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A comprehensive investigation on the superfocusing performance of a plasmonic lens formed by coupled metallic nanoslits is carried out.
Based on the geometrical optics and the wavefront reconstruction principle, the nanoslit array for a plasmonic lens is optimally designed
to achieve the desired phase modulation by considering the influence of the coupling between adjacent aperiodic nanoslits on phase delay
and the theory of periodic metallic nanoslits. The designed lens’ focusing behaviour is verified by using the finite-difference time-domain
method. Numerical results demonstrate that the superfocusing performance of a plasmonic lens has a close relationship with the lens size,
focal length, working medium and incident wavelength. A larger lens size, a shorter focal length, a higher-index working medium can
contribute to producing a higher-resolution superfocusing. Moreover, due to the material response, a shorter wavelength is not beneficial

for an efficient focusing.

1. Introduction: Miniaturised optical lenses with high efficiency
are of great significance for the highly integrated photonic circuits
[1]. However, when the conventional refractive lenses are used to
focus light, the focusing performance deteriorates as their sizes
approach the operating wavelength. In addition, the resolution is
generally restricted to 4/2 (A is the operating wavelength) due to
the diffraction limit. By utilising the surface plasmon polaritons
(SPPs), metallic planar lenses illustrate tremendous promise
for overcoming this resolution limit, which have potential
applications in highly integrated optics, lithography and
super-resolution imaging [2]. Remarkably, a resolution of /6 was
realised by a metallic slab superlens [3]. Nevertheless, the object
and image are limited in the near field, only tens of nanometres
away from the superlens. Recently, metallic lenses made of
various nanostructures such as slits, apertures, holes and surface
corrugations, have been developed to achieve the light focusing
covering a larger distance [4-9].

Using the width and position of a metal nanoslit to manipulate
optical phase delay, plasmonic lenses formed by metal nanoslit
arrays have been investigated both numerically [10-12] and experi-
mentally [13—15]. In comparison with the metallic slab superlens,
this type of metallic nanostructured lenses can realise the focusing
at an anticipated distance from the lens via the proper structural
design. Nevertheless, in these previous studies, few could break
the diffraction limit. Furthermore, metallic spacing larger than
twice the skin depth is employed in these designed lenses to de-
couple the SPPs propagating in any two adjacent nanoslits, which
leads to a low transmission efficiency. In our recent research, a
planar plasmonic lens consisting of coupled nanoslits with the spa-
cings smaller than twice the skin depth is constructed, and it can
well break the diffraction limit [16]. Here, based on our previous
work [17], we comprehensively investigate the influence of main
factors such as the lens size, the focal length, the working
medium and incident wavelength on the superfocusing performance
of the plasmonic lens.

2. Design of superfocusing plasmonic lenses: Fig. 1 shows the
schematic focusing of the plasmonic lens consisting of a series of
coupled nanoslits perforated in a gold film on a glass substrate.
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The lens working in a dielectric is symmetric with respect to the
plane y=0. When a TM-polarised plane wave is incident on the
lens, the SPPs can be excited at the nanoslit entrance and
propagate inside the nanoslits in the TM modes. Then, they
radiate into the working dielectric. The focusing with the desired
focal length f can be realised, provided that the phase delay of
each nanoslit matches the required phase difference (Ap(y) — Ap
(0)) as a function of the position y, which can be calculated by

2 2 /2 2

Ag(y) — 3 A

(1

where A is the free-space wavelength, m is an arbitrary integer and
ng is the refractive index of the working dielectric for the lens.
Therefore, the phase delay of each nanoslit is the key point for
designing the metallic planar lens.

We first investigate the influence of the refractive index of
working medium on the focusing performance of the plamonic
lens. Three different refractive indices of ng=1, 1.5, 2 are consid-
ered here. The same procedure as reported in [16] is taken for
designing our lenses. The plasmonic lenses working in different
refractive-index dielectrics with the designed focal length of 0.3
pm are constructed based on the metallic spacing of 30 nm in a
400 nm thick gold film. On the one hand, the phase delay of a
coupled nanoslit filled with the different index dielectrics depends
on its own width, the width of adjacent ones and the metallic spa-
cings between them, similar to the situation which was investigated
in detail in [16]. On the other hand, it is also related to the refractive
index of the filling dielectric. When the influence of the aperiodicity
of adjacent nanoslits on the phase delay is small, the phase delay of
a coupled nanoslit can be effectively predicted by Re(f)t, where ¢ is
the thickness of the metal film and § is the complex propagation
constant in the nanoslit which is calculated based on the symmetric-
mode dispersion relation in a periodic metallic nanoslit array with
the following equation [18]

2k 4+ i3

cos(wky )cos(sk;) — 2e,k k,

sin(wk,)sin(sky) = 1. (2)
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Fig. 1 Schematic focusing of a metallic nanoslit-based plasmonic lens
located on a glass substrate and working in a dielectric

where ky = (eqk® — )" and k= (emk® — %)% Here, w is the
nanoslit width. s is the spacing between adjacent nanoslits. k& is
the free-space wavevector. €, and &4 are the permittivity of the
metal and dielectric material inside the nanoslits, respectively. At
the working wavelength of 1 =650 nm, &, is —12.8915 + 1.2044i
for gold [19]. For the specific spacing of s =30 nm and 400 nm
thick gold film, on the basis of (2), the dependence of phase
delay on the nanoslit width when these nanoslits are immersed in
the dielectric with ng=1, 1.5, 2 is shown in Fig. 2. We can
observe that compared with the filling of the dielectric with ny=
1, a much larger varying range of the phase delay can be obtained
through the filling of a high-index dielectric. For example, as the
nanoslit width increases from 10 to 60 nm, the phase delay of a
nanoslit filled with the dielectric of ny=1, decreases from 2.657
to 1.51x, while it varies from 8.037 to 3.237 when the refractive
index of the filling dielectric is ng=2. The modulation range of
the phase delay for the latter is more than four times as large as
that of the former. It implies that the narrowest nanoslit constructing
a metallic planar lens working in a high-index dielectric can be
broadened. On the other hand, the wider nanoslit is beneficial for
improving the optical transmission efficiency and alleviating the
practical nanofabrication of the device. Therefore, the filling of a
high-index dielectric is beneficial for lens focusing and
nanofabrication.

Combining the theoretical calculation based on (1) and (2) with
the influence of the coupling between aperiodic nanoslits on the
phase delay, the metallic lenses working in the dielectric of nq=
1, 1.5, 2 are optimally designed with a total phase difference (Ag
(») —A@(0)) of 27 for the desired focal length of 0.3 um, as
shown in Fig. 3. The width of the narrowest nanoslit is 10 nm for
the lens working in the dielectric of nq=1, but changed to 22 and
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Fig. 2 Dependence of phase delay on the nanoslit width introduced by a
coupled nanoslit filled with dielectrics of different refractive indices,
which is analysed based on (2). Refractive index of the filling dielectric is
1, 1.5, 2, respectively. Gold spacing between two adjacent nanoslits is 30
nm, and the thickness of the gold film is 400 nm
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Fig. 3 Optimised plasmonic lenses working in three different
refractive-index dielectrics for the designed focal length of 0.3 um at a
wavelength of 650 nm

a Lens working in the dielectric of ng=1 taken from [16]

b Lens working in the dielectric of ng = 1.5. Beginning from y = 0, the width
sequences of nanoslits are: 38, 40, 48, 82, 22, 22, 22, 22, 26, 60 nm and the
corresponding spacing sequences of gold walls are: 30, 30, 30, 60, 46, 36,
32, 30, 40 nm

¢ Lens working in the dielectric of n4=2. Beginning from y =0, the width
sequences of nanoslits are: 28, 28, 30, 34, 42, 60, 30, 30, 30 nm and the
corresponding spacing sequences of gold walls are: 30, 30, 30, 30, 30, 58,
40, 30 nm. The simulated magnetic-field intensity for lenses working in
the dielectric with

d ng= 1

eng= 1.5

fnqg=2. White dashed lines denote the exit surface of the lenses

28 nm when the lens works in the dielectric of ny=1.5, 2, respect-
ively, as a result of the filling of high-index dielectric in the nano-
slits, which is consistent with the above analysis.

Our designs are validated by the full electromagnetic field simu-
lations using the finite-difference time-domain (FDTD) method. In
simulations, perfectly matched layers as the absorbing boundary
conditions are employed around the computational domain. The in-
cident TM-polarised plane wave is defined by setting the electric
field component of E, with the amplitude equal to 1.

Fig. 3 gives the calculated magnetic-field intensity for the plas-
monic lenses working in the dielectric of ng=1, 1.5, 2. From the
numerical results, it can be obviously observed that the design for
a plasmonic lens is verified, since the simulated focal lengths of
plasmonic lenses all agree well with the anticipated ones.
Meanwhile, as compared with the lens operating in the dielectric
of ng=1, the lenses working in high-index dielectrics have a
more confined light focusing capability. The detailed focusing per-
formance for the lenses operating in the dielectric of ng=1, 1.5, 2 is
given in Table 1. We can see that a plasmonic lens working in a
higher-index dielectric has a smaller full width at half maximum
(FWHM). However, the variation of the focal spot’s peak intensity
as the refractive index of working dielectric is a little complicated,

Table 1 Derived focusing performance for the designed lenses working in
different refractive-index dielectrics

Refractive index Lens aperture, FWHM, Max. intensity,
of dielectric pm nm a.u.

1 1.852 250 (4/2.60) 2.6844

1.5 1.394 176 (1/3.69) 3.7678

2 1.152 134 (4/4.85) 1.2994
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which increases firstly and then decreases with the increasing re-
fractive index. The underlying physical mechanism is that the
filling of the working dielectric with the refractive index above a
certain value can disrupt the coupled mode of the SPPs in the nano-
slits, which thus causes more losses when the light is transmitted
through the nanoslits.

Furthermore, the superfocusing performance of a plamonic lens
is closely related with the lens size. Taking the above lens
working in the dielectric of ng=1.5 as an example, lenses with dif-
ferent apertures are built and the focusing behaviour is validated
using the method of FDTD. The simulated focusing performance
is shown in Fig. 4. Similar to the conventional refractive lenses,
the focusing resolution and peak light intensity of a plasmonic
lens increase with the lens aperture. In addition, we note that the
lens with an aperture size of 3.23 um can realise a superfocusing
of 148 nm, i.e. 4/4.39, showing a better result than the achieved
resolution of 4/3.46 for a super-oscillatory lens with an extremely
large lens size of 40 um [20].

On the other hand, the position of the focal spot has a strong in-
fluence on the ultimate focusing performance of a plasmonic lens.
Here, plasmonic lenses working in the dielectric of ng=1 with
various focal lengths at a wavelength of 650 nm are designed.
Fig. 5 demonstrates the calculated FWHM of a focal spot as a func-
tion of the lens’ focal length. It can be found that the superfocusing
capability of a plasmonic lens becomes worse when the lens focuses
light at a farther distance. Therefore, in order to achieve the super-
focusing performance, the anticipated focal length of a plasmonic
lens should not be too large.

Due to the dispersion properties of metal materials, the incident
wavelength also affects greatly the focusing behaviour of a plasmo-
nic lens formed by coupled nanoslits perforated in a metal film. As a
comparison, a shorter wavelength of 405 nm is selected. At this
wavelength, £, is —1.6745 +5.7286i for gold [19], whose imagin-
ary part is much bigger than that for gold at 650 nm, implying a
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Fig. 4 Effect of the lens size on the focusing performance of a plasmonic
lens

a Effect of the lens size on the focal spot size
b Effect of the lens size on the light intensity
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Fig. 5 Effect of the focal length on the FWHM of the focusing spot of a plas-
monic lens with the total phase difference of 2r. A is the incident wavelength
(650 nm)
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Fig. 6 Focusing performance of plasmonic lenses operating at different
wavelengths with the designed focal length of 0.3 um

a Lens operating at 650 nm taken from [16]

b Lens operating at 405 nm. Beginning from y =0 (the centre of the lens),
the width sequences of nanoslits are: 20, 20, 22, 26, 32, 50, 10, 10, 10,
12, 14, 18, 24, 38, 80,10 nm and the corresponding spacing sequences of
gold walls are: 30, 30, 30, 30, 30, 80, 42, 34, 30, 30, 30, 30, 30, 40, 36
nm. The simulated magnetic-field intensity for lenses operating at

¢ A=650 nm

d 2=405 nm. White dashed lines denote the exit surface of the plasmonic
lenses

¥ (um)
d

greater loss in the structure. Fig. 6 shows the focusing performance
of two plasmonic lenses working at different wavelengths with an
anticipated focal length of 0.3 um. The peak intensity of the focal
spot for the lens at 405 nm is even smaller than one-tenth of that
for the lens at 650 nm, although the two lenses have nearly the
same aperture. This is because a shorter wavelength leads to a
greater loss when the light propagates in the nanoslits, which can
be obviously seen from the magnetic-field intensity distribution in
the nanoslits. Meanwhile, an obvious focal shift occurs at the
shorter wavelength.

3. Conclusions: To sum up, based on the special propagating
properties of the SPPs in coupled nanoslits, a series of plasmonic
lenses consisting of coupled nanoslits perforated in a gold film
are optimally designed, which are fully validated by the
numerical simulation using the FDTD method. According to the
simulation results, the influence of refractive index of the working
dielectric, the lens size, the focal length, and the incident
wavelength on the focusing performance of a plasmonic lens is
investigated in detail. We conclude that a higher-index working
medium, a larger lens size and a shorter focusing distance can all
contribute to the higher-resolution superfocusing. Moreover, the
shorter wavelength and the working dielectric with a refractive
index above a certain value can result in the focusing with lower
efficiency due to the loss in the structures. Therefore, in order to
achieve the desired focusing performance, one must take all these
factors into account.
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