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Abstract; The imaging resolution of conventional optical lenses is generally restricted to half the incident
wavelength by the diffraction limit due to the decay of evanescent waves. Planar metallic lenses based on sur-
face plasmons offer the possibility to overcome this limit by the enhancement of evanescent waves which carry-
ing detailed feature information of object. In this paper, the structural design, physical mechanism and focu-
sing performance of two types of typical planar metallic lenses are reviewed. Moreover, the existing problems
in this imaging technology are discussed. Because there is a certain loss when the light propagates in the met-

al, how to more effectively enhance the high frequency evanescent wave signal and convert it to propagation
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wave which can participate in the imaging in order to better achieve the far-field super-resolution imaging, and

how to further increase the ultra high resolution near-field focal depth of focusing spot and reduce size of the

far-field focusing spot, are further research focuses of the surface plasmonic planar metallic lenses.

Key words: surface plasmons ;planar plasmonic lenses ; super-resolution imaging and focusing
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Fig.1 Schematic operation of different categories of op-

tical lenses
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Fig.2 Schematic diagram of a silver film optical super-

lensing experiment
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Fig.3 Comparison of the images for an array of 60-nm-

wide slots with and without silver superlens.
(a) AFM picture of the developed image recor-
ded with the silver superlens and (¢) its profile
of height. (b)AFM picture of the developed im-
age recorded without the silver superlens, whilst
35-nm-thick PMMA layer instead, and (d) its
profile of height
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Fig.4 Comparison of the images for an arbitrary object

“NANO” with and without silver superlens.
(a) FIB fabricated result of the object. The line- Eglm(rsOL)z; )
width of the “NANO” object was 40 nm. (b)

AFM of the developed image on photoresist with

a silver superlens. (c¢) AFM of the developed

FSL Imaging
image on photoresist when the 35-nm-thick layer (p-pol. + s-pol.)

of silver was replaced by PMMA spacer as a — With FSL (p+s) ]

s with FSL (s)

comparative experiment. ( d) Averaged cross
P P (d) & —— Without FSL

section of letter “A” shows an exposed line
width of 89 nm ( black line), whereas for the 0 500 1000 1500 2000
PMMA spacer, it is 321 + 10 nm( gray line) X/pm
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Fig.6 Far-field imaging of a pair of nanoslits. (a) A

pair of nanoslits fabricated by FIB on a 40 nm

%%' cﬁ“\e‘“
z, ST FSL thick Cr film on the quartz substrate. (b) Dif-
Amplitul . . . . .
E | mplufde fraction-limited image from a conventional opti-
Z '
S(uf,{obm cal microscoped. (¢) FSL image with s-polar-
o field el memmee e Specimen ized incident light, which is still diffraction lim-

ited due to the lack of surface-plasmon-assisted
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Fig.5 (a) A far-field superlens ( FSL) constructed by

evanescent enhancementd. (d)FSL image com-
bining both s- and p-polarized incident lights
that resolves the sub-diffraction-limit objects due
to the strong enhancement of evanescent waves

adding a subwavelength grating onto a silver slab

. via efficient surface plasmon excitation. (e)In-
superlens. (b) A FSL microscope

tensity profiles of the images as given above in
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Fig.7  Plasmonic lens formed by subwavelength nano-

hole arrays perforated in a metal film and its ap-

plication to optical nanolithography. (a) Sche-

matic of the plasmonic lithography. (b)FIB im-

age of a hole array mask. (c¢)AFM image of the

array pattern. ( d) Spectrum measurements of

far-field transmission through the hole array
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Fig.8 (a,b)Design of a gold bowtie nanostructure and its schematic realization of the photolithographical experiment. (c)

Experimental and calculated transmissive spectra of an array of gold bowtie nanostructures. (d) Calculated field in-
tensity patterns. (e) SEM image of the developed positive photoresist after exposing by the array of gold bowtie

nanostructures
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Fig.9 Plasmonic lens formed by the hybrid nanostructures and its application to high-throughput maskless nanolithography.

(a) Design of the plasmonic lens composed of hybrid nanostructures. (b) Simulated light intensity profile at the

plane 10 nm away from the lens. (c¢)SEM picture of the fabricated plasmonic lens. (d) Field intensity distribution.

(e)SEM image of an array of the designed plasmonic lens. (f) A flying head containing the plasmonic lens. (g)

AFM image of the developed photoresist, and (h)its cross-sectional profile showing the resolution approaching to

22 nm
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Fig. 10 (a)Dependence of propagation constant on slit

width. ('b) Schematic of the plasmonic lens
formed by a nanoslit array in a silver film. (c¢)
FDTD calculated result of the normalized

Poynting Vector S, for a designed lens
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(a) Geometry of the lens consisting of a

400 nm thick gold film ( yellow ) with

Fig. 11

nanoslits of different widths milled therein on
a fused silica substrate. (b)Focusing pattern
measured by the confocal scanning optical
microscopy ( CSOM ). (¢ ) FDFD simulated
focusing pattern.  Simulated ( dashed blue
line) and CSOM measured ( solid red line)
light intensity in cross sections of the focus a-

long the x direction(d) and z direction(e)
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650 nm,FEELBCITHAEN S pm
Fig. 12 (a)Schematic of an active plasmonic lens with
a micromechanical tunable pinhole located a-
head of the plasmonic lens. FDTD simulated e-
lectric-field intensity for the plasmonic lens
(b)w' =
(d)w' =
6.14 ym, (e)w’ =7.80 pwm. The operating

with different pinhole width w';
2.25 pm, (c)w' =4.48 um,

wavelength is 650 nm and the designed focal

length for the plasmonic lens is 5 pm
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Fig. 13 (a) Schematic of a planar plasmonic lens
formed by the cross-shaped aperture arrays of
periodicity p in a thin silver film. The sym-
metric aperture has a fixed arm-width, w,
and a spatially modulated arm length, I. (b)
Transmittance and ( ¢) phase variation of
light passing through an array of cross-shaped

apertures in a silver film as a function of

wavelength and arm length of the crosses
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Fig. 14 (a) and (b) SEM images of the fabricated
cross-shaped aperture silver lens devices with
the designed focal length f, = 15 pm and
25 pm, respectively. (c¢) and (d) Experi-
mentally measured axial light intensity profile

(on the y-z plane) for the lenses with f; =

15 pm and 25 pm, respectively. The samples

were illuminated by the 850 nm wavelength

TR O T PR AR PR AE SE I . B 15(b) iR
()2 FDTD 58 09 A [F] 5 B R SE slit-1 (1) AH 3 SE
IRBEE BRBE slie-2 G B A G OO , Horh 4 P il
JEJE s =30 nm, TAEP K A =650 nm, MK 15
(b) H A LU 2] . B BE slit-1 58 FBF 8/)N , AR {37 4E
IRERZSE 5 52 B AH AR TR BE A 2 o R 01 Hl , %o Tk
BETERE N 20 nm [YPRAE slit-1, 2 BREE slit-2 (1) 58
M 32 nm A4 F] 100 nm B}, S67EREEE slit-1 )
TR A 1 2 P4 rh A5 B B4 1 1 A o
b TR AE B ARG 85 7 17 5 A SR A& #8071
AR (AN 15 (e ) ), O ARA SE IR 5 SR w5 T 24
B4E slit-2 FEJE/NT 30 nm I, SR LA AE h i
SRR B AE B A B CAniEl 15(d) ) 5 %F

%10 &
(@ Gold
E
k

™

y

x| ‘ I
5 | +
(b
— 3 ¢ w,=10nm
rB .
= 2‘& R
= - ——w,=30 nm
[

[SHE | ——w,=40 nm
>
% ——w,=60 nm
; 0 w,=80 nm
£ ——w,=100 nm
=%

A 15

Fig. 15
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Width of slit-2/nm
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(a) FHABAARAE (slit-1 5 slit-2) &5 H9 7R 7
Elo w5 w, 53 A REE slit-1 5 pkst shit-2 14
VOPE s MBREEMIFE , (b) BRAE slit-2 X slit-
1 FAOLAE R S0 ML, Fovh, DBk 4% 462 ) 1) BE
}30 nm, (c) ~ (e) Pk slit-1 slit-2 F14: )8
Bt B EN AR R B Ar A, (¢) wy =20 nm,
w, =40 nm; (d)w, =20 nm, w, =30 nm; (e)
w, =10 nm, w, =20 nm
(a) Schematic of two coupled nanoslits in a
400 nm thick gold film. (b)Effect of slit-2 on
the phase delay of slit-1, the gold spacing s is
30 nm. (c¢) ~ (e)Poynting vector in the two
nanoslits and the gold wall between them is
30 nm. (c¢)w, =20 nm, w, =40 nm. Light
in slit-1 propagates backwards at the exit of
the structure. (d)w, =20 nm, w, =30 nm.
Light can normally pass through slit-1. (e)
w, =10 nm, w, =20 nm. The optical trans-

mission in slit-1 is locally off
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(b) Btk slit-2 55 slit-1 FaBE LA .

7T, PesE slit-2 XF slit-1 547 1838 119 5%
M) 5 9 5 22 ) ) 4 i ol ol JE 8 D AH G, PR kg 4
i P Ve R AR DC A R B R . &R
WP 587 JEE B K, S iR RS , slin-2 PB4 slit-1
(ARE AL ZE IR SE AR /)N

WE 16 F7R, 248 s R KT 2 f5 ik
TRIE (60 nm ) B, AR4E slit-1 7] DL SE B A6 1)
FEA T, B T s =30 nm B e AE 5 AF
fEo

+
H++++Hh_

Phase delay ()
o

0
0 20 40 60 80 100

Gold spacing/nm
P16 5 Ja B it X P4 slit-1 Foy AR (37 SE SR 20 .
i ,w, =10 nm,w, =60 nm
Fig. 16 Change of the phase delay of slit-1 with the
gold spacing between slit-1 and slit-2. w, =

10 nm, w, =60 nm
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Fig. 18  Plasmonic lenses working in different refrac-

tive-index dielectrics for the designed focal

length of 0.3 m at a wavelength of 650 nm,

(a)lens working in air, (b)lens working in a

dielectric with refractive index equal to 1.5,

(¢)lens working in a dielectric with refractive

index equal to 2, (d) ~ (f) focusing perform-

ance for the lenses in Fig. 18 (a) ~ 18 (¢),

respectively

K2 ARILENRPREESTFHRERREELE
Tab.2 Derived focusing performance for the designed

lenses working in different refractive-index dielectrics

TAEN BT R #HEfLE FWHM/nm 5 KOE5 a. u.

1 1.852 250(A/2.60)  2.684 4
1.5 1.394 176(A/3.69)  3.767 8
2 1.152  134(A/4.85)  1.299 4

Iy —J7 T IR I o R AR T 5
FEARIE BB AR AR R IR &
B R AL 7 bl o7 e FL AR A 1 O it i 5 (1A 19
(a),19 (b)) ; Bl 5 75 B £ ) 1 K, £ R
(FWHM) t AR (& 19 () ) 5 B TAR R AT
PASE /N R BRE , R T, HEt 2 5 S B KR i 4

Fe, FEOEHRERCR LR (E 20)

180

\O

() .| ®)
=
170 3
g 217
> g
160 g
z g5
150 =
3
1 1.5 2 25 3 35 1 15 2 25 3 35
Lens aperture/um Lens aperture/pm
0.6
© e
S
Zost e <
3 e
I
-
0.4
0.7 0.9 1.1 1.3 1.5 1.7

Focal length (1)

K19 (a) BB E I8 FWHM 5B 5 RS 2 )
MIKFR . (b) B RT XI5 5 £ KOG I
Wi o (c) iBHE FRIEXT A R i 98 FWHM [1952
M

Fig. 19  (a) Dependence of the focal spot size on the

lens aperture. (b) Effect of the lens aperture

on light intensity. ( ¢) Effect of the focal

length on the focal spot size
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Fig.20 (a)Lens operating at 650 nm. (b) Lens oper-

ating at 405 nm. (c¢), (d) Focusing perform-

ance for the lenses in Fig. 20(a) and Fig. 20

(b), the designed focal length is 0.3 pum
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(a) A plasmonic lens consisting of an array of

nanoslits in a gold film fabricated by FIB. (b)

Fig. 21

Measured Focusing pattern. ( ¢) Measured fo-

cal spot size
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Subwavelength imaging by a super-oscillatory
lens(SOL). (a)SEM image of the SOL. (b)

calculated energy distribution of the lens at

Fig. 22

10.3 pm. (c¢) Enlarged focal point, A =
640 nm. (d) SEM image of a 112 nm slit,
and (e)image by SOL. A double slit (f) and
its SOL image (g). (h) Image of the same

double slit is not resolved using a conventional

lens of NA=1.4
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