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Abstract A novel photonic crystal (PC) structure with periodic rectangular holes is proposed to realize the narrow-
band polarization notch filtering of visible lights. This PC structure is equivalent to a periodic structure with a
dielectric-grating-dielectric layer in the PC structure model. The PC structure is first analyzed by the Rugate
filtering theory and then the equivalent medium theory (EMT) and the transmission matrix method (TMM) are
combined to simulate the transmittances of lights with s and p polarizations. The effects of the parameters, such as
longitudinal period number m, filling ratio of grating layers f and thickness d of this PC structure, on the central
wavelength, band width and transmittance in the cut-off zone for polarization notch filtering are also discussed. As
for the central wavelengths of 417, 497, 582, 685 nm, a p-polarization notch filtering structure with a band width of
10 nm is designed, which is tested by the simulation with the finite difference time domain (FDTD) method. The
results show that the PC structure with periodic rectangular holes can be used to realize the narrow-band polarization
notch filtering of visible lights.
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Fig. 1 Schematic of photonic crystal with periodic rectangular holes. (a) Three-dimensional model;

(b) two-dimensional model in -y plane
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wavelength. (a) s polarization; (b) p polarization

W20 5 Ao, M) s IRHR 5 p i R 414 58 2 A
T AR s M T £ 78 0~0.37 Z M), EAR T
A PR 5 ) B O B ROR TR s PR S p
i R R 1A 2 A E A K Lt AR RE 5 4 52 B 4R [
P £>>0.9 B, BAR s IRPR S p W4 &R LY
ANEA AR R E R T, B B R RE
ML £>0.92 B, s AR p O PR AR T R
R, R AR 0.37<< £<20.9 I, ] L S 38 0 9% B4 30k
HA W B RN 0, 28 ik AT /£,
LAV s Im R A p fi 4 e B (AR BB ) 255
HIFE e £ X s, p D4R 09 BA B 96 52 K, R BB AR
D b, ST R A 48 B D 10
3.1.2 BAE

W £ FE R 0.6, 9010 B 112 B R
A5 (m =200) , ffi JEBE d 1F 70~130 nm Z [0 251k,
5 FLAS 2 (4 B B 08 R P DL 5 (a) L (b)Y, AT I R
JE d #£70~130 nm Z [AE, s RS p R0 L
SEPE ALK 400~700 nm W AE AL, HBEERE 4 1
B0, vt R U g R RS . X L 5 (a)
N B E e N2 S % S N i ol | /s AT
B, B K BB R (n, — o d s I K )

B R MIE . BRI das kS p AR 0
700

Transmittance 7/%

@) 100
E 600 - 75
‘é} 63
550 F
g 50
£ 500 - 38
= 25
450 15
400 L 1 1 - 1 0
70 80 90 100 110 120 130
700 Thickness d/nm Transmittance 7/%
®) 100

[=2)
(o)
S
T
o]
2]

§ 600 &
é; 63
E 550 F 50
£ 500+ 38
B 25
450F 8
4007080 90 100 110 120 130

Thickness d/nm

5 a7 UL G o BE PN I I8 DB R R PR BE IR B o RN IR 1
() p ks (b) s Mk

Fig. 5 Notch filtering features of visible light spectra

versus thickness ¢ and wavelength. (a) p

polarization; (b) s polarization

1223001-4



g,
¥

b

i

n
¥

e v AR A BN A B 2 T A D R B, Rk
WL AN . LR Ay AT Gl X R R J B IE
AL LAARAS AT WG i B AT B A B P K, BT
400~700 nm P 55 s 3R . p M I 28 16 4> 58 A0 X
o oE o % i I B D5 Y T IR 7 2R 0 B2 e L BN . A
AR 4 SHE L £, 0T DL G b S0
A i 41 7 10
3.2 BT ER

X AR AT AN R 7R LU AR B0 14 B i
PESEATHIESE . X T 45 44 B 22 14 R AL B 3O 1 b A4
HAFRAT IR n, 5 n, WfE . IR POE KA
A5 X REE OB AR £ SRR J B2

Ao

20 )

T no=>nesp IR IR FEAG 4 KT s iR
T LA p A Bk B A TR ) A TE R YA T4 S SR
WA B XS p A AR A i PR B D 2 AT BF
FEARFRE p AR BB O B R RO AR
DK 435,485,535,585, 635,685 nm #1745 A
38T,

B R T<<10 7B XY #R IR X, ELL B

1.0

d an

Filling ratio f

485 nm

535 nm

oA A8 DX B ik 108 IR M S O TR ST T
FRERME 6 iR, K 6 Hrgh e bR RoR S5 L AR
b B AR R A B S A O A R R A A Y L
(Ay—35)~ (A, +35) nm, Rk @O XK p i 3EE
1E DI 8 68 DA s i A1 480k DX, 20 68 X s
P 5 p O P 170 s 52 BLAER 1k 7 DX 88, AT DL B 2 J 7
Fery g . s ik 5 p i 9% 8 1k 58 1 32 W e/
MR 0 B OEHHR AR R R s WAk p I
Pty SEAR ), oo PR BAR TR . R MR f <<
0.37 B s i #ic 5 p fm P K 1k 47 B 84 X8, MY
F>0.37 B s AR5 p O R A A7 75 AR 1k DX A
T EL I B S e L £ =0.37 ANl b O 3 K 10 728 Ak T
Ak, # 1 NARRETT UL 0BT BB B
vi, AT LB I AE ST AR B B T o s PR 5 p I
I AT B 23 Bl A O A 00 1S m g 1S n, B AR
BB SR . B TS LU A I A B 8 T R
ANCHIEFE I £7>0.9 B, s i 4R AR R I 2R I
b f>0.97 B, p AR BRI . 25 TR, 7R
AWK T AT £ X SR AR KGR £
5 d AT LSRR 8 A 98 1Y p i 4R ) i 41 B R
I ELAT 98 10 /N, 23 52 0] B 0 7 1) 8 -

685 nm

635 nm

585 nm

B 6 5 I U i R PR R O R R I O U K (435, 485, 535, 585, 635, 685 nm) MMM FREE R 1L £ S L X R

Fig. 6 Notch filtering features of visible light spectra with central wavelengths of
435, 485, 535, 585, 635, 685 nm versus filling ratio f

*1

AFE LT op RS s IRTEBIEL £=0.37. 0.5, 0.75 I BB P17 98

Table 1 Notch filtering band widths for p polarization and s polarization when filling ratios f are 0.37, 0.5, 0.75 and
central wavelengths are different nm
N £=0.37 =05 £=0.75
B, B. B, B. B, B.
435 19 11 13 7 5 1
485 21 12 15 8 5 2
535 24 13 17 7 5 2
585 26 14 18 8 7 2
635 28 16 19 9 7 2
685 30 17 21 10 7 3

1223001-5



% {5

3.3 HNEBEHE

AR L e JE R B Sy 200, 1 7 R —
HC P RIS OO Bl F 05 4 58 A DN L L X
Bt RGN . R e AN R R R BT o
Kabdid RGP gL HER, HTR—EKT,
el 4 58 PTG 56 N I LT S i i R 22
AHBEXR GAESBIAFETL T, Dok K s
RS R R, W 7,

K 7Ca) (b)) 233 R p 4RSS s i 9% 72 8L 5E L
0.1~0.9 MTEOL T . B R 5 J5 2 B0 O R il ¢

1.0
filling ratio
0.8 — (.1
8 —02
= 0.3
806 —04
E —0.5
E ———0.6
£ 04 —0.7
—0.8
§ —0.9
0.2

- . 1 L L
0 20 40 60 80 100 120 140 160 180 200
Number of period layers m

p AR5 s M AR 2 BE JE BR300
Bl 7Ca) 2 p IR 19 3¢ 28 #h 28 nT LAFE L BUSE LE
ZIN 2 2 R , AR L S R BB I I AR A BE
IR, MR /N 0.5 B FEJZ B m =25 Z
B PO R B i A0 0, RIS 336 2, 5T
LB /NI S 3 5 5 R e 4 G 1) ] 300 5 T 4
PR DX 5 2 SECTE I — 1 o 30 A 0T S o
WL/ 5 2 RAEAR /N B0 JA IR m = 200 1, 481k IX
SR g 0, EL G A W R B4 00 o L DX I8 i R 32
BTt

filling ratio

Transmittance 7/%

et 1

0 20 40 60 80 100 120 140 160 180 200
Number of period layers m

B 7 WA HK 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 I, LI K AL B R 5 EBES m LR ML,
() pfmiE; (b) s iR

Fig. 7 Transmittance at central wavelength versus periodic layer number m when filling ratios are

0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9. (a) p polarization; (b) s polarization
F2 ARBAEWT s MRS p ki & kw8 0280 1L F 58 B UL Mss/Nig it R T o,

Table 2 Layer number, notch band width B and minimum transmittance T, for p polarization and
s polarization under different filling ratios
p polarization s polarization
4 m B /nm T win m B /nm T win
0.1 29 31 0 34 28 0
0.2 34 28 0 47 20 0
0.3 41 23 0 66 14 0
0.4 51 18 0 96 10 0
0.5 66 14 0 149 6 0
0.6 94 10 0 200 3 0
0.7 150 6 0 200 1 0
0.8 200 1 0 200 - 0.3071
0.9 200 — 0.2864 200 — 0.9478

3.4 &Il

g b prd, MO R U R B d R
£, B 400~ 700 nm [H] 1) f 4 28 4 BE I 8 I 2
My EE R 417,497,582,685 nm Wy LK T
PR 10 nm (9 O % 45 17 B I R I 45 4 L FE A 1)
WIBCH 200, A BIAEBIA L 0.51, 0.56, 0.59,
0.62L4 K JEEJE S 0.077, 0.091, 0.106, 0.124 pm A}
D7 HASEI A 8.3+ A HH FDTD #E 4705 B I AIE .

Kl 8(a) . (b) (o) (d) 43 5l Ay e sl vl e Ky

417,497,582,685 nm Y [ I8k 8 9 FEPE7E 9% K 400~
700 nm Z A BRI R MLk, B8 H.p 5 sl
2R 2R I A% S B 0 AR BTSSR pe 5 s
M2k 2R FDTD ff B 4558, 7 LA A% i R0 5 0
FLE5 05 FDTD {5 FL 45 R I A — 30, p i B B 1 %
BN.p WAEELE R 0.0 s IEBL R KT
90% , LA %5 R (101D nm, HATER, p MR

s IRYE BRI KT 80% , ffHLERFW AT
T LG R 25 7, 3 ok R T R DL RO )2 B

1223001-6



Transmittance 7/%

100

o]
S

60

—
(=
o

Wi

Transmittance 7/%
= [=2] ['e)
(=] (= (=)

Do
(=]

0
400 450 500 550 600 650 700

Wavelength A/nm

Transmittance 7/%

0
400 45

1 1 U 1
500 550 600 650 700
Wavelength A/nm

Transmittance 7/%

0
400 450 500 550 600
Wavelength A/nm

650 700

¥

1 1 1
550 600 650 700

0
400 450 500
Wavelength A/nm

8 AR L PR AT UL G BE Y B B g AR 2 . () 417 nm; (b) 497 nm; (o) 582 nm; (d) 685 nm
Fig. 8 Notch filtering features of visible light spectra under different central wavelengths.

(a) 417 nm; (b) 497 nm; (c) 582 nm; (d) 685 nm

FE b . AT RAFRAS AT DG B PN A A T O IR B D 4 .
4 4 1w

3 S A3 BT M BB, R B, R LG
a2 BT L f RS d DL JE A
FTRLSEIXS s p O 4R 04 B I8 v B L R i B LA
T B AR Lkl 3 2o 25 B ] DT S A Al i I B
WUE W JFEE T UL O B b, 417, 497, 582,
685 nmPUA B, BT T p i Ik 7 A B DL T B I
W Bt p AR B FE N 0, s MIRB T RKTF 90% .
FEM10 nm, iRl +1 nm, 45 FLIE S O6 T i 45
FA AR LE T A% 8 S S AR AT D38 S 5 R ) S B B
P D8 5 A BT — M0 AR, AT LA A R ST L
JETE Z (T BT oK . [ B K O R A A B B
PR WL TCHE T, Ry LG A O iR B D 0 i — 25
B 5 i A T B KA .

2 % x #

[1] Gong X, Hang L X, Huang F B. Preparation
technology of 1550 nm notch filter[J]. Journal of
Applied Optics, 2016, 37(1): 118-123.
2B, BB, BAEMW. 1550 nm B EOL A HI& T
ZHEARBIE]. WA, 2016, 37(1): 118-123.

[2] LiuFY, WuXM, Zhang Y S, et al. Film coating

(3]

(4]

(6]

7]

1223001-7

Infrared and
Laser Engineering, 2006, 35(s2): 188-190.

XRE, RBend, skocH, 4. 7 5OE6 IR E 1
Hil s 0], LM SHOE TR, 2006, 35(s2): 188-190.
Gao P, Yin X J, Zhao S F, et al. Notch filter
method[]].
Instruments, 2013, 35(6): 82-90.

G, BIGEAR, RO, A K DR L ) B 2 R Bk
O], SR, 2013, 35(6): 82-90.

Xue P, Wang Z B, Zhang R, et al. Highly efficient
technology

for narrow-band negative filter[]J].

designed by a quasi-rugate Optical

measurement based on hyper-
spectropolarimetric imaging[J]. Chinese Journal of
Lasers, 2016, 43(8): 0811001.

BEMG, EAEOR, TR, . e A i R AR PR
B AMIL]. FEBOL, 2016, 43(8): 0811001.
Wang X L., Wang F, Liu X, et al. Hyperspectral
polarization characteristics of typical camouflage
background[J].
Optoelectronics Progress, 2018, 55(5): 0511011.
EN e, Eig, XV, L SRR R T SO H AR
B R DG B O AR e (T WO SOt R T AR, 2018,
55(5): 0511011.

WuZ H, Sun M' S, Wang Q, et al. Photoacoustic

microscopy

target under desert Laser &

image resolution enhancement via
directional total variation regularization[J]. Chinese
Optics Letters, 2014, 12(12): 121701-121705.

Kraus J, Lyngnes O. Design of optical notch filters



ot &2 # 2

using apodized thickness modulation[J]. Applied Express, 2007, 15(8): 4994-5007.

Optics, 2014, 53(4): A21-A26. [19] Kulkarni M, Gruev V. Integrated spectral-
[8] Bovard B G. Rugate filter theory: an overview []]. polarization imaging sensor with aluminum nanowire

Applied Optics, 1993, 32(28): 5427-5442. polarization filters [J]. Optics Express, 2012, 20
[9] Aguayo-Rios F, Villa-Villa F, Gaspar-Armenta ] A. (21): 22997-23012.

Dichroic rugate filters[J]. Applied Optics, 2006, 45 [20] Zhang X X, Chen H M. Design and performance

(3): 495-500. analysis of photonic crystal polarizing beam splitter

[10] Huang H, Winchester K J, Suvorova A, et al. [J]. Laser & Optoelectronics Progress, 2017, 54
Effect of deposition conditions on mechanical (1): 011301.
properties of low-temperature PECVD silicon nitride SRAGHE, BREGNSG . ST b A IR 43 SR AR A9 B3 55 1 g
films[J]. Materials Science & Engincering A, 2006, S]], Hot 5w PR, 2017, 54(1):
435(6): 453-459. 011301.

[11] Swart P L, Bulkin P V, Lacquet B M. Rugate filter [21] Lin M, Qiu W B, Xi X, et al. Polarization selective
manufacturing by electron cyclotron resonance plasma- power splitters for TE and TM waves based on two-
enhanced chemical vapor deposition of SiN, [J]. Optical dimensional photonic crystals[J]. Acta Optica
Engineering, 1997, 36(4): 1214-1219. Sinica, 2016, 36(12): 1223001.

[12] Zhu H F, Song L K, Zheng C H, et al. Study of Mo, RIChR, AR, AR BT ARG AR AR D R
light intensity transmission of crystal polarizing W TE/TM S sh R0 El g (1], JeF2#4k, 2016, 36
prisms[J]. Acta Photonica Sinica, 2004, 33 (2): (12): 1223001.

204-207. [22] Zhang J K, Zhao D P, Wang J C, et al. Thermal
KA, RER, WEO, %, FERMWEKR R E infrared pattern painting based on photonic crystals
BT SE ], S, 2004, 33(2): 204-207. [J]. Acta Optica Sinica, 2016, 36(12): 1216001.

[13] Zhang Z G, Dong F L, Zhang Q C, et al. Seakiet, BOKMS, ERE, F. ET T RENML
Fabrication of pixelated polarizer array and its AN (T]. 2%k, 2016, 36(12): 1216001.
application in polarization enhancement[J]. Acta [23] Yablonovitch E. Inhibited spontaneous emission in
Physica Sinica, 2014, 63(18): 184204. solid-state physics and electronics[J]. Physical
KGR, ERR, EN, . 2 EWIER S Review Letters, 1987, 58(20): 2059-2062.

Jo HAE i B G g s A o N H (U] . B #==4, 2014, [24] Joannopoulos J D, Villeneuve P R, Fan S H.
63(18): 184204 . Photonic crystals: putting a new twist on light[J].

[14] Gruev V, Perkins R, York T. CCD polarization Nature, 1997, 386(6621): 143-149.
imaging sensor with aluminum nanowire optical [25] Michael A, Hafiz A A, Puzzer T, et al. Deposition
filters[J]. Optics Express, 2010, 18 (18): 19087- and characterization of thick graded index Si, O, F.
19094. films with low stress[J]. Sensors and Actuators A:

[15] Kim J H, Cho Y T, Jung Y G. Selection of absorptive Physical, 2012, 178(4): 110-117.
materials for non-reflective wire grid polarizers[J]. [26] Lalanne P. Effective medium theory applied to
International Journal of Precision Engineering and photonic crystals composed of cubic or square
Manufacturing, 2016, 17(7): 903-908. cylinders[J]. Applied Optics, 1996, 35(27): 5369-

[16] LiMY, GuPF. Optimal design of two-dimensional 5380.
photonic crystal polarization splitters[J]. Acta [27] Lalanne P, Lemercler-Lalanne D. On the effective
Physica Sinica, 2005, 54(5): 2358-2363. medium theory of subwavelength periodic structures
ZEU 52, B . 6T & A D R 4 06 BE Y Ak ik T [J1. Journal of Modern Optics, 1996, 43(10): 2063-
LJ]. YBi=:4k, 2005, 54(5): 2358-2363. 2085.

[17] Luo J, Liu D, Xu P T, et al. Highprecision [28] Campbell G, Kostuk R K. Effective-medium theory

polarizing beam splitting system based on polarizing of sinusoidally modulated volume holograms[J].
beam splitter[J]. Chinese Journal of Lasers, 2016, Journal of the Optical Society of America A, 1995,
43(12): 1210001. 12¢5): 1113-1117.
B, XA, R, . BT IR AR 406 R 1 kG [29] Wang Q Y, Qi HJ, He H B, es al. Design and
iRt R E (1], P E O, 2016, 43(12): manufacture of birefringent non-polarizing thin films
1210001. [J]. Acta Optica Sinica, 2010, 30(7): 2154-2158.

[18] Gruev V, Ortu A, Lazarus N, et al. Fabrication of a THE =, Frandk, wtul, . SUUT 55 0 I 3@ IR Y 5

dual-tier thin film micropolarization array[J]. Optics

1223001-8

TR % [T, 6224, 2010, 30(7): 2154-2158.



