[ 49 % % 6m/202 % 3 A/REMHE

% )2 90 o v N S i LB i B TR 58 5 e W R T
W%, BAE, AEF

V%2 Lol Ry el DA% Be, BRPE 744 710021

WE NTHRIKESREEASE T 220 0 550 2 0 BCE, 1 26 2 )2 A 00w A5 0L 1) 2 5 4 A bR AK
(BRDF) 4 & , B 4341 T X1 5 43 A7 s 4 5 M A T i 58 B G R . FE A SR IE AS B pn kK 632. 8 nm
b B S ET R K F 99 W I E SR T R A Si0, . Ta, O5 TF M EHE T TR G/(HL®/A MR G/(HL H/A, 345
BT RN 2R LT A SR A . SRS LU AR G/ (HL) H/A FLTH Y B 3% 43 Ay 52 ik X 37 58 3 — 25t Ak, 18- 5)
TR G/(HL) 0. 411, 6H1. 5L0. 5H/A, BIEHH T IEA S 4& M F = Fh B 2R B9 XU 5436 oA 8. 2 30024 Bl
A —45° ~45°mF, B & G/(HL)®HO. 4L1. 6H1. 5L0. 5H/A [ ) BRDF /N F & G/(HL)*/A 1 &
G/(HL) H/A, FRTE T =FEREZRABHEBRFES  5]A G/(HL /A MER G/(HL) H/A L, 4
B ZR G/(HL) HO. 411, 6 H1. 5L0. 5H/A Ay S FEAIR T 91.44% .37, 98% . S U8 UE T A FH 55 2 5 1f0 F 3 388 3 9

I 2 TR A A A AR
ES a0

FESES 0484 XERFRER A

1 5l B

Fe G B L 2R AN T OB 2R T A IR IS ]
AL g A B R . BN BOL P IR R GE R 1
T ZR L AR PR M B SR A I R 1 S S 8 T v e S
B 2 THT A RIS BEL B 1 e 5 A S S R i gk — 2D R
[Fi) BN 388 i 016 1% v i S S 1) R X B0 B IR A A
B A EEAEE h T IR LR G R W
O3 BEARFNROR R S 5 B A B AR 1 Ol 2
FES o FE i RO 2R G v, B R s e BB I R
SF 3T DU IO A% 1 A s ) 38 R G [ i A 1%
SHBURE T LA 2R G045 3 0 4 OB RO R . BRSOk
5 IR TR HICSR R e AT B B S A R T A
PERE G 27 i IEE 2 1 R ARG I D' 2% R BT O 1
B

Murotani™™ XJ 3 Ji , 1 155 4 1 AR RE B o A7 T 08
AMWEFE I 53 B 7 FEIE 0 A 2 T REL R 38 %o Ot~ 2% 1
AR R 0 52 0, BIF 5 A R DT 3 T REL R R K
A8 B A ) D' 2 T R SR TR RS R A R SR T

W ZJR BT U s XU S5 o A R AL

SO 1R

doi: 10.3788/CJL202249.0603001

FC BT 2Bk, Amra 285 JE T 0L 52543 A6
PRIE(BRDE) , F ] 22 )22 i B v 25 A~ 5 T 46 56 o 2
Z IH] R 7R L 4 TN ST AR DGR BE R AT T AT, 45
SR AEAS R Y B T AH DG R T U A AR TR
L T i) A9 A S AR 28 00 o T O R b
BB BRI E ST T RO R R AR B T
3 )2 S VT RS AR AR R i B R R 2 X Ol 2 3 R R T
FLRE 5 26 1w SO A pE b AT T R . 2016
AR S — B B Bl ST T HLA HOML RS B
FE AL AR R T 2N E R
22 VB TR S R R 22 2 R R ST TR R 1) ' IS IR I R
P, 2020 4R 4N BIS 0T T 22O R
T HELARE B2 R T8 A S 1 L R T 2 e R S
IR, FER T 5T o 02 5 S 5 T8 58 2 1 1
SRR 5 22 )2 R B T 5 4 Al A SRR B R
SRR, TG T ARl U/ 22 2 8 S S i 3R TR RIS
1A 114 BF 50 M 4G

AR Ta, O, Si0, FFh AR, 76 F 0 i K
632.8 nm &M R TR KT 9% M ITZER T, 7

W B HE: 2021-07-06; fEE B HI: 2021-07-27; R BEHA: 2021-08-13
BE4WB. AT TES LB ZAWTRII E (18]S054) . BEPEA [ 4R Bl 2 5L al BF 58 1 %135 B (2018JM6031)

BIEEE: "pyq 867@163. com

0603001-1



B|A49E £ 6 H1/2022 £ 3 B/RE

K9 B 31t T PR & R IR G/ (HL)® /A
(BER—) A G/(HL H/ABER .G IR HE,
H s e R p Rk L AR G5 bk A S A
s S0, IR TR T A I AR DA Y L 5 R )
fiie R RERANBHHR T TR G/
(HL)®H/A Fti s 358 B2 43 A, i — 2B ik 1 iR )=
BLm ok, 15 B T M Ak BE R G/(HL)"HO. 4L
1.6H1.5L0. SH/A(BER =), HgHHE T = Fh X
1) BRDF UGB BAFE (S) . fESEE b, R HIAH
[7i) Py S R ) 120 0 S A RO T K9 BB 1 B
T AR S SEBRIR T R R K 16 Y BRDF, 56
UE T BT 48 T vk A ot
2 JCE R A S

X [w) S 343 A R 23 (8] 56 ZoR B R an &l 1
L HH 0 AR LT R 0, T B A SRR,
0, IR LT, 0, J5 i R R0, il o, 5
S O AR VR O 6L . YRR T MO A
BN PR L B, 7 0, 7 T b & AR WO, ST AR
1 dQ IR 23 A B 2% T AL a) S 568 0 A PR (B )
O S|

dI,

BR-cosﬁ,:%(—)o @D)

> X

B 1 X In] s S 43 Ao R Y 45 B) 00 FROR B R
Fig. 1 Schematic of space relationship of BRDF
Xf T 22 23 W R AR T 1) OGO L 7 I T B AL
I 22 AW BN
N N
By +cos,=>,>.C,C

A FonsE i DA RRE ) DR N RKoR
WREZ 8 g (k—k,) F2om I3 1w 1Y ) 245 %
JEPRE sk T ko 43 ) 26 s A B 6 4R VRIS ' 26 1 I8
Fi;C, FomeE A =2 5 AGHOE T I VB
)RR AT R A S T AT
C, mitiiE ., E&mEMERE F, Y ARG EE
ANH A g (k—ky) =g (k). Amra"™# (2) Xk

i,'*g,'j (k_k()) D) (2)

H5h
By + cos 0, =

Z |C, \Zgij(k)—O—Z Z CClg,;(k), (3

i=0 i=0j=0,j7i
(3) &5 5 A ) 27 — 1T 3% 7= A [im] e J5E 5% 100 #3053 i
MM, 56 R R B AT &, X T2
22 R L T 5 A R DG AR AR R L T () ) AR E S
AR BT RS R g, =g, =g M Z )2
G 58 4 AH AR A 1 B Rk AT LSRR Ry

4

By » cos 0, =

Fh T A R P2 T B 2 ) 8 R 6 22 2 T DL
JE Y R I 22 2= 90 1 H 5 3 B9 4R i O 4% A T B
R e A4 AR B

XF T 58 A AR AR GRS, ol T 2 JR W A% B H Y
R B2 2 58 4 2 A FH OC Y DRIk (3) 30455 A5 il
o — T A LA 2 4t b I 2 % 9 A5 AL T A RO 02
SER ARG . T 22 J2 W I B 1 02 4% ST B
& . J L By 1T LS

P
By +cos 0, =>.|C,|*g k), (5)
i=0

X P OAHU LR,

1815 22 J2 B v BT A 5 T A 4R ) ) T 335 4% B o
B By 582 FOREE . C 5.
N 25 14 L 22 )2 A A e L PRI A R M A L 45
— A Rk
C,=(; —e¢; DE(z;,0)E(z;,0,) (6)
Kfree; Mle, 005 ZMEE j—1 BBZ R
ﬁ HEEGE () B ] ERAmEABEIZRE: 2, R

55 R A ALE . MR (6) 2T En L A A
W00 22 RN A 1A A R 37 6 B T DL 50k 2R
o B, AT R b 3 T 9 Ok e 55 ' AF o R ok
B

ST FRE 1 R R UG T F R LA )
RSk T 45 1 T S A R A T B RE 5 XL )
J 54y A sRECZ TR B 5 2Rl

S :ZTCJ‘?BR ecos @, +sinf, «df,, (7)
TS S SR 6 4 A bR B
Fr=>[RQA)—R.)]%, (8)

K2 HAGHFOWERK R Q) ABERPOWEK
Ab A B R () D AR AL BT B B R
TR B THT FEL 7 0 B Y PE A pR IO
Fy=>,[NGz)—N.(x)]", (9

0603001-2



F£49% 56 H1/2022 £ 3 A/HERH

s DA R S T B AL N (=) O I S T A Y
HLI R B 5 N (=) g JBE 2 B T b e T i WL 37 2
LA UL L AR I bR R ST 2R PR PR
F=K, XFy+K XFyg, 10
XK, MK IR T T 2 AT 5 R A
REEH TR 2 J5E B AR R [ P 0] B2 5
Fr A5 A5 258 DA R RO A /N O R B9 B 2
JEEJEE BV g T SR AE

3 Z TR AT s B P ELe TR

5o #r

e K9 338 (BT 5% n =1, 52O /E N LR,
AR TR ZE =1, SPGB Ta, O (n=
2. 25) AR AT 9 F A1 B Si0, (n = 1. 46) 52 B 85 il .
15 S R B TR Ryl K 632, 8 nm Ab Y R
SRR T 99%.

ORI R IS R R G/ (HL) /A fil
&R G/(HL H/A 43 A5 H R % AR IR &R
FUE R R BEA ST K ARl e 2 froR . B
VTR P R R N Y R b R o AL O TR
R R AR TR = G/(HL)'H
0.4L1.6H1.5L0. 5H/A,

120

—— G/(HL)/A
—— G/(HL)*H/A
—e— G/(HL)’H0.4L1.6HL5L0.5H/A

100 F

80F

60 f

Reflectivity /%

40 f

20

O L 1 X
400 500 600 700 800
Wavelength /nm

Pl 2 = R 3R T B S R A S I 0 AR Ak it £k
Fig. 2 Surface reflectance of three film systems versus

incident wavelength

JER — . = =l B K b S i
99.40119%.99. 8814 % . 99. 6884 % , ¥4 i & % i %
Ko AHE 2 AT AT LA, 5 H A R R
AR LG IR 2R =0 S 5l B, LR R X 3 7 g
RS NC I EA

R B % DA 1+ 37 5 B 23 A an &L 3 (a) L (b))
fiam. ATLLVEM, ERIIZHER T KR G/
(HLOY®/A Bt w10 — fb B 3 %8 B % 7 8
3.9880. IR G/(HL) H/A fz4h )2 51 1 15 — 1k
HL 37 8 B 10 7 N 0, [A) IsF 05 — 4k e, 37 58 3 S 5 B

I ARAH 3.9975 WAL B A F25 b, Al LL T i 3R —
() U DN TR —

P T Y B AL TR A A A K R
5 I 3 5 ) B AL 5D SR B AL T 8 T, T LRI T
I B T B . SRy 1 R — 2B R AR P Y R 0
JEE T AR Y I L 35 03 A D A B A D )2
JEE. 58 TR = G/(HL) Ho. 4L1. 6H
1.5L0. 5H/A, H #3758 B A &l 3(o) iR .
JEFR = 5 R AR L, B2 3R T i 3 3 v 1 B R
(RS FNIR KA S BRTE R Z o [, W 7 =i
FRE T A S B DY A BT Y U — b F 3 a8 R Y T
i AERE 1R,

@ 2z 40
5
g 32}
=
<5
= 24t
=
g
< 16F
<
Q
= 08}
film
CEIN IR Do . |,
-250 0 250 500 750 1000 1250 1500
Position /nm
®) z 40
g
E 32}
=
&
< 24 ¢
g
< 16}
9
Q
2 os}
E air film
: L. .
-250 0 250 500 750 1000 1250 1500
Position /nm
© g 40
2
g
E 32}
]
3}
S 24}
g
< 16F
9
Q
é 0.8F
air film
s VWAL
-250 0 250 500 750 1000 1250 1500
Position /nm

B3 AFBERNEEH R GmENFETT. (a)G/
(HL)®/A; (b) G/CHL)*H/A; (c¢) G/CHL)'H
0.4L1.6H1.5L0. 5H/A
Fig. 3 Square of normalized electric field intensity for three
film systems. (a) G/(HL)*/A; (b) G/(HL)*H/A;
(¢) G/(HL)'H0.4L1.6H1.5L0.5H/A

0603001-3



B|A49E £ 6 H1/2022 £ 3 B/RE

TEF 1 B 1.2,3.4 00 s N2 UMDT AR — AR 375 B B F 7 A L T 54 2.4 B/, B
AYEE — . = AR, TR ML ER R = HEBIE TE AT LI BER AR U 1.3 Ab Y
WL B 2.4 AR R B TR AR L B 1.3 Ak B A R A BORARAR I L FEAIR T BT 2.4 AR A L 37 5
H— LR R B TR R 1.3 B, FUIRR = R A /N ry R s,

1 IR R AR ST U — £ 37 5 B S

Table 1 Square of normalized electric field intensity for different film system interfaces

Interface G /(HL)*/A G /(HL)*H/A G /(HL) HO0.4L1, 6H1.5L0. 5H/A
Interface 1 3.9880 0 0. 0044
Interface 2 0 0. 7897 0.4549
Interface 3 1.6791 0 0.0244
Interface 4 0 0. 3325 0.2727

. . R R T 39.04%,

37 B

4 HUH RS R T 3 o I P 2 8 T e 3538 T
T RS FE 5 2B AR GRS B TE A DA VRIS 4 2 5 S 0 2 O AR ()

WO 0 00 1 2 56 4 7 BB, HE AR KO BERE (o= SUHFRE T SRR B RO B 25 RN 5
L SE R SR #6974 B R 27 96 40k ol 005 =

HOHT ST 2. 25, BERHIGIEOE R BCh 0) , IR47 41 3¢ L

BERRIG 27 3 5Ok CHRHBO4T 51460 1. 46 . BDREI 3 g " g

SRy 00 ABDER Ky 632. 8 nm, ASHEEA 2 o0} T

5 A DRLBEE A 1.5 nm 48 K 1000 nm. 1 g g0

BHH — 45° ~ 45°, fE ALK B4 BRI R G/ z "
(HL)'/A, I & G/CHL)* H/A Il & G/ < oo}

(HL)°HO. 4L1. 6H1. 51.0. 5H/A, 318 X Ia] )5 5 43

A PR, %50 595 600 075 750
] 4 % R0 Becos 0, BB Fi 075 1t Wavelength /o

M.l LA RSO LR — 2 =W

Brecos 0, {H53 50, 02104,0. 00292.,0. 00178, i&

P 5 A [a] a2 T F) 5 30O AR A SR DB IR 119
A4 22

Fig. 5 Total scattering loss versus incident light

/2%\: G/(HL)8 H/A #) By ¢ cos 0, 24 Hﬁ R wavelength for different film surfaces
G/(HL)*/A B L 7 86. 12%, 1 1k Bt & = BEZ— . —  =FEO K 632, 8 nm b Y AL

G/(HL)*HO0. 4L.1. 6H1. 5L.0. 5H/A Y By * cos 0, BHHEEST R 0. 00268.0. 00037.0. 00023, HE %
R —BIE T 91 50 % R 00 Buvcost B bt A % — 46 1040 44 TR BURE R 6 T 6. 20

] E—— DU F = 3 1T A9 S 5T S FERR AR T 91, 44 %0 5 [+]
0025} S b Len Loz osa B o DI A I 2% = 3 T 1) 5 S 0 AR LR R b T
LI 37.98% . HULAT LAt 2 S I A b A AL S
E ol 5 2R =1 2 100 I I O T AR R R L B
& TESE T AR Ak 22 )2 305 S T s, 37 i B 8 4% 2 )2 ol

0.010F 5% 2% e IS 1) A A

M 5 SCHRBIE

P e 1A S AT T 1 T o 98 1R

B4 =N By cos 0. BB 0725 1k i 25 IR 2% BB 6% 7 W6 12 1 B ST T AR S A AR TSR A7 1
Fig. 4 By-cos 0, versus scattering angle for three film T A R AR 2 S S v S A S O AR Y R
systems U L B A, DA S 56 Y Ay BE 0 E BT 4R T 12

0603001-4



B|A49E £ 6 H1/2022 £ 3 B/RE

() 1IE

AP g i AR I MLEE B2 1.5 nm JREJE N
2 mm BEOGH K9 BIEHIK (n =1. 5D AE N L5
BN ARYT I A T EHE ] Si0, (n=1. 46) , = 4T
SR R RE FH Ta, O, (n=2.25) , K& LI
SR SRRk S R B T v B SR R L SR L TR AR R
BRI &, 8 IR VY 22 Tl K27 3 3= o il
4 5 TRV B 5 - U, S 3 0 T R e e AL R ) AR
PR ZZ8700-1/ G F B2 BENRHL AT 9, Se gk
KT ESHCPERREAT A K B 25 2l 5.5 X107 Pa,
AT TAEEZSE N 1.0X10 * Pa, WK KN
633 nm, & FIRAERE K 800 eV, 2K Ta, O, 5 SiO,
PRI RR A RE 32 B B ) = B S R G/ (HL)' /AL G/
(HL)*H/A 5 G/(HL)°Ho0. 4L1. 6H1. 5L0. 5H/A
ORI BT S R R E BRI LR G/
(HL) HO. 4L1. 6H1. 5L0. 5H/A #3272 H , 8% il 71
12 J22 B {67 FH ' R AR (L o B8 T i A W 2 8 o A A1
DU J22 I SR FH A 9 i I 3k 0F I8 JRE 2 A7 M 4, X R AT R
TE R )2 R FE RS TR . 11 6 BT Sk S I A S [
Z ) Brecos 0, 5B AMER,

10!

—e— G/(HL)YA
—a— G/(HL)*H/A
—=— (G/(HL)°H0.4L1.6H1.5L0.5H/A
—I‘H
<
S
=1
2 10
o
Qq
10

0 2 4 6 8 10 12 14
Scattering angle /(°)
B 6 LM R I By e cos 0, 5 CH
Fig. 6 Measured By -cos 0, versus scattering angle for

different film systems

ATLLAE Y BEE BUR A R3S K, By cos 0, B8
VT /0N 1) A, S o S o B ) 1 22 )2 e i AR T TR Y
Byecos 0, RFHIEIFHE M Byecos 0,50 H1 Ji H J&
S B B Y R B TR B B OR T e i (E
(1.5 nm) ., S50 A0 O BT A9 #5505 A0 20l
HHUC MY 1°~12°, &6 th 12°4 /Y By -
cos 0, MHMIRZERJE THIRRE .,

A =S 2R S I A Y 4 SR ] LR TR R
BTG ER M SR T AL IS 1 2 )2 5 S 5 1 3R
FR 2 T IS B S/ 0N T 00 B e T S T AR SR T B R
SRR R R AL BT 2 R R SO R R AT LUAT A%

Hi WA AT A 5 H0L 2 22 U5 125 U IS 28 19 26 T B
6 4 1w

TR B U EE L LLOBLI) S 4 A eR BB A
RS 5 RE A DA 5 A . DA BRI RS2 56 1 7 T 43 B A
B AE T 22 J2 e S G T R A T F 3 e R R O A 2 T
SPRRPERIREM . R Ta, Oy F1 SiO, WiF RN 3
TG 632, 8 nm Ak HY R EE=>99 Y0 1 I R £
JEAY T SR, A AT T 3R T RS SR S R N
HL 3 58 B 1) 434 o O B8 T — e R T H 3 0 B Ak
B2, H e MBS RS2 56 P A F BE B0 0E T T 2 O ik
A R

2 X% X #

[1] Tian H F, Li L Q.
measurement of a laser gyroscope cavity[J]. Infrared
and Laser Engineering, 2008, 37(S1): 180-182.
PG, 2R B EL . WO R SRR AR R B AR 5 AR 8 22 )
[J]. £o4h 506 TR, 2008, 37(S1): 180-182.

[2] CaoJZ, XuP, LiJ Z. Thin film optics and thin film
technology[M] . Beijing: Science Press, 2014.
R, RO, B WIROEAE S N R Al
[M]. dbat: Brefih it 2014,

[3] Wang P. Theoretical investigation of the loss of high-
reflection films [ DJ]. Chengdu:
Electronic Science and Technology of China, 2015.
EMG. S AR AR 1 B 5T (D] . iR o R
K2, 2015.

[4] Meng L Q, Wang Q, Zhang L P, et al. Laser-
induced damage threshold test system based on light

Losses and phase-shift

University of

scattering and grey level of image [J]. Optical
Instruments, 2016, 38(6): 534-538.

WA, B, RN, GF. B TOREUN BOK B E A
S HE B S RO B B R (] e
4%, 2016, 38(6): 534-538.

[5] Murotani H. Influence of the surface-roughness of
the substrate on the light scattering of optical thin
films[J]. Journal of the Japan Society for Precision
Engineering, 2014, 80(6): 519-523.

[6] Amra C, Deumie-Raviol C. Light scattering from
optical substrates and multilayers[]J]. Proceedings of
SPIE, 2005, 5647: 72-77.

[7] Hou H H, Shen J, Shen Z C, et al. Stratified-interface
scattering model for multilayer optical coatings[]J]. Acta
Optica Sinica, 2006, 26(7): 1102-1106.

BEMEIT, e, oA A, S G TR 43 2 B A
SHECRIT] . ek, 2006, 26(7): 1102-1106.
[8] PanY Q, Wu Z S, Hang L X. Optical thin films

interfaces roughness cross-correlated properties and

0603001-5



B|A49E £ 6 H1/2022 £ 3 B/RE

(9]

[10]

[11]

[12]

[13]

light scattering[J]. Chinese Journal of Lasers, 2008,
35(6): 916-920.

W, RARAR, BT fl. O WA B I RS B HAH
KFHE S G I . P E#OE, 2008, 35(6): 916-
920.

Pan Y Q, Wu Z S, Hang L X.
properties of multilayer dielectric high-reflection films
[J]. Opto-Electronic Engineering, 2008, 35 (10):
12-16.

Wk, RIRAR, bkl £2)2 0 e S B Ay Ho
FEMERFSE (1], Je T, 2008, 35(10): 12-16.

Yang C. Interface roughness control of optical thin

Light scattering

films and anti-scattering properties[D]. Xi’an: Xi’an
Technological University, 2018: 34-45.

M TR Ol 2 v S AL T AEL i B O 2 B DRI A A F 5
[D]. Pi%: P& T K%, 2018: 34-45.

LiuJ Z, Pan Y Q, Zhang D, et al. Surface roughness
and scattering characteristics of TiO, thin film [J].
Laser & Optoelectronics Progress, 2020, 57 (3):
033101.

X i, WA, Skik, S, TiO, WiEER mHLEE 5
BN RIS (] WOs 5ot w 723 k%, 2020, 57
(3): 033101.

Pan Y Q, Wu Z S, Hang L X. Polarized light
scattering of particle above a surface and surface
microroughness [ J]. Optical Technique, 2009, 35
(4): 611-614.

WK, RARAR, b fl. FIM L J7 UKL K OB B2
AR GRUN R [T] . S8 AR, 2009, 35¢4): 611-
614.

Cao H, Gao ], Wang L M,

modeling and analysis of light scattering properties of

et al. Polarization

multilayer films on slightly rough substrate [J].
Spectroscopy and Spectral Analysis, 2016, 36 (3):

[14]

[15]

[16]

[17]

[18]

[19]

[20]

640-647.
WE m%, TR, % MHBEEE EZ2%REN0
BN e 4 12468 5 AR PR 5 LT D6 2% 506 4
2016, 36(3): 640-647.

Liu J Z.
multilayer optical thin films [D].

scattering characteristics of

Xi’ an:

Study on
Xi’ an
Technological University, 2020.

X ZRe MR R ERT S [(D]. % 7
Tl K%, 2020.

Trost M, Herffurth T, Schroéder S, et al. Scattering
reduction through oblique multilayer deposition[]J].
Applied Optics, 2014, 53(4): A197-A204.

Elson ] M. Theory of light scattering from a rough
surface with an inhomogeneous dielectric permittivity
[J]. Physical Review B, 1984, 30(10): 5460-5480.
Amra C. Light scattering from multilayer optics. 1.
Tools of investigation [J]. Journal of the Optical
Society of America A, 1994, 11(1): 197.

Zhang J, Wu H, Jiao H,

scattering in  high-reflection

et al. Reducing light

coatings  through
destructive interference at fully correlated interfaces
[J]. Optics Letters, 2017, 42(23): 5046-5049.

Yang C, Pan Y Q.

broadband anti-reflective films [ ] ].

Light scattering properties of
three layers
Optics & Optoelectronic Technology, 2018, 16(1):
11-15.

BB, WK . =2 T8 IS A B R PR 5T [T]
S E AR, 2018, 16(1): 11-15.

Kong M D, LiR ], Zhou ] L, et al. An new method
to design high reflectivity film [J].
Optoelectronics- Laser, 2000, 11(1): 62-64.
LB, Zamit, Ok, &5 @ R 5 30 2 IR
— OB BT O A LI, Otsm T WOk, 2000, 11(1):
62-64.

Journal of

Regulation of Electric Field Intensity at Interface and Light Scattering

Characteristics of Highly Reflective Multilayer Dielectric Films

Yang Weirong, Pan Yonggiang , Zheng Zhiqi

School of Optoelectronic Engineering, Xi’ an Technological University, Xi an, Shaanwxi 710021, China

Abstract

Objective

Scattering of optical elements in high-precision optical instruments is an important factor influencing the

use of instruments. For example, because the gain coefficient of the high mirror in the laser gyro system is relatively

low, which requires the system to have extremely high reflectivity, the surface scattering of the high mirror hinders

the further improvement of the reflectivity of the mirror. Thus the loss on the high mirror in the resonant light path

has an important influence on the determination of the locking threshold of the laser gyro. Another example is the

high reflective film in the lithography system. In order to ensure the high resolution and efficiency of the lithography
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system, it is necessary to require a very low optical loss of the high reflective film. In high-energy laser system, the
laser output can be greatly increased by increasing the reflectivity of the high mirrors in the resonant cavity, and the
low scattering loss can make the system get a better beam quality. The study on the surface scattering characteristics
of optical thin films is not only beneficial to the preparation of high-performance optical thin film devices, but also can
be used to detect the laser damage threshold of optical thin films according to their surface scattering characteristics.
How to reduce the scattering loss of high mirrors in high-precision instruments is a big problem that puzzles optical
film designers. A large number of scholars at home and abroad have done a lot of detailed researches. Most
researchers have focused on reducing the roughness of the multilayer film interface from the perspective of coating
process and have made a lot of research results. However, reducing the roughness of the multilayer film interface by
regulating the coating process has reached a certain limit. If we want to further reduce the roughness, we need to
pay a huge price, thus it is urgent to acquire a new method to reduce the surface scattering of multilayer optical
films.

Methods In this paper, based on the vector scattering theory of optical thin films, the relationship between the
optical factor in the bidirectional reflection distribution function and the electric field intensity at the interface of
multilayer thin films is theoretically analyzed. First, under the requirement that the reflectivity at the center
wavelength of 632. 8 nm is higher than 99%, two commonly used multilayer dielectric high reflection films,
G/(HL)*/A and G/(HL)*H/A, are designed, respectively. In addition, the electric field intensity distributions
inside the two films are calculated. Second, based on the distribution of electric field intensity at the interface of
G/(HL)*H/A, the film system G/(HL)*HO.4L1.6H1.5L0.5H/A is obtained. Third, the bidirectional reflection
distribution function (By) of each film is calculated theoretically, and then the total scattering loss (S) of each film
is calculated. Finally, Ta,O; and SiO, are used to deposit three kinds of films, and the bidirectional reflection
distribution functions of the three films are tested and compared.

Results and Discussions First, under the condition of meeting the requirement that the reflectivity at the center
wavelength of 632. 8 nm is larger than 99%, the electric field intensity distributions in two commonly used
multilayer dielectric high reflection film systems G/(HL)®*/A and G/(HL)*H/A are calculated (Figs. 3(a) and (b)).
Second, based on the distribution of electric field intensity at the interface of the film system G/(HL)*H/A, the film
system G/(HL)°HO.4L1.6H1.5L0.5H/A is obtained (Fig. 3 (c)), and the electric field intensities at the interface
of the three film systems are analyzed and compared (Table 1). Third, the By - cos 0, of three kinds of films are
calculated theoretically (Fig. 4),in which 0, is scattering angle. It is found that the By - cos 0, of the optimized film
system G/(HL)*HO0.4L1.6H1.5L0.5H/A is smaller than those of the film system G/(HL)®*/A and the film system
G/(HL)*H/A. At the same time, the total scattering losses of three kinds of films are calculated (Fig. 5). The
calculated results show that the total scattering loss of the optimized film system G/ (HL)°HO0.4L1.6H1.5L0.5H/A can be
reduced by 91.44% and 37% compared with those of the film systems G/(HL)*/A and G/(HL)*H/A. Three films
are actually deposited with Ta,Os and SiO,, and By - cos 0, of the three films are tested (Fig. 6). It is found that
By - cos 0, of the optimized film system G/(HL)°H0.4L1.6H1.5L0.5H/A is smaller than that of the other two films.

Conclusions Based on the vector scattering theory and with bidirectional reflection distribution function and total
scattering loss as evaluation indexes, the influence of interface electric field intensity on light scattering
characteristics of multilayer highly reflective thin films is analyzed and theoretically and experimentally verified. The
reflectivity at the center wavelength of 632. 8 nm is required to be larger than 99%. Two kinds of multilayer
dielectric high-reflectivity films are designed by using Ta,O; and SiO, films on the premise of meeting the spectral
design requirements. The surface reflectivity and the distribution of electric field intensity in the film system are
analyzed, and a film system with an optimized interface electric field intensity is proposed. Finally, the effectiveness
of the proposed method for reducing scattering caused by interface roughness of multilayer dielectric films by
adjusting the interface electric field intensity of multilayer dielectric films is verified from the theoretical calculation
and experiments.

Key words thin films; multilayer design; light scattering; bidirectional reflection distribution function; total
scattering loss
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