
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 210.74.131.202

This content was downloaded on 20/06/2017 at 02:24

Please note that terms and conditions apply.

Enhancement of focusing properties by interfering spatial bending beams

View the table of contents for this issue, or go to the journal homepage for more

2016 EPL 116 55002

(http://iopscience.iop.org/0295-5075/116/5/55002)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Holographic optical metasurfaces: a review of current progress

Patrice Genevet and Federico Capasso

Effect of halo on the stability of electron bunches in laser wakefield acceleration

N. Nakanii, T. Hosokai, K. Iwasa et al.

Active control of beams by metallic nanoslit array lens with movable dielectric substrate

Sen Jia, Xianhua Wang, Yiming Wu et al.

Subwavelength Focusing Technique Using a Plasmonic Lens

Minoru Takeda and Suguru Nakatani

Optical phase front control in a metallic grating with equally spaced alternately tapered slits

Zheng Gai-Ge, Wu Yi-Gen and Xu Lin-Hua

Spoof surface whispering-gallery mode supported by two concentrically coupled textured ring

resonators

J. J. Yang, X. M. Li, Y. X. Tang et al.

Far-field super-resolution imaging with a planar hyperbolic metamaterial lens

Cheng Lv, Wei Li, Xunya Jiang et al.

Tunable Fano resonant optical forces exerted on a graphene-coated dielectric particle by a Gaussian

evanescent wave

Yang Yang, Xiaofu Zhang, Anping Huang et al.

Two-dimensional electromagnetically induced grating in coherent atomic medium

Yuyuan Chen, Zhuanzhuan Liu and Rengang Wan

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0295-5075/116/5
http://iopscience.iop.org/0295-5075
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/0034-4885/78/2/024401
http://iopscience.iop.org/article/10.1209/0295-5075/113/34002
http://iopscience.iop.org/article/10.7567/APEX.8.062001
http://iopscience.iop.org/article/10.1143/JJAP.51.08JF02
http://iopscience.iop.org/article/10.1088/1674-1056/22/10/104212
http://iopscience.iop.org/article/10.1209/0295-5075/115/67002
http://iopscience.iop.org/article/10.1209/0295-5075/115/67002
http://iopscience.iop.org/article/10.1209/0295-5075/105/28003
http://iopscience.iop.org/article/10.1209/0295-5075/116/24006
http://iopscience.iop.org/article/10.1209/0295-5075/116/24006
http://iopscience.iop.org/article/10.1209/0295-5075/116/64006


December 2016

EPL, 116 (2016) 55002 www.epljournal.org

doi: 10.1209/0295-5075/116/55002

Enhancement of focusing properties by interfering spatial
bending beams

Hui Li
1,2

, Yongzheng Xu
1
, Yu Qu

1
, Bin Zhang

2
, Li Wang

1 and Zhongyue Zhang
1(a)

1 School of Physics and Information Technology, Shaanxi Normal University - Xi’an 710062, China
2 Division of public infrastructure, De-hong Vocational College - Mang-shi 678400, China

received 7 December 2016; accepted in final form 10 January 2017
published online 1 February 2017

PACS 52.40.-w – Plasma interactions (nonlaser)
PACS 52.25.Fi – Transport properties
PACS 52.35.Hr – Electromagnetic waves (e.g., electron-cyclotron, Whistler, Bernstein,

upper hybrid, lower hybrid)

Abstract – In this study, two slits were designed symmetrically on a metal film to excite sur-
face plasmon polaritons (SPPs), and two groups of parallel dielectric rectangles were designed
over a metal film to convert the SPPs into double mirror-symmetric spatial bending beams. The
high-energy far-field focused beams were achieved by interfering double mirror-symmetric spatial
bending beams using the finite-element method The focusing properties of the proposed structure
are enhanced compared with the conventional metal grating structures. Furthermore, the effects
of the structural parameters on the focusing properties were investigated Results show that the
focusing properties of the proposed structure rely on the structural parameters of dielectric rect-
angles and on the distance between the dielectric rectangles and the metal film. The position of
the focusing spot relies on the distance between two slits. These findings can be applied in the
fields of biology imaging, nanolithography, optical data storage and photo-biomedical detection.

Copyright c© EPLA, 2016

Introduction. – Surface plasmon polariton (SPP)
waves are surface electromagnetic waves that consist of
collective electron oscillations in metal-dielectric interface
decay; thus, their diffraction limits can be surpassed [1,2],
thereby offering important applications in the fields of
photonics and electronics [3]. Focusing beams, a type of
special light waves, have increasingly attracted attention
because of their potential applications in biology imag-
ing [4], nanolithography [5], optical data storage [6], and
photobiomedical detection [7,8].

Various studies on focusing beams have been reported
over the past several decades. For example, the plasmonic
lens, which consists of an array of nanoscale slits [9–12]
or annular slits [13,14] in metallic film was proposed to
achieve far-field focused beams. These nanoscale slits
were designed to excite the SPP waves. These nanoscale
slits, a group with a metal-insulator-metal structure,
were introduced to generate a phase delay [11,12]. The
phase delay depends strongly on the width and depth
of the slits [11,12,14]. Structures on the metallic film,
such as circular surface gratings [15], intersecting surface

(a)E-mail: zyzhang@snnu.edu.cn

gratings [16–18], circular coupler based on intersecting slit
arrays [19,20] or F-shaped slit arrays [21], were proposed
to achieve near-field focused beams The excitation of the
near-field focused beams, which are plasmonic hot spots
on the surface of a metal film, can be applied in the field
of sensing, manipulation and optical tweezers [22]. Stud-
ies were conducted to achieve the near-field or low-energy
far-field focused beams. To achieve high-energy far-field
focused beams with super-resolution remains a challenge.

Recently, high-energy far-field focused beams were
achieved through interference of a double parallel Airy
beam [23–25]. The Airy beam is a special wave that ac-
celerates along parabolic trajectories and exhibits self-
healing properties. The Airy beam was demonstrated by
a nanoscale phase modulator on a metal film [26–30]. The
dynamic controlling position [31–33] and types of polariza-
tions [34] of the focusing spot of the far-field focused beams
were also shown. However, the area of the focusing spot
was smaller, and the depth of focus (DOF the distance
between the two points with intensity of the maximum
focal intensity at both sides [13]) was only approximately
7μm [23]. In certain applications, such as manipulation
of particles and transmission of signals among on-chip
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Fig. 1: (Colour online) Schematically the focusing beam is
achieved by interfering double mirror-symmetric spatial bend-
ing beams. The left illustration (violet ellipse) represents the
relationship between spatial bending trajectory f(y) and the
tangent lines. The right illustration (black rectangle) repre-
sents the relationship of wave vectors, where k′ and kFB rep-
resent the wave vector of the spatial bending beam and the
generated focusing beam, respectively.

devices, increasing the area of the focusing spot or in-
creasing the DOF is desirable.

In this study, two slits were designed on a metal film
to excite the SPPs, and two groups of parallel dielectric
rectangles were designed over a metal film to convert SPPs
into double mirror-symmetric spatial bending beams. The
high-energy far-field focused beams were achieved by in-
terfering double mirror-symmetric spatial bending beams
using the finite-element method. Compared with the DOF
of the conventional metal grating structures, the DOF of
the proposed structure was increased. Furthermore, the
effects of the structural parameters on the DOF were in-
vestigated. Results show that the DOF of the proposed
structure relies on the structural parameters of the dielec-
tric rectangles and on the distance between the dielectric
rectangles and metal film. The position of the focusing
spot relies on the distance between the two slits. These
findings have deep implications on various focus-based
applications.

Theoretical analysis and structure. – Focusing
beams are a result of the interference between the trans-
verse acceleration, and the non-diffraction of double
mirror-symmetric spatial bending beams. The interfer-
ence process is schematically shown in fig. 1. Two mirror-
symmetric spatial bending beams (dark blue curves x =
f(y) and x = −f(y)) were launched from the x plane.
The mirror-symmetric spatial bending beams were su-
perposed along the direction of propagation (+y). The
focusing beam (red circle) was created around the position
of (x0, y0). The left illustration (violet ellipse) represents
the relationship between the spatial bending trajectory
f(y) and the tangent lines in fig. 1. The right illustration
(black rectangle) represents the relationship between the
wave vectors, kFB = k′ cos θ in fig. 1, where k′ and kFB

represent the wave vectors of the spatial bending beam and
the generated focusing beam, respectively. θ is the half-
angle between the directions of propagation of the double
spatial bending beams.

Fig. 2: (Colour online) (a) The configuration of the proposed
(dielectric-air-metal) structure. The red block diagram illus-
trates a single dielectric rectangle above the Au/SiO2 substrate
and the relationship of structural parameters, where ε1, ε2 and
εm represent the relative permittivity of Si, air and the gold
film, respectively; the three sides of the triangle rectangle rep-
resent k1(2m)ε1(2m), k0(ε1(2m))

0.5 and β. (b) Calculated local
lattice constant Cn of a side of dielectric rectangles.

The configuration of the dielectric rectangles on an
Au/SiO2 substrate is shown in fig. 2(a). Two slits were
symmetrically designed on the metal film, and the distance
between the two slits L is presented. Two groups of paral-
lel dielectric rectangles were symmetrically designed over
the Au/SiO2 substrate. The number of dielectric rectan-
gles at either side of the slit is 20. The thickness and the
width of the slit are fixed at 200 nm and 130 nm, respec-
tively. w and h are the width and the height of the dielec-
tric rectangle, and d is the distance between the rectangles
and the interface of the gold film. The inset (red block)
diagram illustrates a single dielectric rectangle above the
Au/SiO2 substrate, and the relationship of the structural
parameters. In this work, the propagation properties of
the focused beams were simulated by a two-dimensional
radio frequency module of COMSOL Multiphysics soft-
ware. A plane wave with 0.98μm wavelength, magnitude
of 1 v/m, and polarization in the x-direction, is incident
(+y) onto the slit. The relative permittivity εm of the
gold film is −36.4 + 3.26i at 0.98μm [34]. The dielectric
rectangles are silicon with a refractive index of 3.476 [35].

SPPs excited in two slits propagate along the interface
of the gold film. The wave vector of SPPs is kspp =
k0

√
ε2εm/(ε2 + εm), where k0 represents the free-space

wave vector, and ε2 and εm represent the relative per-
mittivity of the air and the gold film, respectively. The
dielectric rectangle can be considered as a group of nano-
scatterers, and the phase contribution of the n-th dielectric
rectangle can be deduced as [36]

ϕn(x) = ϕ0 + ksppx − n (ksppw − βw) − 2nπ, (1)

where n is an integer, and ϕ0 is the initial phase, and x is
the distance of the n-th dielectric rectangles from two slits,
and 2π is an additional phase difference between neighbor-
ing dielectric rectangles. The space between rectangle and
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film can be considered as dielectric/air/metal (ε1/ε2/εm)
structure. The transverse magnetic mode of this structure
follows the specific dispersion relationship [37]

tanh(k2ε2d) = −k1k2 + k2km

k2
2 + k1km

, (2)

where d is the distance between dielectric rectangles and
metal film, and k1(2m) =

√
β2 − ε1(2m)k

2
0/ε1(2m). The

effective mode index of SPPs (neff = β/k0) is changed
for different distances between dielectric rectangles and
metal film. Hence, βw being a dynamic of the variation
of the additional phase of SPPs propagating between the
rectangle and the film is obtained. β represents the wave
vector of SPPs propagating between the rectangle and the
film.

The phase φ(x) of the required spatial bending
beams was calculated utilizing the Legendre transform
method [25,38–40]. The geometric relationship among
the phase, the angle θ, and the desired arbitrary bending
trajectory f(y) is defined in fig. 1 (left illustration (violet
ellipse)). The spatial phase can be obtained for paraxial
and non-paraxial regimes [38–40],

φ(x) = −
∫

k0 tan θdx (3)

and

φ(x) = −
∫

k0 tan θ/
√

1 + tan2 θdx, (4)

where tan θ = f ′(y), f ′(y) is the first-order derivative
of f(y). The location of every dielectric rectangle can be
calculated by solving the equation ϕn(x) = φ(x).

Results and discussion. – Under the paraxial ap-
proximation, for the curve of f(y) = −ay2 (a is constant),
the required phase profile φ(x) = −1.33k0ax1.5 is obtained
by applying eq. (3), where k0 is the wave vector of light in
free space, and the constant a is equal to 7×10−2. The dis-
tance between every dielectric rectangle (Cn = xn−xn−1)
is calculated (fig. 2(b)) when the number of dielectric rect-
angles is equal to 20. The distance Cn decreases as the
distance of the dielectric rectangles from the silt increases,
except in the case of the first dielectric rectangle.

The intensity distribution of the electric field (w =
320 nm, h = 110 nm, L = 3.0μm) when the number of
dielectric rectangles is equal to 20 is depicted in fig. 3(a).
The distance between a rectangle and the interface of the
gold film is set as 60 nm. The two mirror-symmetrical spa-
tial bending beams propagate along the desired trajectory,
and then focus on the desired spot by interfering. The
transverse intensity distributions at different distances
(y = 15, 25, and 35μm) are shown in fig. 3(b). The sur-
face current density distributions in the x-y plane are also
presented in fig. 3(c). These results demonstrate that the
far-field focused beams are achieved by interfering double
mirror-symmetrical spatial bending beams.

Fig. 3: (Colour online) (a) Simulation electric-field intensity
distribution of the required focusing beam. (b) Transverse in-
tensity distributions at different distances: y = 15 μm, 25 μm,
and 35 μm. (c) Distributions of surface current density in the
x-y plane.

Fig. 4: (Colour online) (a) Electric-field intensity profiles of the
proposed structure in the y-direction, (b) Intensity profiles of
the focal spot with the proposed structure.

Figure 4(a) shows the calculated values of the DOF
(∼ 15μm) and the focal length (FL ∼ 23μm). The FL was
defined as the distance from the dielectric-air-metal struc-
ture interface to the focal spot [13]. Figure 4(b) shows
the value of the full width at half-maximum (FWHM
∼ 2.5μm). The DOF of the proposed structure is two
times longer than that of the conventional structures (i.e.,
15μm vs. 7μm) [23]. The FL and FWHM of the proposed
structure are also longer than that of the conventional
structures [23]. These results confirm that the focused
beams are enhanced in the proposed structure compared
with that in the conventional metal grating structures.

The DOF is associated with the number of focuses along
the propagation direction, the decay length of the focused
beam multiplied, the half-angle between the directions of
propagation of the double spatial bending beams, and the
wave vectors [16,18]. Their relationship can be simply ex-
pressed as

DOF ∝ �{k′}
�{kFB} · S(w · h · d) · cos θ (0◦ ≤ θ < 90◦), (5)

where �{kFB} and �{k′} are functions of the wave vec-
tors kFB and k′, θ is the half-angle between the directions
of propagation of the double spatial bending beams, and
S(w · h · d) represents the scattering of the dielectric rect-
angles. The scattering of the dielectric rectangles relies on
the structural parameters of dielectric rectangles and on
the distance between the dielectric rectangles and metal
film [36]. Evidently, eq. (5) shows that as the angle θ
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Fig. 5: (Colour online) (a) Intensity profiles of the pro-
posed structure in the y-direction with different height h.
(b) Electric-field intensity distribution with different distance
h = 50 nm, 90 nm and 130 nm.

Fig. 6: (Colour online) (a) Intensity profiles of the pro-
posed structure in the y-direction with different width w.
(b) Electric-field intensity distribution with different width
w = 200 nm, 260 nm, and 320 nm.

increases, the DOF decreases, and as the scattering of the
dielectric rectangles increases, the DOF increases.

The electric-field intensity profiles in the y-direction at
different height h is shown in fig. 5(a). The electric-field in-
tensity distribution with h = 60, 90, and 120 nm is shown
in fig. 5(b). Results indicate that as the height h increases,
the DOF increases. The cause of this increase is mainly
that as the height h increases, the scattering of the dielec-
tric rectangles increases, and the DOF increases. Thus, as
the height h increases, so does the DOF.

The electric-field intensity profiles in the y-direction at
different dielectric rectangle width w is shown in fig. 6(a).
The electric-field intensity distribution with w = 200, 260,
and 320 nm is shown in fig. 6(b). Results indicate that
as the width w increases, the DOF also increases. The
cause of this increase is mainly that as the width of di-
electric rectangles increases, the scattering of the dielec-

Fig. 7: (Colour online) (a) Electric-field intensity profiles of the
proposed structure in the y-direction with different distance d.
(b) Electric-field intensity distribution of the proposed struc-
ture with different distance d = 40 nm, 80 nm, and 120 nm.

Fig. 8: (Colour online) (a) Electric intensity profiles of the
proposed structure in the y-direction with different distance
L. Electric intensity distribution of the proposed structure
with different distance L; (b) L = 4.0 μm, (c) L = 5.0 μm,
(d) L = 6.0 μm.

tric rectangles increases, and the DOF increases. Thus, as
the height h increases, so does the DOF.

The electric-field intensity profiles in the y-direction at
different distance d is shown in fig. 7(a). The electric-
field intensity distribution with d = 80, 120, and 160 nm
is shown in fig. 7(b). Results indicate that as the distance
d increases, the DOF decreases. The cause of this increase
is mainly that as the distance increases, the scattering of
the dielectric rectangles decreases, and the DOF decreases.
As d is larger than the penetration depth of SPPs, the
program is close to SPPs for the air/metal interface. On
the contrary, as d is very small, the program is close to
SPPs for a dielectric/metal interface.

In addition, two extra observations in figs. 5–7 are that
as the height h and the width w increase, the FL increases.
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As the distance d increases, the FL decreases. Maxi-
mum electric-field intensity occurs around w = 260 nm,
h = 90nm, and d = 80nm. These results show that the
FL and the maximum value of intensity can be controlled
by simply choosing suitable rectangle sizes.

The intensity profiles of the electric field in the
y-direction at different distance L is depicted in fig. 8(a).
The black, red and blue graphs represent the intensity
distribution with L = 3.0, 5.0, and 7.0μm. The electric-
field intensity distribution with different distances between
two excitation slits, L = 4.0, 5.0, and 6.0μm, is shown in
figs. 8(b)–(d). An obvious observation is that, as the dis-
tance L increases, the position of the focusing spot moves
away from the group of the dielectric rectangles. As the
distance L increases, the DOF and the maximum value
of intensity decrease in fig. 8(a). Because the mirror-
symmetric spatial bending beams were obtained in the
approximation limit (i.e., θ < 20◦), and the approxima-
tion conditions cannot been matched at the top part of the
target curve, hence the beam intensity decreases along the
propagation direction.

Conclusions. – In conclusion, a double mirror-
symmetric spatial bending beams generator was pre-
sented. The far-field focused beams were observed by the
interference of the double mirror-symmetric spatial bend-
ing beams. A detailed comparison between the focusing
properties of the proposed structure and the conventional
monometallic grating was conducted. Results show that
the depth of focusing, focusing length, and full width at
half-maximum of the proposed structure were longer than
those of the conventional structures. Moreover, the DOF
of the proposed structure was two times longer than that
of the conventional structures. The present study further
demonstrated that the focusing properties of the proposed
structure rely on the structural parameters of the dielec-
tric rectangles, and on the distance between the dielec-
tric rectangles and metal film. Finally, the position of
the focusing spot was shown to have shifted and moved
away from the bending beam generator. The authors be-
lieve that these findings offer potential applications in the
field of sensors, optical tweezers, optical data storage, and
photo-biomedical detection.
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