Chinese Physical Society
ME#!E Acta Physica Sinica :

€D Institute of Physics, CAS

FEEmERA THKE RRERDFETHHTER
MEiE R REE FE 2

Plasmonic lens with long focal length and tight focusing under illumination of a radially polarized light
Lu Yun-Qing Hu Si-Leng LuYi XuJi Wang Jin
5| {5 & Citation: Acta Physica Sinica, 64, 097301 (2015) DOI: 10.7498/aps.64.097301

FELE 7B View online:  http://dx.doi.org/10.7498/aps.64.097301
23y 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2015/V64/19

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

T I B BV bR G 1 SR T A B EOTHI R R
Progress of surface plasmon research based on time-dependent density functional theory
YE=4.2015, 64(7): 077303  http://dx.doi.org/10.7498/aps.64.077303

A BRI R U £ BRSBTS AR S S A o
Negative refraction and bulk polariton properties of the graphene-based hyperbolic metamaterials
YE = 4.2015, 64(6): 067301 http://dx.doi.org/10.7498/aps.64.067301

SO IE=ABYUKR G H IR
Resonance mode of an equilateral triangle with triangle notch
YyH 2242014, 63(12): 127301 http://dx.doi.org/10.7498/aps.63.127301

B U T R <52 SR KA T LR 25 O A AE AR 2 2R
Splitting of transmission modes in a nanoscale metal ring resonator with a notch
PP 2E4%.2014, 63(1): 017301  http://dx.doi.org/10.7498/aps.63.017301

IR T v B 4 BT R R A Y
Plasmonic excitations in mesoscopic-sized atomic chains: a tight-binding model
PP 22H%.2013, 62(17): 177301 http://dx.doi.org/10.7498/aps.62.177301


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.097301
http://dx.doi.org/10.7498/aps.64.097301
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I9
http://wulixb.iphy.ac.cn/CN/abstract/abstract64186.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64186.shtml
http://dx.doi.org/10.7498/aps.64.077303
http://wulixb.iphy.ac.cn/CN/abstract/abstract63610.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63610.shtml
http://dx.doi.org/10.7498/aps.64.067301
http://wulixb.iphy.ac.cn/CN/abstract/abstract59610.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract59610.shtml
http://dx.doi.org/10.7498/aps.63.127301
http://wulixb.iphy.ac.cn/CN/abstract/abstract57360.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract57360.shtml
http://dx.doi.org/10.7498/aps.63.017301
http://wulixb.iphy.ac.cn/CN/abstract/abstract55485.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract55485.shtml
http://dx.doi.org/10.7498/aps.62.177301

38 % 4R Acta Phys. Sin.

Vol. 64, No. 9 (2015) 097301

RERiRAETHKE  XARERAFETH
A ITTIER

fEriE! AR

wE FE!

(PRI LR 22 e i TAE 22 5%, PR 210023)

(2014 4£ 8 A 3 HUKE]; 2014 4E 12 A 19 HIKEME A )

RIHER TRBOTIE S (plasmonic lens, PL) & —Ffull i #UR AN R 1055 B TR B#OT (SPPs), AT
SR, SIS R ARG T F. a0 SE Bl AR i R A SRR, — BRI PL M E AL 2R
e AL R BV AR AR B AR ARG A5 9 PL B ASOE, W7 &S5 a1k SPPs, 8 i 55 5 AR I e R AR,
AR T — AR R R OGIHUR T B BRI AR I K B R R TS5 T A BoTE S, wEsith
T TERAL BB [F IR AN PR G5 R 2 AR A SCE Se R A IR ICTHE BB A 1 O AL - [ Lo PR 45
BHNRERE, 2R RSB R IR RS AT = RGO SPPs, JF H AL i fLIE S 5 HUN 2 B t =
(¥ SPPs T 2R TR TR REE. Juilt— 2D IR FR BT M N A0 IR FRIR . Bt B B R AR, A3
L T TEARFL -Frh T [F) Lo R S5 4, TS B 2 T P SPPs [ S (3t 1 AR S 3 il RA% 4% 077 1 s . 283
SHAAL, ZIEBFA LI TOCBEAEIR R R RN IR 2.5 1%.0.388 1i5.3.22 fF YLK R
Rtk M HAZE G R A G R E TN 5 TR, B2 1 9K06 1220 T 8 H R A A v B S At
MIZER. 2B TESE RAEGIKOE T I 7065 AR S RN 40K 2 48 R O U L A W A 11482 P A7 £

KA RIS THBOTES:, Rkt BRE, KER

PACS: 73.20.Mf, 42.25.Hz, 42.50.5t, 42.82.Cr

1 5 7

GRS E A BT SO AR B KO T )
— AR, R BT AR I RS BRR R S, 3
1o 1 = ] R B Bk R R /), I B RE B8 7E 44 K RBE
SEILER AT S PR i e R g, TR AR A T
PRBIT (surface plasmon polaritons, SPPs) )£ F
KT AR AR A A A K Ao AR
BBl % 3k . SPPs & & 48 1E 4 @ 2R 1w Y —
Fofr el e A 5 20 LA R A 42 8 - o i
SN 4 B 2 TH (1Y) H EH H A ELAE UK R A
i % RN IR, BRI E. Rix%
PR L U K SRR I, BE A TR AT S AR, 2 H AT

DOI: 10.7498/aps.64.097301

MACEMN T iEZ —. RINFE T ERBUTE S
(plasmonic lens, PL) 1E & —Fl BB 8 A7 RUHUK Al
2 SPPs BT BPR, SEIL A B IR 4K
T AT 0160 RGNS 4 L B A HE AR 4
KICZ I35 UZ 5 BRI 9K T 45 90 55 S A
FEZM R 1724,

LI REE AR KER., KER, WHEKE
AR PLEF BRI EZ T W, EHR, sk
4% - e iiEss 07 RO B E G B LRSI
R34 Uo7 S 0 P PLOB SR 45 M A B . X 26 T
AR 3 K L AL BREE S5 45 44 W SPPs SEBILIE.
BB TR P2 R PLE SRR 5 SPPs
IO B B 5%, T SPPs B BUR RO AR T
NSRBI RIRAS. Bt B HR N2/ B fmdik

* B LUMEH K23 4 (HES: N'Y211060, NY213028, NY212008) AT 7544 JERb AT 78 i+ RI%E 4 (#HES: BK20131383) BB L.

T WE/E#E. E-mail: luyq@njupt.edu.cn
1 #E/E#H. BE-mail: jinwang@njupt.edu.cn

© 2015 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

097301-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.097301
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 64, No. 9 (2015) 097301

b, R R RETE— A7 ) Ok SPPs ) ok %k
REAK. WRNFOEHRAR M RE S, BIE R
R AT S RS R AR R R 3, AT DA A
J5 Uk SPPs, M1 = PL % 8% 1 BE = 2808 1M
H, B F R mmIR 35 70 A6 R IR, 756 1E 1

J635 5y e, AT SE DR AT AR R (9 B R AR B, 5K
B b, SR HH i U FLAR G 505 Bt T SR A2 1] i
I8 P B AT S A PR ) R R AR 2227 Wang 264
ZneF AR o S mEE LR A S, RS T
i T8N 0,43\ B IR AEGHE (N NEL NG
) BT B2 R LR e B B M R ST R, A
5y TSI B i P A AN B B Al oK TR A

H A, 38 I A0 A 37 45 45 1 1 51 NGB I AR AL
P, DLSE I PL I B = 205 1) R AR A R R
PRV 4%, S &0 AR R AR D' N S 1) PL % BE B
FEE L BIWISCHER [10] ) PLIESE, N ELE
O R4 TE W & 8 - i -4 R (M-I-M) 25 04
K SPPs, JH{EB B R AL 3%, LLILIE S SPPs UK
. Peng 55 AEIX — 45 M HL Al b 38 i ¥R 0¥ Bk 4%
IO f v Al 120 3R 1Y) SPPs U 21 B He 2
], @ P RCR A, ST — MK AR &
S HERE R, HAEE N 2.1, F &% (full width
half maximum, FWHM) 4 0.44\g, fE{X (depth of
focus, DOF) A 2.65)g. XKLL 745 KR A PLIES
SERVTHRR AL T — i

AT T — PR M m IR GO T AR
KA B REPLES, ZEs A THOmTE
TFL B0 R TR Co BRI [ O IR S M 2L . 428 1 A1
s R R NG 97 AN 7 ) & 80UR SPPs, Ak T
H (1) T TEARALAE S8 3% S 65 i[RI, nT a2
BT, IR AERR I R@Et SHU 2= A H
A1) SPPs H T 2 R TR R, A0
— B HINT BR[O RE 5 1), TR0 B Bh 3R THI
(1) SPPs $& AL AR A7 1 il (¥ [RIRF, mT DSzl SPPs (1) 4%
&7 100, B[RO FRIEE B S i Z ot i — 20 R 4
FEBE, WOINAREEANAR VR, O T A B SR AR

2 HEipEA

AT PL BB O AL AT R L PR S5 4
e s, 3L BT O AL AT RO A IR RS AN
fr B SRR KRR K B R AR, a1

71N H A 18 FLAN 2 2% (7] Ao A A A1) 32 B 45 #)
B, E1(a) APLIEHRE =Y E, 1217 (i
PR 8 2 BOMUK SPPs, H O ALz S o6 5
Ot & B AR SPPs T 2GR T, £ 8 A
] O R R ARG B B 1 (b) i B 4 ) — 4R R
R, Hod, 47RO Si0,, A 300 nm
JEEME, Do Ko OLRILER, w RO,
Ry Ron M RO b 42, L L&
5 HAEN Ry HTRCIA AL S G AR A 2 T 3
Ay — 2Mm+ 2nfn 2Tm\/m’
Ao Ao
(M=1,2,3--+), (1)

A n AT SR, fONEREE, Ao AEZLBK.
B Ap RO, R EZER T, £ 8 HE E
TR A MEPA AT, 2 110 AT 67 5 45 5 R . (14
CEVEZR AN

Au

SiO,

(b)

1 oL -AoREESMREE  (a) BHE
=R B, R w2 BhIETT S, mREOk
SPPs, £ | H1 75 [ 1B S A GHE; (b) B 4k
BB R &

Fig. 1. Structure layout of the PL consisting of a
micro-hole and concentric rings. (a) 3D-view of the
PL illuminated under a radially polarized light, where
SPPs can be excited efficiently and a tightly focused
spot in the free space is achieved; (b) The cross-section
of the PL structure.
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Fig. 2. (a) The transmittances of the PL consisting of a micro-hole and concentric rings T1 and of the PL

consisting of a single micro-hole T as functions of the diameter of the micro-hole D¢; (b) FWHM as a

function of D¢ for the PL consisting of a micro-hole and concentric rings.
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Fig. 3. Focusing properties of the PL consisting of a micro-hole and concentric rings for D¢ = 720 nm. (a)
Intensity distribution; (b) The intensity profile along the z direction for R = 0, and the inset is the intensity

profile on the focal plane for z = 2.15)\¢.
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Fig. 4. (a) The cross-section of the PL consisting of a T-shape micro-hole and concentric rings; (b) FWHM
as a function of the width of the staircase wgi; (c) focal length and DOF as functions of the wgi; (d)

intensity distribution for wg; = 145 nm.

097301-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 64, No. 9 (2015) 097301

B wgy W5 N 145 nm. W 4 (c) frs Nt
T T FL - [F) /0o PR 378 58 A5 R AN A BE Bl I B K BE wgy
FIAB IR R, Hwg, = 145 nm I, 7ELRUETEH KK
RAMATR T, ROy —IgE, SBIRS AR
3. wE 4 (d) s AR wg, = 145 nm
i, ol T IRARAL - [ O E B 0 EE /A ],
FEBE ARG T H O Bl AL - RO I B AR B AR PR ARG,
FEURINR, it — 0 K 4a, BAER R3] 7 5
EA e

3.3 b T HHFLM R ENOIMER

NRE— D R, BOINAEE, IREEIR, 1E
[ Lo 0 R R ik 20 o BT o 56 25 4, O TR 0 343
S S S 2 Ao i DA R] IS SE IR 16 2 1T SPPs AL
AT S R A% 8 077 1] BRI ). 0 5 (a) BT
T AL -F B 8 A O 3R & S a5 M AR B, S i
Bhas K bR ic Tk 5 RO PRI T SR E. 9w g

|R=0
| wygs Au
| (a) Si0,
T
3.2} (c) . 125
:\O 124
3.0} |
d ! 123
= 281 / E 42.2 i
e
o~ 1
= 26| 1219
d | A
! 42.0
2.4 ,
I 119
1
22p L L H L 1.8
1 2 3 4 5 6 7
s

ARHIB AR, B ekt 3 — G R L3R OB R
L3, BB N wga, JLAt RO S5 AL, U
5 (b) Btz g 4 AR B AR IR BE wgo MR K R,
Hwgy = O A H O TR -FLIFES, HIE
AL, K DI SO B RO 5, FRER AR IR
AR T MR IN, Hwgy = 125 nm Y 5
B, BRI AE AR AL IR RIS I 2O 125 nm
FIBT bS5 K. iR 5 (c) Bt bl T TR RL B
T[] 0 325 5 5 RN £ IR BB B B T [R] o P B H Y
AR ZR, AW R DY 4, AR AR IR IL B £
PUAE, PRIEAE s T LA R L 3A S 22 18]
VU 25 B B T [R] Lo PR S A IS, A B8 22 RO B 2 o
O, B RGN RE A AEGR. Wil 5 (d) B dH
T TEAAL DU B0 TR ] a0 PR R = A [R] O P A 1
BHEICH AN, LI T KER K&, ERKE

S

2.6
2.5
= <
3 2.4 =
@)
42.3
1 1 1 1 1 1 1 1 l- 2.2
0 50 100 150 200 250 300 350 400
wgs/nm
max

Z/um

min

R/um

K5 (a) dL TIERAEL-F 6T A0 3R B B A A ML, BRrboC JLE 65, B ph TR RO BR S MK AR IE A 3 1, 2, 3,
4, DT EARTE, X MBI 1 —2F); (b) 1% 58 A8 MR AN AR IR B 35 — N BT IR0 BB B E wgo B LR R, 4
wgz = 125 nm MHRAE; (c) ol T RS -Brbh e A O3 BB A RE R AR IR BT BRI R W A 8 H LS 2 (d) dvpon T %
BAL AN T [ Co PR AN = A Lo R B D62 0 A, Sl TR R BB T K B R

Fig. 5. (a) The cross-section of the PL consisting of a T-shape micro-hole, concentric rings and multi-level step-like

structures; (b) focal length and DOF as functions of the wga, where the compromised optimum is at wge = 125

nm; (c¢) focal length and DOF as functions of the number of step-like concentric rings; (d) intensity distribution of

the PL consisting of a T-shape micro-hole, three concentric rings and four multi-level step-like structures, where a

subwavelength-scale tightly focusing with a long depth and a long focal length is achieved.
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Plasmonic lens with long focal length and tight focusing
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Abstract

Plasmonic lens (PL) is a nano-optical device, with which a tight focusing spot in a subwavelength-scale can be
achieved by exciting and controlling surface plasmon polaritons (SPPs), thus the diffraction limit can be broken for
attaining the shorter effective wavelength of the SPPs. The key issue in studying the PL is to achieve a tight focusing
point and focus-control effectively. Optimal plasmonic focusing can be achieved by utilizing the radially polarized light
and the rotational symmetric structures of the PL. Radially polarized light is a cylindrical vector beam whose local
polarization of electric field is always parallel to the radial direction. As a radially polarized light is used as the incident
light in a PL, the SPPs can be excited in all directions, so as to increase the efficiency of focussing. The focussing
efficiency can be further increased, and the characteristics of the focus, such as spot size, shape, and strength etc., can
be manipulated through appropriate designs of the PL structures. In this work, under an illumination of a radially
polarized light, a new type of plasmonic lens is proposed to achieve a long depth of focus (DOF), a long focal length,
and a sub-wavelength-scale tight focussing spot. This kind of plasmonic lens consists of a T-shape micro-hole, concentric
rings, and multi-level step-like structures. The focussing properties of such plasmonic lenses are analyzed in terms of the
finite element method (FEM). Simulation results show that SPPs can be excited efficiently in such structures and the
tight-focusing is realized via the multiple-beam interference between the light radiating from the concentric rings and
the transmitted light from the center hole. The T-shape micro-hole and step-like concentric ring structures can provide
control for the phase modulation and the propagation direction of the SPPs along the bottom of the groove, thus leading
to a compressed focal spot, a longer focal length, an increased depth of focus, and to improving the focussing properties.
In an optimized PL design, a focal spot of ~2.5\g DOF, ~0.388\0 FWHM, and ~3.22)¢ focal length is achieved under
the illumination of a radially polarized light (Ao = 632.8 nm). The PL structure is compact, and can be easily integrated
with other nano-devices. The PL proposed above has potential applications in nano-scale photonic integration, near-field

imaging and sensing, nano-photolithography, and in other related areas.

Keywords: Plasmonic lens, radially polarized light, tight focusing, long focal length
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