491

1% 2% 1 1 1,3 %%

(1. , 3000715 2. ,
3. , 030006)

[ :l 5 H H
DOI:10.16262/j.cnki.1000-8217.2018.05.008

° ’
[
’ )
? ~ ’
b
N s
~ ~ (2]
b
:2018-08-08; :2018-09-04

* ok ,Email: schen@nankai. edu. cn

100085



492

2018

1.1

1.2

(a)

SEM

,(d) 4

,(c) 4

» (b)

45°%]

1100 nm

1.3

180°

1100 nm

[9,

(a)

[4-7]

2 000 nm
90°
2000 nm
40%
1170 nm
30%

1590 nm

1ol | Nakata

(b) (c)

[8]



493

1, 1.4
90°
b ’ L
45° e
[12] [ 151
3 :
F
[16]
4(b) . 0.87—1.47 THz
] , 75°, 0.92
—0 THz 1. 38 THz
88°  87°,
’ , L
’ , L
| s 1000 nm
’ 95%
’ o , L
3 (a) @ ’
a ’
b PCR
(b) SEM |, (c) R e
,(d)
[12] ]

(d) ()



494 2018

1.5

. 4(C) 4(d) .
(18]
s . L
[22] o )
’ [23] .
2
[19, 20]
’ 3
° 0—27 [24] s
. 5 7 \
’ y
’ 2.1
’ y 0727‘[
SR ( )
0 ,
( ) —20020) o
25%,
10 %rzs. 27] .
5 (a)
’(b) ’ 6
(c)S3 , (d—f)3 ) ’ ’

( ) ( ) (21 (a) 6(b) (81



495

2.2

100 %
(a)
(d)

6(c)

» (b)

b

70%
6(d) (291

900 nm ,4

9 (c)

(PSHE)

[29]

1067 nm

7T

[30, 31]

1100 nm

2.3

7 (a)

(¢) 1500 nm

1700 nm

SEM

[32]

» (b)

[35. 36]
o



496 2018

2.4
, 8 o
Ls7] o ~
3 s s
’ ’ 9(?1)
(b b,
4 o b b
s H ) 9(C) 9(d) Lao ° ’
b b 15
9 (a)
(b)
8 (a) [Ssj(c)
.(b) (o) @
,(d) (391

9



497

3
s [44, 45]
C4 ,
’ D ],O ( C )
[46]
3.1 s
’ [47, 48]
[40, 41] 3.2
[42] o ’
[49-51]
s 4 °
. 10 10(b) ) )
[52]
[43] . 105 s o
100%

s 370 nm/RIU, (FOM) °
2846, ’ - =

10 (a) ,

(b) 4 1 (a)

431 (¢) C4 (b)
[46]

[s3]



498

3.3

[54-56]

12

(a)

» ()

,(b) 3

12

[57]

2018
100%) , .
s RGB
, 1 650 nm
50% ),
R 1 640 nm
1652 nm ,
s 40°,
4
o 10 )
4.1



499

[59]

4.2

13

(d)

(a)

13

» (b)

[60]

y(c) 6

6

[59]

14 R
4.3
15
1900 nm
14 (a)

[28]

[64]

2050 nm

»(b)

[61,62]

[63]



500

2018

15 (a)

45%,

[65, 66]

o

D

(2

» (b)

150 nm

20%.

[64]

3

(€Y



1971

501

(

: 11304163, 61378006, 11574163, 11774186)

[1]

[2]

[3]

[4]

[5]

(6]

(7]

[8]

[9]

[10]

[11]

Teich, MC, Saleh BEA. Fundamentals of photonics, 2",
Canada; Wiley Interscience, 2007, 197—242.

Chen S, Liu W, Li Z, et al. Polarization State Manipulation
of Electromagnetic Waves with Metamaterials and Its Appli-
cations in Nanophotonics. In Metamaterials-Devices and Ap-
plications. United Kingdom: InTech, 2017 217—242.

Yu P, LiJ, Tang C, et la. Controllable optical activity with
non-chiral plasmonic metasurfaces, Light: Science & Appli-
cations, 2016, 5(7): e16096.

Sieber PE, Werner DH. Infrared broadband quarter-wave
and half-wave plates synthesized from anisotropic Bézier
metasurfaces. Optics Express, 2014, 22(26); 32371—32383.
Pors A, Bozhevolnyi SI. Efficient and broadband quarter-
wave plates by gap-plasmon resonators. Optics Express,
2013, 21(3): 2942—2952.

Zhao Y, Alu A. Tailoring the dispersion of plasmonic nano-
rods to realize broadband optical meta-waveplates. Nano
Letters, 2013, 13(3): 1086—1091.

Yu N. Aijeta F. Genevet P, et al. A broadband. back-
ground-free quarter-wave plate based on plasmonic metasur-
faces. Nano Letters, 2012, 12(12): 6328—6333.

Li Z, Liu W, Cheng H, et al. Realizing broadband and in-
vertible linear-to-circular polarization converter with ultra-
thin single-layer metasurface. Scientific Reports, 2015, 5.
18106.

Dai Y, Ren W, Cai H, et al. Realizing full visible spectrum
metamaterial half-wave plates with patterned metal nanoar-
ray/insulator/metal film structure. Optics Express. 2014,
22(7) . 7465—7472.

Jiang ZH, Lin L, Ma D, et al. Broadband and wide field-of-
view plasmonic metasurface-enabled waveplates. Scientific
Reports, 2014, 4. 7511.

Nakata Y, Taira Y, Nakanishi T, et al. Freestanding trans-

parent terahertz half-wave plate using subwavelength cut-

wire pairs. Optics Express, 2017, 25(3): 2107—2114.

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

LiuZ, LiZ, Liu Z, et al. Single-layer plasmonic metasurface
half-wave plates with wavelength-independent polarization
conversion angle. ACS Photonics, 2017, 4(8): 2061—2069.
Li T, Liu H, Wang SM, et al. Manipulating optical rotation
in extraordinary transmission by hybrid plasmonic excita-
tions. Applied Physics Letters, 2008, 93(2). 021110.

Li T, Wang SM, Cao JX, et al. Cavity-involved plasmonic
metamaterial for optical polarization conversion. Applied
Physics Letters, 2010, 97(26) . 261113.

Grady NK, Heyes JE, Chowdhury D R, et al. Terahertz
metamaterials for linear polarization conversion and anoma-
lous refraction. Science, 2013, 340(6138) . 1304-—1307.
Liu W, Chen S, Li Z, et al. Realization of broadband cross-
polarization conversion in transmission mode in the terahertz
region using a single-layer metasurface. Optics Letters,
2015, 40(13) . 3185-—3188.

Li Z, Chen S, Liu W, et al. High performance broadband
asymmetric polarization conversion due to polarization-de-
pendent reflection. Plasmonics, 2015, 10(6): 1703—1711.
Li Z, Chen S, Tang C, et al. Broadband diodelike asymmetric
transmission of linearly polarized light in ultrathin hybrid meta-
material. Applied Physics Letters, 2014, 105(20): 201103.
Liu J. Li Z, Liu W, et al. High-Efficiency Mutual Dual-
Band Asymmetric Transmission of Circularly Polarized
Waves with Few-Layer Anisotropic Metasurfaces. Advanced
Optical Materials, 2016, 4(12); 2028—2034.

Li Z, Liu W, Cheng H, et al. Tunable dual-band asymmet-
ric transmission for circularly polarized waves with graphene
planar chiral metasurfaces. Optics Letters, 2016, 41(13):
3142—3145.

LiJ, YuP, Cheng H. et al. Optical polarization encoding u-
sing graphene-loaded plasmonic metasurfaces. Advanced Op-
tical Materials, 2016, 4(1): 91—98.

Cheng H, Chen S, Yu P, et al. Dynamically tunable broad-
band mid-infrared cross polarization converter based on gra-
phene metamaterial. Applied Physics Letters, 2013, 103
(22). 223102.

Cheng H, Chen S, Yu P, et al. Mid-infrared tunable optical
polarization converter composed of asymmetric graphene
nanocrosses. Optics Letters, 2013, 38(9): 1567—1569.
Chen S, Li Z, Zhang Y, et al. Phase Manipulation of Elec-
tromagnetic Waves with Metasurfaces and Its Applications in

Nanophotonics.  Advanced Optical Materials, 2018, 6

(13): 1800104.

Huang L, Chen X, Miihlenbernd H. et al. Dispersionless
phase discontinuities for controlling light propagation. Nano

Letters, 2012, 12(11): 5750—5755.



502

2018

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

[39]

Shaltout A, Liu J, Shalaev VM, et al. Optically active
metasurface with non-chiral plasmonic nanoantennas. Nano
Letters, 2014, 14(8): 4426—4431.

Wen D, Yue F, Kumar S, et al. Metasurface for character-
ization of the polarization state of light. Optics Express,
2015, 23(8): 10272—10281.

Liu Z, Li Z, Liu Z, et al. High-performance broadband cir-
cularly polarized beam deflector by mirror effect of multi-
Materials,

nanorod metasurfaces. Advanced Functional

2015, 25(34): 54285434,

Li Z, Liu W, Cheng H, et al. Manipulation of the Photonic
Spin Hall Effect with High Efficiency in Gold-Nanorod-Based
Metasurfaces. Advanced Optical Materials, 2017, 5(20):
1700413.

Khorasaninejad M, Chen WT, Devlin RC, et al. Metalenses
at visible wavelengths; Diffraction-limited focusing and sub-
wavelength resolution imaging. Science, 2016, 352(6290) .
1190—1194.

Arbabi A, Arbabi E, Kamali SM, et al. Miniature optical
planar camera based on a wide-angle metasurface doublet
corrected for monochromatic aberrations. Nature Communi-
cations, 2016, 7. 13682.

Liu W, Li Z, Cheng H. et al. Metasurface Enabled Wide-
Angle Fourier Lens. Advanced Materials, 2018, 30 (23):
1706368.

Ni X, Kildishev AV, Shalaev VM. Metasurface holograms
for visible light. Nature Communications, 2013, 4 2807.
Li Y, Li X, Chen L, et al. Orbital angular momentum mul-
tiplexing and demultiplexing by a single metasurface. Ad-
vanced Optical Materials, 2017, 5(2): 1600502,

Huang L, Miihlenbernd H, Li X, et al. Broadband hybrid
holographic multiplexing with geometric metasurfaces. Ad-
vanced Materials, 2015, 27(41): 6444—6449.

Zhang Y. Yang X, Gao J. Twisting phase and intensity of
light with plasmonic metasurfaces. Scientific Reports, 2018,
8(1): 4884.

Liu W, Li Z, Cheng H, et al

Momentum Analysis for

Metasurfaces. Physical Review Applied, 2017, 8 (1):
014012.

Cheng H, Chen S, Yu P, et al. Dynamically tunable broad-
band infrared anomalous refraction based on graphene meta-
surfaces. Advanced Optical Materials, 2015, 3(12): 1744—
1749.

Wang C, Liu W, Li Z, et al. Dynamically Tunable Deep
Subwavelength High-Order Anomalous Reflection Using
Graphene Metasurfaces. Advanced Optical Materials, 2018,

6(3): 1701047,

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Li Z, Liu W, Li Z, et al. Fano-resonance-based mode-matc-
hing hybrid metasurface for enhanced second-harmonic gen-
eration. Optics Letters, 2017, 42(16): 3117—3120.
RoyChoudhury S, Rawat V, Jalal AH, et al. Recent ad-
vances in metamaterial split-ring-resonator circuits as biosen-
sors and therapeutic agents. Biosensors and Bioelectronics,
2016, 86 595-—608.

Limonov MF, Rybin MV, Poddubny AN, et al. Fano reso-
nances in photonics. Nature Photonics, 2017, 11(9): 543—
554.

Zhang Y, Liu W, Li Z, et al. High-quality-factor multiple
Fano resonances for refractive index sensing. Optics Letters,
2018, 43(8): 1842—1845.

Zhang S, Genov D A, Wang Y, et al. Plasmon-induced
transparency in metamaterials, Physical Review Letters,
2008, 101(4) . 047401.

Yang Y, Kravchenko II, Briggs DP, et al. All-dielectric
metasurface analogue of electromagnetically induced trans-
parency. Nature Communications, 2014, 5; 5753,

Duan X, Chen S, Yang H, et al. Polarization-insensitive and
wide-angle plasmonically induced transparency by planar
metamaterials. Applied Physics Letters, 2012, 101 (14).
143105.

Duan X, Chen S, Cheng H, et al. Dynamically tunable plas-
monically induced transparency by planar hybrid metamateri-
al. Optics Letters, 2013, 38(4): 483—485.

Cheng H, Chen S, Yu P, et al. Dynamically tunable plas-
monically induced transparency in periodically patterned gra-
phene nanostrips. Applied Physics Letters, 2013, 103(20):
203112.

Chen S, Cheng H, Yang H, et al. Polarization insensitive
and omnidirectional broadband near perfect planar metamate-
rial absorber in the near infrared regime. Applied Physics
Letters, 2011, 99(25) . 253104.

Cheng H, Chen S, Yang H, et al. A polarization insensitive
and wide-angle dual-band nearly perfect absorber in the in-
frared regime. Journal of Optics, 2012, 14(8): 085102—
85106.

Duan X, Chen S, Liu W, et al. Polarization-insensitive and
wide-angle broadband nearly perfect absorber by tunable pla-
nar metamaterials in the visible regime. Journal of Optics,
2014, 16(12) . 125107—125113.

Ra’Di Y, Simovski CR, Tretyakov SA. Thin perfect absorb-
ers for electromagnetic waves: theory, design, and realiza-

tions. Physical Review Applied, 2015, 3(3): 037001.



503

1971

[53] LiJ, YuP, Tang C, et al. Bidirectional perfect absorber u- [60] YuP, ChenS, LiJ, et al. Generation of vector beams with
sing {ree substrate plasmonic metasurfaces. Advanced Opti- arbitrary spatial variation of phase and linear polarization using
cal Materials, 2017, 5(12): 1700152. plasmonic metasurfaces. Optics Letters, 2015, 40 (14);
[54] Kristensen A, Yang JKW, Bozhevolnyi SI. et al. Mortensen 3229—3232.

N A Plasmonic colour generation. Nature Reviews Materi- [61] Siviloglou GA, Broky J, Dogariu A, et al. Observation of

als, 2017, 2(1). 16088 accelerating Airy beams. Physical Review Letters, 2007, 99

[55] Heydari E, Sperling JR, Neale SL, et al. Plasmonic Color (21 213901

Filters as Dual-State Nanopixels for High-Density Microim- [62] Hu Y, Zhang P, Lou C, et al. Optimal control of the ballis-

ti ti { Airy beams. Optics Letters, 2010, 35(13):
age Encoding. Advanced Functional Materials, 2017, 27 ¢ motion of fry beams pies Letters 7
2260—2262.
(35): 1701866.
[63] LiZ, Cheng H, Liu Z, et al. Plasmonic airy beam genera-
[56] Wen D, Yue F, Kumar S, et al. Metasurface for character—
tion by both phase and amplitude modulation with metasur-
ization of the polarization state of light. Optics Express,
faces. Advanced Optical Materials, 2016, 4 (8). 1230—
2015, 23(8): 10272—10281.
1235.
[57] Yang B, Liu W, Li Z, et al. Polarization-Sensitive Structur- . . . . )
[64] LiZ, Liu W, Cheng H, et al. Simultaneous generation of
al Colors with Hue-and-Saturation Tuning Based on All-Die-
al Lolors wi uerandmoaturation Luning based on e high-efficiency broadband asymmetric anomalous refraction

lectric Nanopixels. Advanced Optical Materials, 2018, 6 . . . .
and reflection waves with few-layer anisotropic metasurface.

(43 1701009. Scientific Reports, 2016, 6: 35185.

[58] LiZ, Liu W, Cheng H. et al. Spin-Selective Transmission [65] LiuZ, Chen S, Cheng H, et al. Interferometric control of

and Devisable Chirality in Two-Layer Metasurfaces. Scien- signal light intensity by anomalous refraction with plasmonic

tific Reports, 2017, 7(1): 8204. metasurface. Plasmonics, 2016, 11(2); 353358,

[59] LiJ, Chen S, Yang H, et al. Simultaneous control of light [66] LiuZ, Chen S, LiJ, et al. Fully interferometric controllable
polarization and phase distributions using plasmonic metasur- anomalous refraction efficiency using cross modulation with
faces. Advanced Functional Materials, 2015, 25(5): 704— plasmonic metasurfaces. Optics Letters, 2014, 39 (23):
710. 6763—6766.

Research progresses of optical field manipulation with artificial micro/nano-structures

Li Zhancheng'”* Liu Zhaoqing®** Cheng Hua' Tian Jianguo' Chen Shuqi'?**
(1. School of Physicss Nankai University, Tianjin 300071 ;
2. Center for Science Communication, National Natural Science Foundation of China . Beijing 1000853

3. Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006)

Abstract Artificial micro/nano-structure is one of the most important systems for the enhancement of the
interaction of light and matter, which provides new opportunities and broad prospects for the development
of photophysics and photonics. The studies about the rigorously multi-dimensional manipulation of optical
fields and their interactions are the frontiers of physical science research and the important basis for the
leapfrog development of multi-disciplinary by using artificial micro/nano-structure. In this research pro-
gress, we systematically introduced our recent progresses of polarization, phase, amplitude and multi-di-
mensional manipulations of optical fields with artificial micro/nano-structures, which reveal the great re-
search potential and wide application prospects of artificial micro/nano-structures in the field of optical field

manipulation.

Key words artificial micro/nano-structures; optical field manipulation; photonic integration; novel method

for optical field manipulation



