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A Novel Approach to Design Polarizing Beam Splitters Based on
Subwavelength Metal Rectangular Gratings

Zhao Huajun Yuan Dairong Cheng Zhengfu
(Department of Electronic and Electrical Engineering, Chongqing University of Arts and Sciences ,

Chongqing 402160, China)

Abstract A novel approach to design the subwavelength metal rectangular gratings used as the polarizing beam
splitters was presented. The method was based on effective medium theory (EMT) and thin film optics. The
polarizing diffraction performance of subwavelength grating was analyzed by the method of rigorous couple-wave
analysis (RCWA) for the wavelength of 650 nm. The numerical calculation was used to analyze the effects of the 0-
order diffraction efficiency caused by the grating period, the groove depth, the incident angle and the incident
wavelength. The results show that subwavelength metal rectangular grating have the characteristics of metal films
with high reflectivity for TE polarization and the characteristics of the dielectric films with high transmission for TM

polarization. The optimal design agrees excellently well with the results simulated by RCWA method.

Key words physical optics; subwavelength metal rectangular gratings; effective medium theory; thin film optics;

rigorous couple-wave analysis

1 5l a3

4 65 B (PBS) J& )62 R 4o b i # G2
A ARG I A R JGER B E B AL P A
GIRA T Z W . ARG TR G 4 R A
AT 5 fi A B 22 )2 A0 o 45 ELA ) £ 1 1 ) o A
Ao WU S AR B SRICRAR . T RO R G
ANFAR B AR A R ST SR T 22 )2 A T RS
Oy R SRR HRIE TSR I st . Sk

P fil P v o 30 SR A % D't 20 TR AR L R 9 DG B
5 AT R AR L 4 A R O Y LR A K AR AT
SE R PERE (I B0 A . BE A OGN B IR BIF 5 A RO
TH AR RN L E WFFEN 5238 B K BB 6
HA R O 2 R P BARBUN AR & 5 AR
o 2 A D A 23 R A 9 AR ST AR AT AR Ok 5K 5T
SELCTURIE T B T4 T I IR TR G M Y R AR O 43
SRS BT JA AR R 2 A S S B iR

HEWMEB: TERTHEZ RSP3R4 (KJ071205) % B,
EE® N BAER Q974 B B+ Bl 847 . T ENEROCF SR 86 F 5T m s .

E-mail: zhaohjcu@163. com



2l SRR R HTE 6 Ak 0 RO Y 2 A St 87

Sy W BT HEAT T HRGE .

PO R A I OB 5 R0 . TSR 1
) B IE R L S TR RN o5 2 Ee L R DA R
W2 AT T A Z LS 2 2Z 8] AT A /N B A
RO IE A IE R BT TN R L s T O6E A
WIS T I A2 2 A T S AR R A b .l T
P A I T S5 R0Ch 24 50 B IE b 2 L B R T A
A B8 (Effective medium theory, EMT)P! 5
I I B R SFBT i A A A AT b
Hu TS O AY B AR B S 8 R e TS e EUE
AT I RE SR IR R, A SCHE A 880 5t BRI I 5T
P BT ARG AL BT T LAERK AR
650 nm fY M3 A AETE 46 J D 31 23 ROGAE . 25t 1Ok
WA B A BT 2 . T S PR
(Rigorous coupled-wave analysis, RCWA)!Y 344
OIHT T OCHIE L 2R TR R A A A S S
B AR Al 4 AT S 1 e

2 Ot Emit et

S I 5 ARG 18 56 R e ST 5
R B SCBE AR S 2 A 0 d KT AR G R A
PR A s AT 5k DX A i A S DX A7 AR 22 AT S 4R
U R T bR B A0 5 B8 4 A O AT S AT . 2506
AR A 5 A S O R A A L R R AR X AR DX O
TS ANFRE A7 55 803 B OGN R 01 55 S 80 R A2 4k
XA IR FR N Fi F] (Rayleigh) RO . & Az i A1) B
A SR AT S Rk T XoF 8L PR A S AR WA R 907 B AT
Qb T A 9 B A i CFF A8 BT 290 1 Il FUIR A
Ry A A AR T R A T N B A R L T AE &
Tk I S SIS A A% 9 R R T 45 B P A I fE
it DURIERE BESFE . B A1) SR I A FAR A1 0
K FRFR N

A= A(n, £sinD/k, (D

b A G ny S OGHI R A BT R R R
TEHT R b = 1 R RAFTE 0 Gqii i 1l (1) X
A HE A M RAEAE 0 SR B i il S 4
A =x/n,, 421=650 nm,n,=1.5 i, m[ - EHEBEH
NI ESE AR I SR ) A =433 nm, LB 4 SR G
JEI A<<433 nm, W G 0 AT 5 ML I AR
YN AN H5 417 BB B 14 168 3 385 A RO A B3 A ) A>
433 nm, =1 J DL AT S Gk A 38 i A 8 Ry 5
AE B (0 A% 4 i DSt 2 01 B it O R G 0 ZeAl
S5 5 00 25U S T S0 /N Tk R A

bt 19 AN R B O S S | 75 NS ot ) R

0 HIEHME . X T A R T 4 JE G 2 L
W1 BRSO ST B IR
DA 5T B AT 568 2853 5 Ry g F s OGN XA T O
ARG A R A Y R 80 A R 00 R
F om0 PR AR TR 6 8 DM R IR /s T A5 06
Y TR o (NS I 1 L A O Tl )
TE i #z (A 2% 5 A7 T 06 20D 15 il 5% A
ARG i TE f 4% 09 8 8% 0 5233 B o' )2 X8
TE fi #% 35 5 %80Ch 42 )8 5 TM i 4 A S B CH 2%
M H TOUM 2R L F 4R35 2 B W i TM i 4k 0
REE 3% 1t SE M2 L EHHZE X TM i 41 U 55 200 A it
&, T TE 4R TM {4 726 X B A A E Y
A S R S T = N E I PP SR =¥ = WA E T
RN » PR I T 39 4 6 T 4 T 6 Ml ¢ B e ) 8 1% g I
TERE. TE R TM fi 4 A5 6 H X0 A &4
G243 i Fe o Ryt

n, = o+ — fHnk, (2a)

n, =1/ vV’ >+A— Hn’, 2b)
A O b A b BROGHE 5E S ORI Z T
MC2) AT AR L P8 s b, AT LB 2
PAFAN T 0 1 on, Z BN B ATAR] /I A ST 59 %2

incident beam
(TE /TM polarization)

reflective beam
(TE polarization)

transparent beam
(TM polarization)

BL V3 TR 4 s i 31 23 S O Al 445 g A Al
Fig. 1 Structure of the subwavelength metal
transmission gratings for PBS
X AR TE 4 s el el E (R R 2O AT
VIES )
n, = n+kl,
2 I it BN (2 2, AT 20 B35l TE ik 5
TM i iz 76 A [R] (5 28 Lo B A A 803 39 (8
n, =n,+ ki, (3a)
n, = +Er i (3b)
2 A=650 nm.n, = 1.0 B, 1248 (AD 428 1)
A BT S R G A B AR R OC R i 2k ] 2
Proas. hE 2 TRUE W S ast f=0 mF L TE fi
PG A RBATH R IHF £) S 0 AHBEE &2 L



88 i 5|

L 56 %

B/ P, pe A X TE fi ik A S % B
4 @ R B R RS X TM i 4k A GEOE
Mohes i f=0 Bf.n| =1. 0,k =0, B EHE B
BT R S ] B A L B3 2 R 0 i
FEFRAE £T AR T 0, BTG X TM i 4k A%
RN TR A maE . R TM R4k A
ST ELAT 1 A 0 AR O 25 T 2 PR
SEET O TR AT HERR TR SE B TM i 4k =0 8 39 1ok
MBS 8. MR RO A B2 A o B A B S
TN I A BRI G R e =
Vs Cny R ny 35900 SRS KORNES BF (XA B 4 4
R LI A/4 e E T R, AP
nh = \/4, 4)
A b IR R B RO M ZI R IR . W 2
() 3R] A S T AT e K 3G AR . T %
KA 4 Jm B TM i 41 i 2 A7 A o s 1
b, B TM i 415 325 5 58 7k 31 d (A, 0 18 6 B xof
TM i 3 1A AT 0| = Vmn, . BEHHE M
HF BT A4, W ATREE (n, =1. 5) 4 (n, =
LATH7.79D 6, 4 A B A=650 nm B, %
B TM i P8 (1 foc 6 358 58, 5 6 2 ] =n=1. 22,
BB SEME 28 e £=0. 32, 08 2 piw ., B ()R]
HE M2 R A =133 nm, [FIE, K T 315
R AT SR S SR R 0 2 /N S G L B
A<A/5=130 nm, Bl A=100 nm, A W ,3&EH AH
B Ry T AR A5 o A 1 i R 2 ARCRE M 3R K AR 4 R O
M2 BN B TR JE ) A=100 nm, ZIHE R B b=
133 nm, 525t £=0. 32,
12

f22 /
8t 120

031 032 033

—
(=]

Effective index D ;.
(2]

0 02 04 06 08 10
Filling factor

B2 RIS RS L= BRI ER
Fig. 2 Effective index of refraction versus filling

factor

3 BEITE S5 MERE T

KA AR A U IR L T AT A A
LGSR X E M PR o R AR . B 3
A=650 nm, f=0. 32,h=133 nm B}, J6H 0 L4 5

ROR 5 AR C R NE Rl LUE L 250 A
1 A<<130 nm B}, EHHT SRR A X R . TE [ gt
Je5 TM & 555 0 AT 5 2355 1K F 85 %6 Fl 93 %%,
[ TE ffiki&E S 65 TM e 536 0 9fir i) %
FETE . B G 0 3 . e e AT S ROR
X AR B R X, 24 A=433 nm B, fi7 55 20K
HERAR XA R L. X5 O HEW
Tty A B TR BAAE G Wy & UE B T AR R I B

1.0

-
£ 08 e
g 5’0 6 —TM transmission
cTg ----TE reflection,
o] -TE transmission L
';g o4l TM reflection P

15} ~J
E

0 -.=-—-=""""'J_::---'_'—. N \'~~-.
0 0.1 0.2 0.3 0.4 0.5

Period /pm

3 el 0 ais SRR 5 R AR LY 5 &R
Fig. 3 Diffraction efficiency of 0th as a function
of period

4 FZaREM A A=100 nm, 55 f=
0. 32 0 ZATT 3 250 % B 20 R TR JE R AL B 5 & IR
rroul LUAE L 6 2R TR T e R R A
JE S SR PLZE S SEHEZ L OGS TE i #ik F1
TM ik 8 BA BRI ES . BEE & JRJZEER
B R TE fi 9% Ot 22 BL H 26 4 Jm 5 5007 .
TE i < Sz 55 58 P 2 38 i, 24 20 K R B h =133 nm
L TE fi 4k S 51 % 5 3% 55 2% 43 5 24 86. 020 Al
0.028% , [ B, XF T TM i 4 3% 41 6, i TOLH =
XF TM i i A6 B 2840 e I e L Ol 2 e (R i
S A0 R MG OB 3R G5 B B KA 93, 4406, T Bl
Z\ R DR FE R BTN T TM G 41 52 5 K 4 s J2 3%l
B R VAT ABY AR 435 o 1%y e () /1T o DT IR 28 S5 236 H R e
P el . AT UL 3 ok A S B B A D A Y

1.0
- =
,I

I
®

I

] — TM transmission
----TE reflection
-TE transmission
----- TM reflection

N =
~ =)

Zeroth order diffraction
efficiency
o
Do

——— ————— ——

0 e poos -

o 02 04 06 08 10
Groove depth /pm

-

B4 OG0 FATT S 0% 5 20 R TR B A Ak 1 5 FR
Fig. 4 Diffraction efficiency of 0th as a function of

groove depth



2l AR PR A SR N IR 20 RO B9 o M S Bt 89

PR AT 7 R AR A B S I R e R T S 8
BA AR R o3 s M BE L X 5 A A A D B Tk
R A 45 SR R — B

K 55 A=650 nm,A=100 nm, f=0.32,h=
133 nm BF, OB 0 A7 9 % 5 A 6 72 iy 5%
FLATLAE W Y A G A 0 /NF 3078, TE ik 0 9
FGHRT TM i 0 935 53 77 43 313K 4% K F 86 %0 Al
93 % I AT BT AL L F B 0 % TE (i k& % 5
TM i ¥ B2 5t 2 #4380, 0] WA 335 3 74 I 3% 43
FOGMEE A B R A A G MAE . G 0 A i
BB S AFPOEB KA R WA 6 Frs, N Tl
Tt 2 T g B2 iy, NEFa LA
HL7E 470 nm<<A<<800 nm A A ST K I E N .0 2%
TM & 4 % 5 TE 4 % 4 5 K F 90. 28%
85.75%,0 g% TM 4 5 TE & § 435l /N T
0. 86 % F1 0. 065 % » N It » M 75 4 58 ok 3% 35 1L P9 g
% DR w5 1 D % 43 2R Ag

1.0p= ==
= - = —— < i
2 08f
-t -'
% = i —TM transmission H
= 206f % ----TE reflection i
5 .g o e TE transmission i
= v e TM reflection K
g5 o4 [y ;
% 5 /
g 02 it 7
& \_\ .’,’

990 -60 -30 0 30 60 90
Angle of incidence /(°)

5 OG0 AT B A H A A AR OC R
Fig. 5 Diffraction efficiency dependence on the incidence
angle for both orthogonal polarizations

1.0

/

o
o)
T

—TM transmission
----TE reflection

=

4=

g

-

% ?0.6 r

o8 e TE transmission

_;% % ----- TM reflection

835041

=

o

Z 02

N
. S—
0.4 0.6 0.8 1.0 12

Wavelength /um

6 Gt 0 A R 5 AR KB I 1 R
Fig. 6 Diffraction efficiency dependence on the incidence

wavelength for both orthogonal polarizations

4 4 1

L% K HE 4 @ e Xt TE s 4k = 800 4
JE B B ST X TM e 4I% 36 B0 R A o e
P BT R S 0 Wy BEALE S 6 AR o e T

G PR BT I AR S & NS BB TR T
650 nm T-/F I 1 A9 M0 7 K AP 4 ) fi 4R 20 AOEHE
23T SRS B B A A= 100 nm, ZI#
RIE h=133 nm. 525 f=0. 32 FI ™K 1 15 I 2
WL T OUHI A SR AT S8 P . BIFFE S SRR
A A AT 4 Ja el 8 8 20U 5 2800 e ek 34
B 2 e AT REDEHINZE AR TR FOEHHE 2
AT AR /N A 53T S R RE AR i b v Ot 2 4 ot
WIS 52 52 BB 5 SR BR ] 1y R B 5 A7 20 o
PG R A B0 S S B 7 R AE 45 5 1 i 9k 7 R
JEHIR LT T 3 AT e 2 DR BT I 9 K P )R
P 73 AROEME  Bet (9 i 9% 2 ROEHERAT 58 19 A G
PRI T I o

5 £ X

1 Wang Bo, Zhou Changhe, Wang Shunquan e al.. Polarizing
beam splitter of a deep-etched fused-silica grating [ J]. Opt.
Lett. , 2007, 32(10): 1299~1301

2 B. W. Shore, M. D. Perry, J. A. Brittenet al.. Design of high-
efficiency dielectric reflection gratings [J]. J. Opt. Soc. Am. A,
1997, 14(5): 1124~1136

3 Li Jianfeng, Luo Hailu, Guo Yongkang et al.. Splitting effect in
anisotropic metamaterial [ J]. Acta Optica Sinica , 2007, 27(11) ;
2027~2033
G0, BHERE . FOKTE SE. A% ) S R R O 4R 23 B
[J]. k5 54,. 2007, 27(11): 2027~2033

4 Zhang Jinlong, Liu Xu, Li Yiyu e al.. Polarization beam
splitters based on one-dimensional metal-dielectric structure [J].
Acta Optica Sinica, 2008, 28(9) . 1788~1792
deE . X W, DA AR T —4E S8 A T A5 R D
PRI (1], k554, 2008, 28(9) . 1788~1792

5 Zhao Huajun. Diffraction characteristics of polarizing beam
splitters based on subwavelength dielectric grating [J]. High
Power Laser and Particle Beams, 2008, 20(10): 1629~1632
AT WA TR AR 2 OGRS R (T, Rk 54
F k., 2008, 20(10); 1629~1632

6 Zhang Liang, Li Jing, Li Chengfang et al.. A novel nano-grating
structure of polarizing beam splitters [J]. Chin. Phys. Lett. .
2006, 23(7): 1820~1822

7 Zhang Liang, Li Chengfang. Polarization effect of 150 nm
subwavelength aluminum wire grating in near infrared [ J].
Chinese J. Lasers, 2006, 33(4): 467~471
gk sE. ZEIRIS. 150 nm MK ER G4 I £ 0 i i AR (T
P E gk, 2006, 33(4); 467~471

8 Feng Jijun, Zhou Changhe, Zheng Jiangjunet al.. Modal analysis
of deep-etched low-contrast two-port beam splitter grating [J].
Opt. Commun. , 2008, 281(21): 5298~5301

9 D. H. Raguin, G. M. Morris. Antireflection structured surfaces
for the infrared spectral region [J]. Appl. Opt., 1993, 32(7).
1154~1167

10 B. W. Shore, M. D. Perry, J. A. Brittenet al.. Design of high-
efficiency dielectric reflection gratings [J]. J. Opt. Soc. Am. A,
1997, 14(5). 1124~1136

11 M. G. Moharam, D. A. Pommet, T. K. Gaylordet al.. Stable
implementation of the rigorous coupled-wave analysis for surface-
relief gratings: enhanced transmittance matrix approach [J]. J.

Opt. Soc. Am. A, 1995, 12(5). 1077~1086



