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a b s t r a c t

A compact plasmonic structure is proposed to actualize the subwavelength beam focusing, through a
metal slit array arranged along a triangular or trapezium surface profile. The incident light passes
through the metal slits in the form of surface plasmon polaritons (SPPs) and then scattered into radiation
fields. The constructive interference of radiation fields from individual slits with different depths and
widths gives rise to beam focusing. The advantages of the proposed plasmonic lens are having a much
smaller lateral dimension and broad working wavelength range. This is of importance for realizing
densely integrated photonic circuits. The finite-difference time-domain (FDTD) method is employed to
verify the proposed design. The simulation results indicate that the focal spot is beyond the diffraction
limit.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Surface plasmon polaritons (SPPs), electromagnetic waves
coupled with collective free electron oscillations at metal/di-
electric interface, play a central role in the field of nanophotonics
[1–4]. The most attractive feature of SPPs is their ability of ma-
nipulating light on a subwavelength scale with resonant field en-
hancement [5–8]. Therefore, there is a growing interest in devel-
oping plasmonic structures. Plasmonic lenses, with the ability to
focus SPPs into a spot beyond the diffraction limit, which enables
various applications such as super-resolution imaging, high den-
sity optical data storage, and integrated optical circuit, have at-
tracted an increasing research interest in recent years [9–16].
Various geometries, including circular holes with concentric
grooves [9], slits flanked by linear arrays of grooves [10], metal slits
with variant depths [11] or widths [13–17], and single metallic slit
surrounded with grooves [17–19], have been considered to im-
plement the focusing capability of plasmonic lenses. However,
although a few excellent designs of them are capable of focusing
light beyond the diffraction limit [13,14], complex structure and
sophisticated parameters make them especially difficult to fabri-
cate by using the present techniques. On the other hand, the lat-
eral dimensions of the focusing devices are at least 4 μm
[7,9,10,12–16], which is a drawback for realizing densely in-
tegrated photonic circuits. The lateral dimensions of some struc-
tures are decreased to about 2 μm [11,17]; nevertheless, the full-
width at half-maximum (FWHM) of the generated focal spot is
larger than the half of incident wavelength.

In this paper, we design a plasmonic structure for producing
subwavelength beam focusing. The structure consists of metal slits
with different widths and intervals and the slits are arranged along
a triangular or trapezium surface profile. The finite-difference
time-domain (FDTD) method is employed to verify the proposed
designs. The simulation results indicate that the proposed lens can
yield a converging beam with a focal spot size beyond the dif-
fraction limit. Compared to other existing counterparts, our
structure combines the benefits of sub-diffraction-limit focal spot
size, broad working wavelength range and smaller lateral
dimension.
2. Principle and design

Fig. 1(a) shows the schematic of the proposed plasmonic lens. It
consists of five metallic slits symmetrically arranged along a tri-
angular surface. The metallic slits have different widths and in-
tervals. When incident light illuminates the bottom side of the
structure, the light wave is coupled to SPP modes at the entrances
of the metallic slits and transferred to the other side. The complex
propagation constant β of SPP mode is determined by the
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Fig. 1. (a) Schematic diagram of the proposed plasmonic lenses. A metal slit array is
embedded in the metal slab with a triangular surface profile. A transverse magnetic
(TM) light is incident on the bottom of the metal slab. (b) Schematic diagram of the
proposed plasmonic lenses.

Fig. 2. (a) Dependence of effective index of SPPs in the silver slit on the slit width.
The black dot line represents the value for a plane wave in air. The inset shows the
schematic diagram of the metal slit structure. (b) Dependence of phase retardation
of SPPs in the slit on the slit depth.
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following equation [12]:
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where k0 is the wave vector of light in free space, εm and εd are the
relative dielectric constants for the metal and the materials be-
tween slits, respectively, and w is the slit width.

The value of kRe / 0β( ) represents the effective refractive index of
SPPs modes in the slit and determines the phase retardation. The
electric permittivity of air is 1. On the other hand, because of slits
arranged along a triangular surface, the depths of slits are also
different. The phase retardation ϕΔ of light passing through metal
slits with variant depths can be calculated by the following
equation [14]:
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where h is the depth of center position of metal slit. The fre-
quency-dependent complex relative permittivity of silver is char-
acterized by the Drude model:
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Here ωp¼1.38�1016 Hz is the bulk plasma frequency; γ
¼2.73�1013 Hz is the damping frequency of the oscillations, ω is
the angular frequency of the incident electromagnetic radiation,
and ε1 stands for the dielectric constant at infinite angular fre-
quency with a value of 3.7 [20].

Fig. 2(a) shows the dependence of effective index of SPPs mode
on the slit width using silver at a wavelength of 633 nm. Fig. 2
(b) plots the phase retardation introduced by the slits with dif-
ferent widths and depths. The transmitted SPPs will be converted
to radiating fields at the ends of metallic slits by scattering. If the
parameters of metal slits such as width, depth, and interval are
appropriately chosen, the radiating fields from individual metallic
slits will focus at the specific point due to the constructive inter-
ference. Fig. 1(b) shows the geometric relations. Here, we define
the distance from spot to the plane of metal film as the focal
length. According to the geometry in Fig. 1(b), it is easy to obtain
that the phase difference between the light radiated from different
slits at the focusing spot position is about
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where, f is the focal length, and k0¼2π/λ is the free space wave
vector of the incident light. W and H represent the width and
height of the triangular tg W H/2θ = . There are two notable ad-
vantages to using the triangular surface profile: This design en-
ables decreasing the number of metal slits by constructing the



Fig. 3. Transmittance of a metallic single slit versus its width and depth at a wa-
velength of 633 nm.

Fig. 4. The required phase delay from Eq. (4) to achieve the focal length of 1 mm.
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triangular concave surface profile. Through simultaneously con-
trolling the depth and width of slits, a required phase delay of SPPs
modes for light focusing can be obtained. Second, the structure can
maintain compactness in the perpendicular direction, having a
large working distance. For some practical applications such as
nanosensing, a large focal length is required, because the samples
do not touch the surface of the plasmonic device. Although the
structure has a triangular concave surface profile, it can still be
seen as a planar lens.

On the other hand, owing to the radiation amplitude from slits
having a marked effect on the light spot, the light transmission of a
silver slit at 633 nm as a function of its width and depth is also
given. Here the slit width varies from 20 to 300 nm with a 2 nm
step, and slit depth changes from 200 nm to 800 nmwith a step of
2 nm, respectively. Fig. 3 depicts the calculated result. From the
figure, we note that the transmission of slits with a very narrow
width is high and the emerging transmission peaks are dis-
continuous, which are attributed to the Fabry–Perot-like behavior
[21]. In calculation, a power monitor is placed on the exit surface
of the slit. The transmission is defined as T¼Pout/Pin. Here, Pin
presents the incident power at the position of the light source and
Pout is transmission power at the position of the monitor.
3. Simulations and discussions

To demonstrate the validity of the designed structure, two-di-
mensional finite difference time domain (FDTD) simulation is
performed. In our simulation, a mesh size of 2 nm×2 nm is em-
ployed to ensure accurate results. As a first step, we determine the
geometric parameters of our proposed structure: the thickness of
the Ag film is 1 μm, and the height and bottom width of surface
triangular are 0.3 and 2.2 μm, respectively. Here, we choose
Z¼1 μm as the exit plane. Based on Eq. (4), for a designed focusing
structure with a focal length of f¼1 μm, the phase delay caused by
the light path difference is shown in Fig. 4.

Assume that the focusing structure has five metal slits and their
corresponding center positions as along the x axis can be set ar-
bitrarily at �1.1, �0.5, 0, 0.5, and 1.1 μm. The incident light is a
633 nm plane transverse magnetic (TM) wave. The intervals be-
tween slits are much larger than the skin depth of SPPs inside the
silver [22]. From Fig. 4, the phase delays from the light path dif-
ference between the center slit with other slits are 0.6, �0.15, 0,
�0.15, and 0.6π from left to right, respectively. According to the
geometry parameters, the depths of the slits of the designed
structure are 1, 0.836, 0.7, 0.836, and 1 μm. When the width of the
center slit is set to be 150 nm, it will result in a phase delay of 2.6π.
Based on the calculated results shown in Fig. 2(b), a slit of width
80 nm, depth 1 μm will result in a phase delay of 4π, and a slit of
width 170 nm, depth 0.836 μm will lead to a phase delay of 2.9π,
which approximate the required phase retardations. Therefore, the
widths of slits are set to 80, 170, 150, 170 and 80 nm from left to
right.

Here, to achieve a focus spot size as small as possible, the
widths of some slits in the designed device deviate from the values
having maximum transmittance. For a plasmonic lens, a small
focal spot size and high transmission are all important. However,
our goal is to create a light spot as small size as possible, and thus
transmission variation is placed in the secondary place in our
design process. The normalized time-averaged magnetic field in-
tensity |Hy|2 is employed to represent the field intensity.

As shown in Fig. 5(a), a clear-cut focus appears at a short dis-
tance from the exit of the slits. The focal length is 0.645 μm, which
has a deviation of 35.5% between the designed and simulated
values. The reason is attributed to diffraction effect, which also
plays a significant role in the focusing behavior of a lens with small
size [23]. The cross section of focus spot in the x direction is given
in Fig. 5(b), indicating an FWHM of 279 nm.

It should be pointed out that the width of the metal slits is at
least 80 nm in our designs. The choice of parameters making the
multi-slits can be fabricated by focused ion beams (FIB) in the
experiment. In addition, the simulation result shows that the focal
length can be controlled by only tuning the width and position of
the most outboard slits. In this way the focal length is able to in-
crease to several wavelengths. For example, when the width and
position of the two slits are set to be 350 nm and 71 μm, re-
spectively, the focal length increases to 1.69 μm and the light spot
size increases to 445 nm. Therefore, the design parameters should
find a compromise between the spot size and focal length ac-
cording to specific requirements.

On the other hand, most reported plasmonic focusing devices
are designed for operating at a certain wavelength. However, for
practical applications, it is also necessary to verify the dispersive
behavior of the focusing structure. Fig. 6 shows the focusing
properties of the designed structure at different incident wave-
lengths. Here, the simulations are carried out with the wavelength
varied from 650 to 900 nm with a 50 nm step, and the other
parameters are the same as those used in Fig. 5. As shown in Fig. 6,
it can be seen that the focal spot size becomes large with the
wavelength increasing, while the focal length gradually decreases.
In addition, the simulation results show that the designed nano-
lens can achieve good focusing in the wavelength range of 620–
910 nm.

Additionally, the focusing capability of the structure with a
trapezium surface profile is also investigated. Based to the



Fig. 5. (a) The normalized field intensity distribution of the transmitted lights
through the plasmonic structure. (b) The cross-section at the focal point along x
axis.

Fig. 6. Focal length and focal spot size vary with wavelength increases from 650 to
900 nm with a step of 50 nm.

Fig. 7. (a) Normalized light field intensity distribution of the transmitted light
through the metal film with trapezium surface profile. (b) The cross-section along
the x direction at focal spot.
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designed method mentioned above, the following geometric
parameters are used for the improved structure: the slits widths
are 260, 220, 170, 220 and 260 nm from left to right and the cor-
responding center positions of slits as along the x axis are set at
�1.15, �0.45, 0, 0.45, and 1.15 μm, respectively. Two parallel sides
and the height of the trapezium surface are 0.3, 2.5, and 0.45 μm,
respectively. The thickness of the Ag film keeps constant.

Fig. 7(a) shows the field intensity distribution of the
transmitted light at 633 nm. The cross-section of the focused beam
at the focal point along the x-axis is shown in Fig. 7(b), where the
FWHM is 264 nm. The focal length is 0.45 μm. This value is smaller
than that in Fig. 5(a). It is attributed to the constructive inter-
ference between the transmitted light and the scattered SPPs from
the front surface of the Ag film. In this structure, the outboard slits
can support multi-order modes, owing to the large slit width. The
SPPs propagating along the metal slits can be scattered by the
walls of the exit slits, as shown in Fig. 7(a). Then, they will inter-
fere with the transmitted light. Due to the focal spot being very
near the front surface of the Ag film, the scattered SPPs can greatly
affect the light focusing. As a result, the sides peaks in this figure
are slightly higher than those in Fig. 5(b).

In all calculations above, to simplify the structure of the lens
and employ the wider slits which contributes to reduce manu-
facturing difficulties, the metal slits are kept at five. Furthermore,
we also investigate the performance of the nanolens when the
number of slits increases. Here, the number of slits increases to
seven. According to our designed method, the following geometric
parameters are used for the improved structure: The slits widths
are 260, 220, 80, 170, 80, 220 and 260 nm from left to right and the
corresponding center positions of slits as along the x-axis are set at
�1.15, �0.55, �0.25, 0, 0.25, 0.55, and 1.15 μm, respectively. The
other parameters are the same as those used in Fig. 7. Fig. 8
(a) shows the field intensity distribution of the transmitted light.



Fig. 8. (a) Light field intensity distribution of the transmitted light through the
focusing structure with seven slits. (b) The intensity profile along the x direction at
the spot.
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The intensity profile at the focal point along the x-axis is shown in
Fig. 8(b), where the FWHM is 300 nm. The focal length is about
0.455 μm. The FWHM value is larger than that in Fig. 7(a). It is
attributed to the scattered SPPs from the exit surface of the Ag
film.

Although the designed lens with metallic nanostructure can
achieve a focal spot with a size less than a half of the illumination
wavelength, it is still a difficult task to concentrate light into a
volume of size far beyond the diffraction limit at visible wave-
lengths. Recent researches have shown that light field can be
concentrated in only a few nanometers volumes by using a hybrid
plasmonic waveguide or tapered metallic guiding nanostructure
[8,24]. However, these devices are all working at tele-
communication wavelength or mid-infrared range. Therefore, in
subsequent research, we will try to design a plasmonic structure
that can focus light to a spot of size far below incident wavelength
at visible light.
4. Conclusion

In summary, a design of SPPs-based metal lens for sub-
wavelength beam focusing is proposed. The advantages of our
proposed plasmonic lens are smaller spot size and broad working
wavelength range. FDTD simulation results show that the plas-
monic structure can result in a beam focusing spot beyond the
diffraction limit. These advantages promise this structure to find
potential applications in integrated optical circuits, data storage,
and sensors.
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