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Abstract The focusing effect of the plasmonic nanolens is
studied systematically. The influence of different construc-
tion parameters including the size of the central hole, the
ring width of the surrounding concentric grating, the
thickness of the metal film, and the distance of the central
hole to grating has been simulated by rigorous finite
difference time domain method and analyzed. It is found
that the intensity of the central nano-spot is linearly
proportional to the size of the central hole and inversely
linearly proportional to the thickness of the metal film. In
addition, the intensity of the lobes can be suppressed
effectively by reducing the ring width down to a quarter of
plasmon wavelength to achieve a better focusing effect. The
influence of the distance of central hole to grating is a little
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bit complex, but generally, the intensity for the distance of
(2n—1)/2 plasmon wavelength is larger than the case of the
distance of nAgp. The simulation results can be a general
guide for the design of plasmonic nanolenses.
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Introduction

Recently, plasmonic structure-based nanolithography
becomes a hot research topic in areas of both optics and
nanofabrication. Some interesting research works were
reported such as plasmonic grating structures for contact
photolithography [1], surface plasmon polariton-based
interference lithography [2], dielectric/silver film-based
nanolithography [3], and nanogap-assisted surface plasmon
nanolithography [4]. Plasmonic structure contact photo-
lithography technique has limited application because the
structure is tightly in contact with photoresist during
exposure. Interference lithography has limitations of the
formation of one-dimensional or simple two-dimensional
(2D) structures like square and cylindrical shapes. In
contrast, plasmonic structure-based proximity photolithog-
raphy is more attractive because a constant working
distance or nanogap is kept during exposure. It means that
the photoresist surface can be well kept and no damage
occurs after exposure.

More recently, plasmonic lenses are appealing due to its
subwavelength resolution for imaging and superfocusing.
Many types of plasmonic lenses were reported such as
width modulation-based lenses [5-9], elliptical nanopinhole
lens [10], single circular ring-based lens [11-13], circular
pinholes lens [14], nanowaveguide focusing [15], and radial
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polarization-based circular grating lens [16, 17]. Plasmonic
lenses-based photolithography has advantages of flexible
formation or writing such as arbitrary 2D shapes and even
3D shaping by point-by-point writing technique. However,
the lenses for the purpose of nanophotolithography need
nanoscale lateral resolution and strong electric intensity.
Considering this, we put forth a metallic periodic annuals
structure which can act as a plasmonic nanolens for
nanophotolithography use. Computational calculation and
analyses were carried out on the basis of finite difference
and time domain (FDTD) algorithm for the purpose of
optimum design of the nanolens so as to obtain the lenses
that possess nanoscale lateral resolution and strong E-field
intensity. Our calculation results demonstrated that it is
possible to realize the requirements in near-field region of
around 20-nm working distance.

Structure Construction and Simulation Setup

Figure la shows the schematic diagram for the computa-
tional simulation. Figure 1b is top view of the plasmonic
nanolens. The plasmonic nanolens consists of a central hole
and a concentric ring grating which are all etched through
into the silver film. The Ag film is coated on quartz
substrate. Period of the grating is set as a plasmon
wavelength Agp which for our case here is 490 nm for a
linear polarization-based incident wavelength of 514 nm.
The incident light is a linearly x-polarized plane wave with
amplitude of 1 which propagates along the positive Z
direction.

In our FDTD, three-dimensional (3D) calculations, simu-
lation time and mesh size are 100 fs and Ax=Ay=Az=2 nm,
respectively. Drude model was employed modeling
optical constants of the metal. The perfectly matched
layer boundary condition was applied at the grid
boundaries.

o

Through ring Through hole

Ag

18

(@) (b)

Fig. 1 Schematic diagram of the simulation setup (a) and the top
view of the plasmonic nanolens (b)
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Results and Discussions

Figure 2a shows the E-field distribution at Z=20 nm away
from exit plane of the plasmonic lens on x—y plane. Here,
the plasmonic lens has a structure described above with a
central hole diameter of 70 nm and a distance of the inner
concentric grating to the central hole of 1.04 um. As can be
seen, the surface plasmon wave is well focused and
confined into the central hole. The amplitude of electric
field |E4| is 2.54, which shows that the E-field is enhanced
in comparison to the input field. The central-focused beam
spot has an elliptical shape with size of 145 nmx87 nm at
the site of full width at half-maximum E-field amplitude.
Figure 2b shows the E-field distribution just after the
plasmonic lens on x—z plane with y=0. As can be seen, the
E-field intensity decays, and there is no focusing spot after
the plasmonic lens (in free space). The E-field amplitude is
the largest, with a value of 3.5 on back surface of the
plasmonic lens, and it drops to 1 only after increasing the
propagation distance to Z=100 nm. In fact, the E-field
intensity decays along Z-axis as a function of ¢ * as shown
in Fig. 2c, which is the signature mark of the evanescent
surface wave.

In comparison with the plasmonic microzone plate-like
structures reported in [5, 6], the superfocusing property of
the plasmonic nanolens considering in this work is
significantly different. For plasmonic nanolens, the focus-
ing point is located near the exit plane of the nanolens
which means the focal length is near zero. On the other
hand, for the plasmonic microzone plate, the focusing point
is located outside free space of the lens and the focal length
is at the wavelength scale.

In the section below, we will investigate and analyze the
influence of the different structural parameters including the
size of the central hole, the ring width, the distance of the
central hole to grating, and the silver film thickness on the
E-field distribution after the plasmonic lens from nano-
lenses structuring point of view.

Influence of Ring Width on E-field Distribution

Simulation parameters were set as follows: silver film
thickness of 150 nm, and the diameter of the center hole
of 100 nm. Figure 3 shows the E-field distribution at Z=
20 nm away from the nanolens for different ring width
along x-axis (see Fig. 3a) and y-axis (see Fig. 3b),
respectively.

As can be seen, the shape of the central beam spot is
elliptical which is due to the linear polarization of the
incident beam. It can be formed to be circular by use of
radial polarization beam [17]. It was reported that a special
grating-like microstructure can be employed for the purpose
of generation of radial polarization [18, 19]. The micro-
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Fig. 2 a E-field distribution a
|[Ex| on x—y plane. b E-field
distribution |Ey| on x—z plane

with y=0. ¢ E-field distribution
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structure is suitable to be integrated at backside of the
nanolenses here for the formation of circular-focused beam
spot. The E-field intensity strongly depends on the ring
width. Generally, the larger the ring width, the higher the

intensity of the center beam spot will be. For the side lobes,
the intensity distribution along x-axis shows strong focus-
ing effect and the amplitude is generally no larger than 1.
However, the intensity distribution along y-axis strongly
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Fig. 3 E-field distribution a

for different ring width. a
Electric-field distribution
|[E4| along x-axis. b

Electric-field distribution sl
|[E4| along y-axis
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depends on the ring width. As can be seen, the amplitude of
E-field is nearly 2. Only when ring width is smaller than a
1/4Asp, the amplitude of E-field along y-axis will be smaller
than 0.5.

Influence of Size of Central Hole on E-field Distribution
Simulation parameters were set as follows: silver film

thickness of 150 nm, and ring width of 0.102Agp. Figure 4
shows the E-field distribution at Z=20 nm away from the

@ Springer

nanolens for different central hole sizes along x-axis (see
Fig. 4a) and y-axis (see Fig. 4b), respectively.

As can be seen, the shape of the central beam spot is
elliptical in all cases. The E-field intensity for the central
beam spot strongly depends on the size of the central hole.
When the central hole diameter is 70 nm, the amplitude
drops to almost half of the case when central hole diameter
is 100 nm. When the central hole diameter is 50 nm, the
amplitude drops to almost one-fifth of the case when central
hole diameter is 100 nm. From nanofabrication point of
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Fig. 4 E-field distribution a

for different central hole
sizes. a Electric-field
distribution |E| along
x-axis. b Electric-field S5+
distribution |E,| along y-axis

[Bx| (a.u.)
T

1+

—— central hole diameter=100nm
— central hole diameter=70nm
- central hole diameter=50nm

i
I

fr p & |i& . ""J|
oV s
g= l‘mﬁv\’ﬁz’“ﬁm"\g\“}%’f\‘?\{% 1%"’ VWfllf‘v"‘w\/{’Trv%

| 7
3

- 0
X (muicron)
b
6 T
5 -
r —— central hole diameter=100nm
central hole diameter=70nm
4 central hole diameter=50nm
£)
< 3
& .
Ill'.
20 I
/l
| il
1+ I'Il_.'l: I'l_l'.l
-3 -2 -1 0 1 2 3

view, the central aperture will be V-shaped instead of the
ideal case of vertical sidewall by means of the commonly
used focused ion beam (FIB) technique [20]. The cone
angle strongly depends on the thickness of metal film due
to aspect ratio issue. As our previous calculation, the V-
shaped aperture plays a positive role for the enhancement of
the E-field.

Influence of Silver Film Thickness on E-field Distribution

Simulation parameters were set as follows: central hole
diameter of 100 nm, and ring width of a quarter plasmon

Y (micron)

wavelength. Figure 5 shows the E-field distribution at Z=
20 nm away from the nanolens for different silver film
thicknesses along x-axis (see Fig. 5a) and y-axis (see
Fig. 5b), respectively.

As can be seen, the shape of the central beam spot is
elliptical in all cases. The E-field intensity for the center
beam spot strongly depends on the silver film thickness.
Generally, the smaller the film thickness, the higher the
intensity for the central beam spot will be. When silver
film thickness is set to 75 nm, the corresponding
amplitude of the E-field is around 8. When the silver
film thickness is increased to 225 nm, the amplitude
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Fig. 5 E-field distribution a

for different silver film
thickness. a Electric-field
distribution |E,| along y-axis. 8
b Electric-field distribution |Ey|

along y-axis
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drops to less than 4. For intensity of side lobes,
generally, the silver film thickness has ignorant effect
for the E-field along x-axis. However, the intensity of
side lobes along y-axis depends strongly on silver film
thickness. As can be seen from Fig. 4b, the smaller the
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film thickness, the higher the intensity of the side lobes
will be. When silver film thickness reaches 75 nm, the
amplitude for side lobes is about 1. When silver film
thickness is increased to be 150 nm, the amplitude of the
side lobes quickly drops to less than 0.5.
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In the case of the extreme case of the Ag thicknesses
of 1-2 nm or less, on the one hand, theoretically, for the
visible light incidence, when the Ag film thickness is
less than its skin depth (~20 nm for Ag film), the
incident light will totally transmit through the film, and
no focusing can be formed accordingly. On the other
hand, from nanofabrication point of view, it is too
difficult to control the film coating and patterning
process for the thickness of 1-2 nm or less. Therefore,
we have not extended our calculation for the ultra-thin
Ag film in this paper.

Influence of Distance of Rings to Central Hole on E-field
Distribution

Simulation parameters were set as follows: central hole
diameter of 100 nm, ring width of 1/4Agp, and film
thickness of 150 nm. Figure 6 shows the E-field distribution
at Z=20 nm away from the exit plane for different distances
of the rings to central hole along x-axis (see Fig. 6a) and y-
axis (see Fig. 6b), respectively.

As can be seen, the shape of the center beam spot is
elliptical in all cases. The E-field intensity for the center
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beam spot strongly depends on the distance of grating to
central hole. However, relationship between the intensity
of the central beam spot does not linearly depend on the
distance of grating to central hole. As can be seen, the
highest intensity appears at the distance of 735 nm,
which corresponds to 1.5Agp. The lowest intensity appears
at the distance of 490 nm, which corresponds to one
plasmon wavelength. In general, the intensity for the
distance of (2n—1)/2Agp, whereas n is an integer, is always
larger than that of the distance of nAgp. The reason for this
phenomenon can be simply attributed to the destructive or
constructive interference of the surface plasmon waves at
different propagation distances when they meet [11, 12].

In addition, for FIB nanofabrication issue, Ga" implan-
tation will be unavoidable due to inherent characteristics of
FIB process while directly etching the structure on Ag
surface [21]. It causes increase of refractive index of Ag.
Theoretically, the increased refractive index of metal film
will make positive contribution on nanofocusing.

Summary

In summary, we have systematically studied the focusing
effect of the plasmonic nanolens by employing the rigorous
FDTD method. The influence of different construction
parameters on focusing performance, including the size of
the central hole, the ring width of the surrounding
concentric grating, the thickness of the metal film, and the
distance of the central hole to grating has been investigated.
It is found that the intensity of the central nano-spot is
linearly proportional to the size of the central hole, and
inversely linearly proportional to the thickness of the metal
film. In addition, intensity of the side lobes can be
suppressed effectively by reducing the ring width down to
a quarter of plasmon wavelength to achieve a better
focusing effect. The influence of the distance of central
hole to grating is a little bit complex. But, generally, the
intensity at the distance of (2n—1)/2Agp is larger than that of
the case at the distance of nAgp. Although in our simulation,
only silver film was investigated, we believe that the
conclusion should be similar for other plasmonic metal
materials such as Au and Al.
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