MASSOUD H Z. Manufacturability of rapid-thermal

oxidation of silicon; oxide thickness, oxide thickness variation, and

General relationship for the thermal oxi-

system dependency [ J]. IEEE Transactions on Semiconductor Man-
ufacturing, 1992, 5(4) . 347-358.

MASSOUD H Z. The onset of the thermal oxidation of silicon from
room temperature to 1000°C [ J]. Microelectronic Engineering,
1995, 28(1/4) : 109-116.

YAHATA A, URANO S, INOUE T, et al. Smoothing of Si trench
sidewall surface by chemical dry etching and sacrificial oxidation
[J]. Japanese Journal of Applied Physics, 1998, 37 (7): 3954-
3955.

LEE KK, LIM D R, KIMERLING L C. Fabrication of ultralow-loss



4l A3

B W SOL ki 5 2 THDHURS BE 1 W55 oF 375

[57]

[58]

[59]

[60]

[61]

[63]

[64]

Si/Si0, waveguides by roughness reduction [ J]. Optics Letters,
2001, 26(23) . 1888-1890.

SPARACIN D K, SPECTOR S J, KIMERLING L C.
waveguide sidewall smoothing by wet chemical oxidation [ J]. Jour-
nal of Lightwave Technology, 2006, 23(8) : 2455-2461.

SHI Z J, SHAO S Q, WANG Y. Improved the surface roughness of
silicon nanophotonic devices by thermal oxidation method [ C]//3rd
International Photonics & OptoElectronics Meetings ( POEM 2010).
New York ,USA:IEEE 2011 :12087-12093.

NARA J, SASAKI T, OHNO T. Theory of adsorption and diffusion
of Si adatoms on H/Si(100) stepped surface [ J]. Journal of Crystal
Growth, 1999, 201(1) : 77-80.

JEONG S, OSHIYAMA A. Complex diffusion mechanisms of a sili-
con adatom on hydrogenated Si(100) surfaces: on terraces and near
steps [ J]. Surface Science, 1999, 433 (1) : 481-485.
KURIBAYASHI H, GOTOH M, HIRUTA R, et al. Observation of
Si(100) surfaces annealed in hydrogen gas ambient by scanning tun-
neling microscopy [ J]. Applied Surface Science, 2006, 252(15) ;
5275-5278.

SHIMIZU R, KURIBAYASHI H, HIRUTA R, et al. Nano-scale
morphology and hydrogenation of Si surfaces in the early phase of hy-

Silicon

drogen annealing [ J]. Journal of Physics; Conference Series,
2008, 100(1) :14.

MULLINS W W. Theory of thermal grooving [ J]. Journal of Applied
Physics, 1957, 28(3) : 333-339.

MORICEAU H, CARTIER A M, ASPAR B. Hydrogen annealing

[65]

[66]

[67]

[68]

[70]

[71]

treatment used to obtain high quality SOI surfaces [ C]// Proceed-
ings 1998 IEEE International SOl Conference. New York, USA:
IEEE, 1998 37-38.

LEE]J W, LEEJ Y, KIM S G, et al. Structural modification of a
trench by hydrogen annealing [ J]. Journal of the Korean Physical
Society, 2000, 37(6) : 1034-1039.

LEE M,CHANG M, WU M C. Thermal annealing in hydrogen for 3-
D profile transformation on silicon-on-insulator and sidewall rough-
ness reduction [ J]. Journal of Microelectromechanical Systems,
2006, 15(2): 338-343.

ARMANI D K, KIPPENBERG T J, SPILLANE S M, et al. Ultra-
high-Q toroid microcavity on a chip [ J]. Nature, 2003, 421
(6926) : 925-928.

BOURELLE E, SUZUKI A, SATO A, et al. Sidewall polishing with
a gas cluster ion beam for photonic device applications [ J]. Nuclear
Instruments and Methods in Physics Research, 2005, B241(1/4) .
622-625.

HUNG S C, LIANG E Z, LIN C F. Silicon waveguide sidewall
smoothing by KrF excimer laser reformation [ J]. Journal of Light-
wave Technology, 2009, 27(7) . 887-892.

FURY M A. The early days of CMP [J]. Solid State Technol,
1997, 40(5) ; 81-86.

ALASAARELA T, KORN D, ALLOATTI L, et al. Reduced propa-
gation loss in silicon strip and slot waveguides coated by atomic layer
deposition [ J]. Optics Express, 2011, 19(12) . 11529-11538.





