Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

BARZ BATHRI

BEF BV RE K&K HiE FTRE BB

Design of an embedded tricolor-shifting device

Xu Ping Tang Shao-Tuo Yuan Xia Huang Hai-Xuan Yang Tuo Luo Tong-Zheng Yu Jun
5| 15 & Citation: Acta Physica Sinica, 67, 024202 (2018) DOI: 10.7498/aps.20170782

TE£81%]152 View online:  http://dx.doi.org/10.7498/aps.20170782
23 Py 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/12

A RERR AR A S &
Articles you may be interested in

2SS RELIE eyt EOESE 2R E SR IE SEu S O

Enhancement of conversion efficiency for an organic semiconductor laser based on a holographic polymer
dispersed liquid crystal

YH % 4.2017, 66(24): 244204  http://dx.doi.org/10.7498/aps.66.244204

BT O N 42 S g
Total internal reflection orders in transmission grating
PP 2242016, 65(5): 054202  http://dx.doi.org/10.7498/aps.65.054202

BOX G 4 BT FE 30 25 2075 il IR KRG8 23 FE R I i
Effect of curve groove on the spectral resolution for soft X-ray holographic flat-field gratings
PP 22H%.2014, 63(23): 234203  http://dx.doi.org/10.7498/aps.63.234203

BT IRE W SCAETE S i 5B P e AR BB 73 A7 S it WO A

Low threshold distributed feedback laser based on scaffolding morphologic and holographic polymer dis-
persed liquid crystal gratings

YyH 22422014, 63(19): 194202  http://dx.doi.org/10.7498/aps.63.194202

BT AHTRL T BN AR F b 55 SO AT 7T
Electromagnetically induced grating based on the coherent population trapping
YE % 4.2013, 62(22): 224205  http://dx.doi.org/10.7498/aps.62.224205


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.20170782
http://dx.doi.org/10.7498/aps.20170782
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I2
http://wulixb.iphy.ac.cn/CN/abstract/abstract71259.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract66749.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract62871.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract61059.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract56592.shtml

38 % 4R Acta Phys. Sin.

Vol. 67, No. 2 (2018) 024202

BRAR=ZBATRRI

= ==

®¥ ELE RE

Hig i

Ww FRE CaR

(RINRZE TR 22 SHOR BT, At BT EORBEFCRT, Il 518060)

(20174 4 A 11 HUH); 2017 49 A 2 HIEMEIHR )

DD F LA e TR SRR 6 B O N7 T A7 AR (B Bl O P BE A 15 B2 T /R PR XE S Bk e 95 1
G, 2 T 5% 45 ) S5 RO T 45 4 S LR TN SO A — 4 SR T IE SR 45 A 1) = (AR 8. UM R
W, WK 52 4540 5 TR ML P KA A I P REARBL, RTSRASDUBR ) = (AR Dh E. 24 E AROL LA 45° A NI,
FIETT LA 0°, 582, 90° 73 il SRAFAH R W6 406 2006 = (S, St 3253 ik 31 90%, 89%, 100%. 47
HrIF SR 1A% A 300 AR LS DL R NS AR AR A0S SR U RS2 U, R R 17 da I TE HEAE (R XU TR g
JGIEIAE BERR A SE RS R, 3R H I 52454 = COBAS SR SEIL T 05 A A 1A 5 B R T 8OR B AR = AR
R, R T BRI B O RIR, (RN AR S A HME T A 0 4 B AR PR BRI e e A, AR DA

PG Bl D sk AT 2N A

KA WP, IEsREEH, = EotAeH, UG TSI

PACS: 42.40.Eq

1 5 7

WA AE RAF /N T R TAR K, 40d
P Bert, WA = ) () St 3, PR
Z N T RO PUSO . IR AR 6
B 4 25 A1 7 25 4% PR R T 284 001 K S i
A ROT B0 (TAR R D9 ] i 38 B i I 38 K
aeh, FRAE R 2R N L 9oK), AR 451
ZRORMBUR, XL AT IR TUR BB, H
K A B 7 SR % T (electron beam lithography,
EBL) 1 B B 7 %1 (reactive ion etching, RIE)
TIVEAR M /& FL VR 2E5K. Kl 2 T RIE [ A
F1R 000 TEC A5t ot IR ¥ DR AE L T Y I L, o AR v R
9 FO VR G A AT I, XA 25N BE I B g, 2R PR R
FHALTE. 2009 4F, Feng %5 [ H2 H 1 — Pl 2 i
WA A3, ATSEIE 1550 nm TMOB NG R —
TR CL L TE G NS R 1 RAT I R ik 95% )i
¥, (Hl1 T RIE fUHE R 2, e HIPERE & S50

DOI: 10.7498/aps.67.20170782

TAAE BB THMEARAE 10% £ AR ZE. 2014 4F,
Uddin %5 B8+ 7 —F i 415 14 1] 9 S0 9% 1 % €498
WA, HGE R ZE F LI MM E R THE R T
10%—20%; 2015 4E, Yoon % ) ¥t 7 — Rl i it
PURZ PSSR SEII 1 BT SO R, R iR 2
S EEIE 5 B E AR 5%—8% iR ZE. Lkix
TH A % K T 45 M AR 1R 22 UK, 3 BEs 1 S
PR e T B, AR HMESRAT U BT RCR, BRI oK g 5K
HIAL.

WEFEN AR T HoAth i 8 &5 U T g5 M 1
5, DLRE B0 FE T &5 A8 B i) £ 1% 22 %) 2 AR MR B 1) 55
k. Grann Fl Moharam 0] 34 7 3% 252 1) 784 37 98 K
e 5 AR LR R B S5 M WA M, IR T 1 A
FEAS TP A M = AR FEAIR 00 2 5% 1, 2 i A
B K M R A LR AOR, 4R T S
T 25 R AR TR 11 B SEIWALHR AR, 2010 4F, Feng
2 T B 1 AT DAGE S O T3 1 R B SR AR IR IR
5 LU IR 1E 5% 10 AL 3 K el B, Cheng %5 [12) i

* E AR RS (HES: 61275167) AAYITTEALHF 70T (tHES: JCYJ20140418095735591, JCYJ20130329103020637,

JC200903120023A) %% B 1)1 1.
T #E/E#H. E-mail: hhx@szu.edu.cn

© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

024202-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20170782
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 67, No. 2 (2018) 024202

Cin N OGN A S S G N
TP AR A, KA IESZ A SRS, &
WXOEHR AW B I ESIERE 5, S0 1T 2]
FORE S AT S RCR AR T 2 T R, S B
FZHPH A HAR. Bai & P HE— 500 T A
TE5Z G E P F & o T8 B S0 AU R T 48 A
PR AL T 2016 4E, Berthod AT Gate M4 #2 1
TP E A SR M b A K T 5 T Y A
T EJ79; 2017 4, Cui f1 Wang 0] i 2 i
TESZTE Y KOz F T B OG0 &%, 12
BERE. BRI AE AR AR A, IR
ST [FIRE T DL A LR T HLAEAIGIR B B &1
AE 52T 2R S P S ) o ' BE T R, A BEAIR.
I, AT LS R RE TR 45 0 55 ROy IE SR S5 K, AT it
TR A SRR AR e 1) L

AR L G 2 S — Fh ZnS 73 55 B ) — 4k L
WIE Y 45 0 = (6 A8 2%, B Z Ju TR 25 1 il AR
BN, RAB S, A, FE 1T AR B Al
e D021 RS R Y IE 5% 25 M S 2 — e I I A R
Tiik, BN — 4R B R R SR S W K =
J6AE A, RIS B VR KR T 6 R SE AT ) = (A 4
Ihee. M EIE IR TR, b 8%
JE SRR | B 5 A 8 ) 2 2 DA BN S A 0 S S e
RS I RO ) IS R 28 TG FR B XN TR 8 D v )
VEBERR I SEg0 I A2,

2 ZERRGEWITRE

FIH IESZ S MR FE T S5 /AT 55 2%, S8 IR 5%
Y AN et iR

FE 450 = 68 28 B R A U2 S et = 0
& i JZ s, CAE v 7 1R B35 51 A, AE 2 T7 1) B
BT, WE 1 s, NN RZENTEA, I
S Eng = 1; Bith ks B 2R A o A B 2R
IR 7, —BEHE (polyethylene terephthalate, PET), 4t
B % ng = 1.65; PET L 1 S S0 T S Ml 45 44
WM A, IRBER dg, TAFERR 5> T3 2 n. = 2.356
1 ZnSE 7, 52 1EH ZnS, JBE N d.. 77 EH
1k, BB 52 f = 0.5.

H AR DUE 4 A FE RN S A it s R
T4 = AR 3%, BAE 77 A0 A B e, AR AT 4K
ROMEL RN 2 L =Mt SRA5 7 A0 A T ) H
R ST AR = AR IR

H BT A 4 4 32 2R B EBL # RIE 5 i
ATHIE. % RIE [T A0 T A5 AR HE CRUEFE T 1
BIBEE, e e EFIE =R 5 b K AR I, IX
b2 B B &, B S A e, 5 BURE HE
FER S A R, BT IEZ K OEM B A 5 T &
Al AR PR L A, DR A SR F A 380 s,
IESZEE 2B | R sE T 450, 3 BI0E T IR % 4
M =R Es . WK 2 R, &M a =)z ¥
W E N ng B IRE, BT R n JEE R b E &
FE UL EN H AN T HIESZ e E, P
SI6LL 6 F NG

Bl1 SRS =0 S
Fig. 1. Embedded tricolor-shifting device with rectan-

gular structure.
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Fig. 2. Tricolor-shifting device with sinusoidal structure.
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Fig. 3. Reflectivity of TM wave and natural light in different azimuths incident to rectangular tricolor-shifting device
(0 = 45°, A = 431.5 nm, dg = 124.2 nm, dc = 13.1 nm, f = 0.5): (a) TM, ¢, = 0°, blue light; (b) TM, ¢z = 58°,
green light; (c) TM, ¢r = 90°, red light; (d) natural light, ¢, = 0°, ¢g = 58°, ¢r = 90°, line color indicates color

of reflected light.
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Fig. 4. Reflectivity of equivalent sinusoidal grating for the TM wave with azimuth of 0°, 58° and 90° and the natural light
(0 =45°, T = A =431.5 nm, H = dg = 124.2 nm, h = dc = 13.1 nm): (a) TM, ¢}, = 0°, blue light; (b) TM, ¢z = 58°, green
light; (c) TM, ¢r = 90°, red light; (d) natural light, pp = 0°, g = 58°, ¢ = 90°, line color indicates color of reflected light.
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pg = 58°; (e) TM, ¢r = 90°; (f) TE, ¢r = 90°.
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Abstract

Insufficient anti-counterfeiting performance and difficulties in manufacturing lead to performance degradation of the
subwavelength rectangular structure grating, when it is applied to the field of optical anti-counterfeiting. To solve the
problem, an embedded subwavelength one-dimensional simple periodic sinusoidal grating structure is proposed in this
paper to replace the previous structure with a rectangular structure. By using equivalent medium theory, we find that
the rectangular structure whose duty ration is 0.5 has the same effective refractive index as the sinusoidal structure. Then
equivalent structure parameters of a sinusoidal structure are obtained based on a rectangular structure tricolor-shifting
device, and the characteristics of the reflection peak are analyzed. The result shows that the sinusoidal structure gating
can realize the same tricolor-shifting properties with a higher reflective efficiency as the rectangular structure gating.
When the incidence angle of natural light is 45° for TE and TM polarization, the highest reflectivity values of 90%,
89% and 100% in blue, green and red bands can be obtained at the azimuths of 24°, 63° and 90°, respectively. Then
the azimuth-induced color shifts of blue, green and red are realized. Physical mechanism of the equivalent rectangular
structure to sinusoidal structure is explained in non-resonance and resonance conditions. Under the non-resonance
condition, both of them can be regarded as a layer of completely equivalent optical film, possessing exactly the same
optical properties. Under the resonance condition, they can be regarded as a slab waveguide. So when their effective
refractive indexes, periods, film thicknesses and depths are equal, they have the same optical characteristic matrixes,
supported guided modes, and resonant peak positions. In addition, we investigate the influences of the deviations of key
parameters, including grating period, grating depth, coating film thickness, and incidence angle, and propose the rigorous
redundancy of these parameters. When the values of period, depth, thickness, and incidence angle are kept within the
ranges of 430-455 nm, 88-160 nm, 10-40 nm, and 40°-50°, respectively, the device can well keep the color-shifting effects
of blue, green and red light. A model structure of the sinusoidal grating is fabricated by two-beam laser interference
lithography experimentally. The tricolor-shifting device based on the sinusoidal structure presented in this paper can
realize high diffraction efficiency azimuth-induced color shifts of blue, green and red light when natural light is incident,
which breaks through the limit of bi-color shifting technology and lowers the difficulties in manufacturing, and may have

great applications in the field of the optically variable image security.

Keywords: sub-wavelength, sinusoidal structure, tricolor-shifting, two-beam laser interference lithogra-
phy
PACS: 42.40.Eq DOI: 10.7498/aps.67.20170782
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