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Fig. 1 The index profile of H/2LLH/2 coatings and the
variation of equivalent index E with relative

wave number g(=2,/2)

SRR KW AR R BOE ST R0 R =
1.67,n.=1.38, H. P K A=550 nm.

H BT 1] 2 S AT S S5 B e RN T
SR AHURRPE. 35 > 2k £ R T 9 R R )2 09 4 O %
IS i 2 i WG AT R A0 48 A AT 0L DY U B N e 55 4 4
SRR PR R

E R A5 O 2 i S 1 v {68 28 U 5 e L e
B 0 G — S D) v I Y 3 5 X R AE AR L2
FEE 3o R o B e B e VR3804 () B 7% R
HYAS A 0 1% 22224k i T UL 7 AR AT B8 2
P52 55007 YR 58 A %8 R R A S A8 0 R Y i 2
. ik B A e i — J AR IR A KT ) T AT S
B SR B — A R S 2 A

T 0 P ) T A% B 2 S A, AT R A AR
3 R 3L 1) A AT A AR AE P B I B R R B U
P« R T R TR 2R (o) T I i B 2 7 %8 () X
DURRAT S 238 A0 Ak J) 99 1 A7 98 ] 5 3 ok i A8 L 28 &
B R R 7% R R i v R B AT DL SR AT
SR 3R A AR JBE . 7 A T 0 AR R I B A o R B 2 R )
TS AR AR A L g 2 AR Y R O3 AT
R AL AT A RS [ T S R A AR e )2 A 4y
BE 5 22 1) 1 5 R 3 AR B O AR R Ll i
S EAREY J5 1 AT DAH 3 AR A A 9 32 E Bl i K
RIS

2 Sio, REREBHESMENHEITE
MELIGER

2.1 BUEERRTEEZEZW
SRR AL 1 m AR B AL L E A A O T

B RIS 2.5 m R 42 523 92 IREATLAH [R] 0% AH X5 JL
Ay it B, e HE B 380 mm, JG B F JR 4l BY B R 2K
R T HZ SO, R R W R AT IC/5 iR
R B2 R IEFE 5 540 mm, B B 2% K IR 0 K F
PRES 420 mm. AR 36 FE i 13 5O 05 R A AR (B 3T
B SIO, HRBER T i R R LR

2 EANFTCRR A T Bl S10, B R 4R
WRERERE A B AR . KPR i g E =
0.26,0.5 B, #e TF 5 09 R 42 % B A2 b i 4. W
@ . A Vi R I TR B A B DT R R
JE | AR R LR DA 45 2 i R U

1.0

<
N

e
o

Normalized packing density p,

g
N

200 300 400 500 600
Sample position p/mm

0 100

W5.8X10 % Pa,0. 1nm/s,100. Onm
@®5.4X107°% Pa,0. 3 nm/s,100. 0 nm
A3.7X107° Pa,0.1 nm/s,250. 4 nm
w4.0X107* Pa,0.5 nm/s,121.1 nm
H2 SO, BEBEH-REFTHAEFEEMLEL L
Fig. 2 The normalized packing density of SiO, films

depending on sample positions
IR RAE T L SRR T AR MRFR R
(5) ~ (D F L o p, FOR A — LR AR
JRE . RIVBCAE 28 0 5 0 ik e i TN SR R A S B
REWEN 1.

n(@D=1—p,) * n,+p, * n, (5)
D _ p(D _ 2 6)
pC0)  x(0)  cos a(l1+1/cos &)

a=arctan (E,tan §) 7

X (7) B 1. Hodgkinson % & iE 1Y IE 5% & &
o KRR G I A K D7 ml L E 5 6 R A
B EATEREFMEHN R E =0.5 if B £
1 1E 156 & K

A LUE AN TR SR T T8 2R 4 %% AR 4k
RS —FE N AL LG 28 R oy F A f B
B R BRGSOk G Y AR 1k — 3K
2.2 Si0, REGHHBETEMIRER

S SR FH e % 1 1 e HL R A B e i 0 R RS
p 434 0,100 mm,300 mm. 3 R ¥ 45 07 T 8 7% &
TR 5 T 2 rp o i 2R R 2% R TR i T 7 Y L SR
25 OB 3 bl E o0 R i S B RS A B8 R A5



2008 T

¥ 4 38 %

). HA 25 5 7Y 25 AH A

TFB R 3 A1 vh 28 R R R MR R T cos” ¢ )
fii. P R h X G S5 E =0. 26.

P 3 J& AN () L FE A ot 3 AT 2 38 (550 nm 4b)
Bl AR AL G R R el 2. LI P TR 0=
0.2 r/min, JLA# R s=0. 65 nm/s. A [5] {7 B FE 5
o T S 58 A ] ) S — B S [ A A
T v BT L 28 K 51 T AN AR AR AN L BT R
J7 1) 7 5 28 20 Ak g B B /) AR e i oo o L BT I 3
A I IV 32 72 A o DR gt G 0 IR R 0 B0 2
SORGN &SR EREITIR

1.46 -
1.44 |
142 F

1.40

Refractive index n

1.38

1.36 7

0 100 200 300 400 500
Thickness/nm
H3 FTRMLEMHEEISEEEE oA
Fig. 3 Dependence of refractive index distribution on film

thickness for various positions
P 4 g Re T H B R Eh S 6 il 2 AR 0 SR K
Prit WL AR =300 mm Fl p=100 mm {3 & [
FE SR TE 460 nm A HEE BB T R E. SE 1A

251 (a)p=300 75
j Calculated n 14
20r E — — — - Calculated £ 13
-f M  Experiment index » |
L5r N — |’
i f./_k [
< L0E . . . : Ao B
8 Va _ R=
T 257 (b)p=100 =
- , 115 8
S . Calculated n =
= 207 ; - — = - Calculated k 1o &
?'; ' B  Experiment index n S
L.a 1.5r E' -l ] 10.5 g
5 " =
E‘ 10 P -| -------- L L l. -------- L ] 0 g
g 7 5
&~ 1487 (cp=0 710 éﬁ
146+ u Calculated n -
——— - Calculated &
10.5
1.44 u - B Experiment index n
1.42¢
10
1.40 : : ' ; :
0.4 0.6 0.8 1.0 1.2

Wavelength A/(x10°nm)
B4 FRMEFGFTEERTHAEEBELEN

Fig. 4 Dependence of equivalent refractive index on the

wavelength for various positions

HATR S A 34, FER K KT 460 nm BB, AT %
AR AR B R Z I 4 R A B — 2. 45, — 0. 51 4%,
T RH ABREE. SEE T E 4,53, —2. 64
HA 2

i@ e v (7 B AR o S S T I R AL R
HUH N Z A [ - S5 I R 0 S LR R 0 in
I 5 AT I 50 A — 2K

MIEL 4 ] DU 4 S A2 p /)N, 3
I 55k 25 it )52 B A A i 2 /0 ot B A BT S R
TR FEL AR L 28 /0 o A S 60 I DI Bt 28 D T
JEEJBE T i) JE 3 55 3R AL A W B2 A A8 /I IR A e e o
AL E R N R I T (B

SRV EE I ES I NIVE TR 3 W CE 3
5 1o ARG S g il 2k L. DA IET R oaT LU ) B S
fil £ 0 S 56 il 2k W) 45 AR 47 R T T BHE 43 BT A9 1E
TPk

%or . (a)p=300
4 \
94
92
%0 Experiment curves
! - - - - Calculated curves
88 7 ' '
— -\ (b)p=100
S 94
3
g
E 92 .
£ Experiment curves
g - - - - Calculated curves
= 9 7
(©)p=0
94 r
93 r

Experiment curves

- - - - Calculated curves

0.4 0.6 0.8 1.0 1.2
Wavelength A/(x10°nm)

5 SO, # 2 E7E i & i &
Fig. 5 Transmitted spectrums of SiO, single coating

for various sample positions

3 3ok X SRR B R B 2 i B 2 U
JEE 7 [e] 4 5 238 A2 Ak Jl 30 /)N B TR ) B 8 IO
AN H E R IIE R OO

A A% T R RR R 23 RN A S A L AT DX AT 5
A JE RS AT VR L 6L 7 RO TR TR T R
70 Ak SIS S B P A S 23 0 RS IR ) A Ak ol kR A
N B A RUREPE 2, 0F 55 SR 45 AR T I ER. B e
Atz =300 mm.

XF SEER Y 78 KE i, AR 0= 0. 225 r/min,
DU s=0. 3 nm/s, ¥ 55 J5 ] 3 B 47 5 58 A28
AL 80 nm, 7E 440~800 nm Y B , HA i A5 1k
EHEBEI A R —1. 88 f5 BRI A R



8 ZEF I, % . SI0, HZ ) SR OO 5T 2009

5=0.3nm/s,w=0.225r/min

- - - - 5=0.3nm/s,w=0.5r/min

1.46

144 |

1.42 +

1.40 ¢

Refractive index n

1.38 ¢

1.36 ¢

k)

0 50 100 150 200 250
Thickness/nm
H6 TRARAHTHEINAEMEELNL
Fig. 6 Dependence of the refractive index distribution vs.
film thickness on deposition parameters
141

g
£ 140t
g
= 5 139k Curves calculated
= 2 n B Experiment index
= 138}
S
~ 137 R T TR T TR SR
0.2 0.4 0.6 0.8 1.0 12 14
Wavelength 1/(>x10°nm)
(a)s=0.3nm/s,=0.225r/min
g 146 - Curves calculated
s ] Experiment index
= |
g E 1.44 [
= o
=]
g g
g% 1ot k‘
3
=4
140 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Wavelength A/(x10°nm)

(b)s=0.3nm/s,w=0.5r/min

W7 FTRARAHHFSEEERINFERBEKE A
Fig. 7 Dependence of equivalent refractive index on the

wavelength for various deposition parameters

—0. 32, FHM BCH BRI AN, R KR
K, 5L TE B 00 B03E Ak, W HE £k B s AR S, TR R
W 0=0.5 r/min, JLFEF s=0. 3 nm/s, {7 i 15
A JE 1R 36 nm, R I A OE R 6 HORR P

A DA 5 i A HICRE M ) IR R
T Gk 2R I 5 A A A JE 30 R ST K L A S R U B Y
S € BB T A T S 258 A SR O o 3 — e AR
L0 IR AT S5 582 K AR 15 O

3 SHFITiE

PRI aa g ARV g v A E TR T S
JE 7 1] ) A8 A 2 o 2 5 BB R IR
S AT IS 5 1) 78 Ak 1 A 300 R A8 DRy ek L 3 B R
A8 A FRD AL R IO L A R A 0 Rl 2 e B

FRGRER e

R e oA B WL B4 2.2 m AT 1.8 m K I
FRPE AL, H OB 4 R S i T S
I 0 ) A5 VT2 0 1 S5 T S R A 2 R B B
B R < Rl R TR R (o) 3 R 4 e % il
2 (o) {1 B2 37 58 38 76 B JRE 7 1) A2 Ak 1 ) 0 2 1
R 5 g A LS AR A v R R 2 R VR B e
O BFES LG AT LR i 7 S 38 7 RIS Ty 1] 722 Ak 1 i

S v R FH RS T A R e B R R AT I 3R AR A
JSAHEAT IR E L 2 98 T2 40 v A0 i 4 2
o 0] AR P o7 RO B G R T . A AR
SURES Uy NI ST Y o8 (A DB U o A T R
JEVIAAE /0N o 308 2o 00 (A 400 AT AR B L DO R 58 )2 2 v
KRB — > TR s— > iR/ — > IEH @it
. DR AT A3 s X ) A 30 FR 3R T A L ART oL
FTZESET, TR R— 2 B0R 5 DU
2 6 B4 O B

4+ i

A S0, 0 A 9] o 5 4 S5 B 6 R 10 A8 B JE AL 7]
LR B B BCR GBC R AT T 2 A A
IE. AR R

1) 417 S S0 BB D 1) % ¢ ] 300 4 28 A e i
B B B S AL

2) I 55 AR A Ak A JY 8 R A TR ) € R
MIEH @ — > To 6 — > 5w e k. H A 3
A S (8 HIORE ) I, o B 2 7 AT DL O B Bk 45
AT R BLGR.

3 B JEE J5 1] 85 38 AL i R €0 IR ) 52 T
W A iR AR S U e A A e 2 2
g /N B0 RE RS HP O 07 B RE L L IR SR B A OE
WO R,

) 3F HY B HE A7 T G A Dl A7 S R AR A S )
A TR] B R 25 2808 5 25 O B v B A AR D 37 B A i
AL B8 78 Al B k0 o 25 T S AR Y D B
AR

5) HATEZ S oy 1 X UURR A £ AL 4638
FEL K B2 80 A1 9 A 2 7 1 3 S99 3 A Ak i 2 # 4
R il g (0 R 2 oy AR B HE SR IR

BT ABE TSR W AEZE K0 T RIS ZAET
Hoe pR IR G R A R B 5 SIO, [/ R Y
g e AMERERS TR DB AR T L i TR RO
O A B AN I S o 1 R BT S R 0 A AN B
SRR R R R R R 3 B R T A B %



2010 T o 38 &

/fﬁl:—F—fﬁu%B@@Hﬁ:ﬂfﬁj‘%/ﬁ{%f’%&l‘iﬂﬁ—}ﬁ%’%H'# ﬁE [8] GU Pei-fu. Thin film technology [ M]. Hangzhou: Zhejiang
%Uﬂ%ﬁ**%‘@ﬁ‘ifﬂj%ﬁﬁﬁ} E"J %’?‘L’Hﬁ‘g\ University Press,1990:131-151.
PR 0 B 2 R A A 1 o] i g JBH R R R [ML A . i VR 2% dh Ak, 1990 131-
— , 238 | AL X R 2514 =

151.

Robbie %5 ifil # 1) rugate JEJE 47 & AR 4549, 47 [9] MUSSET A, STEVENSON I Thickness distribution of
SR T T S 258 BB R L B I S AR AR A T U Ry evaporated films[ C]. SPIE,1990,1270, 287-191.
Lfﬁ”%’ rugate aﬁ%ﬁﬁ%{ﬁ?#ﬂ%ﬁ E@ﬁiﬂﬁi‘j}%ﬁé [10] GAO Han, YU Tian. Dispersion characteristics in graded-
% % ik index fiber formed by core with usual dielectric and cladding
[1] MACLEOD H A. Thin-film optical filters[ M]. ZHOU Jiu-lin. with negative refractive index[J]. Acta Photonica Sinica ,

YIN Shu-bai, transl. Beijing: National Defence Industry Press, 2008,37(4): 701-704.

1074192201, BT A 5 BT 5 0 00 2 B

095 18 HAOEAEMENE AR TMI. JA UM TR T . L AL KT 48 2008,37 () 701704,

[ 57 Tl Bk 2 19745 192-204., [11] SHEN Zi-cai, SHEN Jian, LIU Shijie, et al. Discussion on
[2] ROBBIE K, SIT J C,BRETT M J. Advanced techniques for the stratified merit of grated index coatings[J]. Acta Phys

glancing angle deposition[J]. Vac Sci Technol . 1998.16(3) ; Sin, 2007,56(3): 1325-1328,

151192, AR KA 55 W75 07 56 9 L 10 4 U2 58 9 9
[3] KAMINSKA K, BROWN T, BEYDAGHYAN G, et al. LJ]. ¥y B4, 2007,56(3) : 1325-1328.

Rugate filters grown by glancing angle deposition[ CJ. SPIE, [12] NAKHODKIN N G, SHALDERVAN A 1. Effect of vapour

2002,4833 . 633-639. incidence angles on properties of condensed films[J]. Thin
[4] BAI Yiming., CHEN Nuo-fu, PENG Chang-tao, et al. Solid Films 197210 109-122.

Refractive-index dispersion effect on anti-reflection coatings of [13] ZHU Mei-ping. Y1 Kui, GUO Shi-hai, et al. Rescarch of an

crystalline si solar cells[J]. Acta Photonica Sinica 2007, 36 automatic system monitoring thickness of optical thin-film

(1) 1202-1206. [J]. Acta Photonica Sinica ,2007,36(2) ; 308-311.
0 BRI B 1V . 47 595 ORI % R o ARIETF 55 5% S LI S5 O S BRI 11 50 i ) R 5 0 O 57
M 1] 6T 2 4. 2007.36(7) « 1202-1206. L. F340.2007.36(2) : 308-311.

[5] PANDYA D K.RASTOGI A C.CHOPRA K L. Obliquely L1411 TAKAHASHI M, ONISHI H, TADA O. Resistivity and
deposited amorphous Ge films. | . Growth and structure[J7. J density of Ge films obliquely deposited in vacuum[]J]. J Appl
Appl Phys,1975,46(7) ; 2966-2975. Phys,1971,42(2) :833-836.

[6] SUZUKI M, TAGA Y. Numerical study of the effective surface [15] HODGKINSON I, WU Q H.HAZEL J. Empirical equations
area of obliquely deposited thin films[J7]. J Appl Phys.2001, for the principal refractive indices and column angle of
90(11) : 5599-5605. obliquely deposited films of tantalum oxide, titanium oxide,

[7] XIJQ.KIMJK.SCHUBERT E F.eral. Very low refractive- and zirconium oxide[J]. Appl Opt, 1998, 37 (13): 2653-

2659.

index optical thin films consisting of an array of SiO, nanorods

[J]. Opt Lett +2006,31(5) ; 601-603.
Anomalous Dispersion of SiO, Single-layer Coating
LI Xiang-bo'* ,GAO Jin-song' , WANG Tong-tong'? , WANG Xiao-yi' , CHEN Hong' ,ZHENG Xuan-ming' ,
SHEN Zhen-feng'? ,ZHU Hua-xin""?, YIN Shao-hui''?,LIU Xiao-han'*, WANG Shan-shan'**
(1 Changchun Institute o f Optics » Fine Mechanics and Physics »Chinese Academy of Sciences »Changchun 130033 ,China)
(2 Graduate University of Chinese Academy of Sciences Beijing 100049 ,China)

Abstract ; Utilizing the concept of equivalent refractive index, the dispersive model of single SiO, layer was
presented based on the discussion of refractive index variation with the incident flux angle. The dispersion
and transmittance curves of the SiO, films were obtained. The experiment shows that it is periodic variation
of refractive index along film thickness that made its equivalent refractive index related to wavelength
different to the one of dense film. The larger the index variation range and its period along film thickness,
the more anomalous dispersion the films performed.
Key words: Optical thin {ilm; Anomalous dispersion; Equivalent refractive index; Varying refractive index
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