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Fig. 1. (color online) Two-dimensional cross section

schematic of the designed plasmonic lens and its fo-
cusing geometry. A TM-polarized plane wave ex-
cites SPPs that transverse through the plasmonic lens,

forming a focused spot in the free space.
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Fig. 2. (color online) Dependence of effective index of
SPPs in the gold film slit on the slit width. The red
line represents the value for the Au-SiOg-Au slit. The
purple line represents the value for the Au-Air-Au slit.
The inset shows the schematic diagram of the gold film

slit structure.
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Fig. 3. (color online) Dependence of phase change of
SPPs in the slit on the slit depth. (a) Phase change
caused by the Fabry—Perot-like multiple reflections be-
tween the entrance and exit interfaces; (b) The total

phase change.
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Fig. 4. (color online) Schematic geometry of the pro-
posed plasmonic lens with Au film slits filled with SiO2
arranged along a quadric cylinder surface. The depth
and width of the slit filled with SiO2 are denoted by
h and w, respectively. The thickness and width of the
lens are denoted by t and D, respectively. The de-
signed focal length is f. The arch height of cylindrical
surface is denoted by H.
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Table 1. The section line equation of different kind of
cylindrical surface (H is the arch height of cylindrical

surface).
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Fig. 5. (color online) The required phase distribution
calculated from Eq. (5) to achieve the focal length of
f =1 um. Arch height of parabolic, elliptic and hyper-
bolic cylindrical surfaces are set to be H = 0.25 um (a)
and H = 0.5 pm (b).
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Table 2. The width of slit at different x position of

quadratic cylindrical lens (w/nm).

H =0.25 um H =0.5 um

PR 89 214 107 214 89 147 193 80 193 147
WEEFET 106 213 143 213 106 160 192 89 192 160
XUEAETE] 88 212 105 212 88 147 194 80 194 147
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Fig. 6. (color online) Two-dimensional c/r\oss sec:ion oG KT (b), (e), (h) AR EGIAR
schematic of the stepped cylindrical plasmonic lens. H = 0.25 um ) =Fp = HNESR; B 7 (c), (), (i)
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Fig. 7. (color online) Focused intensity distribution of the stepped cylindrical plasmonic lenses with 0.25 pm arch height (a),
(d), (g), the continuous cylindrical plasmonic lenses with 0.25 pm arch height (b), (e), (h), and the continuous cylindrical
plasmonic lenses with 0.5 pm arch height (c), (f), (i). The plots in (a), (b), (c); (d), (e), (f) and (g), (h), (i) correspond to

the parabolic, elliptical and hyperbolic cylindrical plasmonic lenses, respectively.
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Table 3. The FWHM, focal length and DOF of different quadratic cylindrical surface lens.

W5 U S B EOTE S FWHM/ Ao f/pm DOF/ )Xo
(a) SPCPL (& BRI A T 45 25 s 5 55) 0.410 0.626 1.45
(b) PCPL(H = 0.25 pm) GESIYF: TR 25 #0otiE 5t) 0.432 0.604 1.49
(c) PCPL(H = 0.5 um) (LIS BoTES) 0.420 0.578 1.20
(d) SECPL (& B IRAHIE AT 45 2 ot 5 5t) 0.405 0.508 1.21
(e) ECPL(H = 0.25 wm) (S R4 I 45 5 onis 55) 0.439 0.503 1.26
(f) ECPL(H = 0.5 pm) (FEESE M4 S HUTESH) 0.421 0.491 1.02
(g) SHCPL( & MRl A% 11 45 25 ot iz 5t ) 0.417 0.664 1.49
(h) HCPL(H = 0.25 pm) (35X H:TH 5 8ot iE5) 0.437 0.615 1.50
(i) HCPL(H = 0.5 um) (EZXUHIF: T4 BisotiE s) 0.426 0.580 1.24
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(a) SPCPL
—— (b) PCPL(H = 0.25 pm)
(c) PCPL(H = 0.5 pm)
— (d) SECPL

(e) ECPL(H = 0.25 pm)
——— (f) ECPL(H = 0.5 pm)
— (g) SHCPL

(h) HCPL(H = 0.25 pm)
(i) HCPL(H = 0.5 pm)

1.0 [

0.8 F

0.6 F

04f/

0.2 |

Normalized intensity/arb. units

Z/pm

1.0 1.5 2.0 2.5 3.0 3.5

(a) SPCPL
—— (b) PCPL(H =0.25 um)
(c) PCPL(H = 0.5 um)

1.0

—— (d) SECPL f
0.8 (e) ECPL(H = 0.25 ym)
| — () ECPL(H =05 pm)
—— (g) SHCPL /
0.6 F—— (h) HCPL(H = 0.25 um)

(i) HCPL(H = 0.5 ym

0.4

0.2

Normalized intensity/arb. units

K8 (MTRE) RS ROTE G RERE  (a) 1 Z BIEDT mesR A th 28, (b) R _LoesR A Hi45; SPCPL, GHHR
PO FET A5 B MUCIE S, PCPL, BRI T B MUTESE; SECPL, &R IE A 45 % ociE 5; ECPL, ESRRIEIE AL
SEEWOTIESE; SHCPL, SHRN AT 45 B otiE8t; HCPL, 3SR A 1 % B ot iE Bt

Fig. 8. (color online) Focusing properties of the quadratic cylindrical plasmonic lens: (a) The intensity profile along the

positive Z axis; (b) the intensity profile across the focal plane. SPCPL, stepped parabolic cylindrical plasmonic lens; PCPL,

continuous parabolic cylindrical plasmonic lens; SECPL, stepped elliptical cylindrical plasmonic lens; ECPL, continuous

elliptical cylindrical plasmonic lens; SHCPL, stepped hyperbolic cylindrical plasmonic lens; HCPL, continuous hyperbolic

cylindrical plasmonic lens.
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Abstract

A novel plasmonic lens (PL) with simple nano-structure is proposed to realize the subwavelength focusing. The
proposed PL is composed of the gold film with only five dielectric-filled nanoslits. The exit surface of the gold film is
processed into quadric shape that can be parabolic, elliptical or hyperbolic cylinders. The film is fabricated to form five
uniformly spaced nanoslits with different widths and depths. All five slits are symmetrically arranged with respect to the
center of lens and filled with a dielectric medium (i.e., SiO2). Under the illumination of TM polarized beams, the surface
plasmon polaritons are excited at the entrance surface of the PL, then pass through the SiOs-filled slits while acquiring
specific phase retardations, and are finally coupled to the light waves in the free space. Each light wave originating
from the slit can be regarded as an individual point source, and the constructive interference of light waves from slits
gives rise to the beam focusing at the focal plane of the PL. We investigate the phase modulation mechanism of the PL
and find that the focusing performance relies on the shape of exit surface, filling medium and geometric parameters of
the slits. A suitable phase modulation can be achieved by adjusting the structure parameters of the PL with a specific
exit surface shape. Three kinds of quadratic cylindrical PLs, i.e., parabolic, elliptical and hyperbolic cylindrical ones
with continuous or stepped exit surface are designed to realize the focusing of TM polarized subwavelength beams in
visible spectrum. The finite difference time domain method is employed to compute the light field and to investigate the
focusing characteristics of the proposed PL. The performance measurements include the focal length, depth of focus and
full-width half-maximum (FWHM). The simulation results confirm that the proposed PL with a 2-pm-diameter aperture
can achieve the subwavelength focusing at a focal length of micron scale. The attainable smallest FWHM of the focal
spot is 0.405X\o (Ao denoting the wavelength of the incident light) which is well beyond the diffraction limit. It is also
worth mentioning that the step-like cylindrical PL can yield a sharper focal spot than the continuous cylindrical PL. For
example, the FWHM of focal spot produced by the stepped elliptical cylindrical PL is about 92% of that produced by
the continuous elliptical cylindrical PL. The proposed PL has the advantages of simple and compact structure with much
smaller lateral dimension and easy integration with other photonic devices. Our study helps design the easy-to-fabricate
PLs and facilitates applications of plasmonic devices in the fields such as optical micro manipulation, super-resolution

imaging, optical storage and biochemical sensing.

Keywords: surface plasmon polaritons, lens, subwavelength focusing, constructive interference
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