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Ultra-elongated depth of focus of plasmonic lenses with concentric
elliptical slits under Gaussian beam illumination*
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In this paper, we discuss the influence of ratio of minor to major axis on the propagation property and focusing
performance of a plasmonic lens with variant periodic concentric elliptical slits illuminating under a Gaussian beam. In
order to analyse the influence theoretically, a finite-difference time-domain (FDTD) numerical algorithm is adopted for the
computational numerical calculation and the design of the plasmonic structure. The structure is flanked with penetrated
slits through a 200-nm metal film (Au) which is coated on a quartz substrate. Tunability of focusing capability of the
plasmonic lenses is studied by tailoring the ratio. Our calculation results demonstrate that the ratio of the elliptical slits
greatly affects the focusing capability of the lense. The plasmonic lenses with concentric elliptical slits illuminating under a
Gaussian beam have ultra-elongated depth of focus. These results are very encouraging for the future study of the plasmonic

lens-based applications.
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1. Introduction

Characteristics of surface plasmon polariton (SPP)-
based nanophotonic devices are appealing to numerous re-
searchers due to their extraordinary transmission in free

181" Lately, nanosandwich waveguide, !

space recently.!
SPP-based

nanobiosensors,!'?! and nanoprobes!!3! were reported. Many

superlens,'%  resonance immunosensors, !
functions can be realized using the reported SPP-based
nanophotonic devices, such as superfocusing, detection,
biosensing and collimating. It is found that extraordinary
enhancement of transmission can be obtained by the interac-
tion among SPPs. More recently, superfocusing especially
the tight focusing in nanoscale confinement of SPP has been
researched actively. Fu et al.’-'* demonstrated that a silver
film coated on glass with some corrugations can play a role
as a superlens. Many other researchers have found the sim-

(15-18] Tt was reported that the optical resolution

ilar results.
of the plasmonic structure can break through the diffraction
limit.["-2!1 However, the shape of the focal point is not ideal.

Lerman et al.!*?! found a novel focusing phenomenon of
a plasmonic lens with a single elliptical slit illuminated with
radially polarized field. But the radially polarized light source
is complicated in comparison with a Gaussian beam, and re-
stricts the miniaturization of the optical system. Considering
this, we put forth a plasmonic lens consisting of a total of eight
concentric elliptical slits with varying periods under the illu-
mination of a Gaussian beam as shown in Fig. 1. It consists
of a total of eight elliptical rings thoroughly penetrating Au
thin film. Focusing performance and propagation property can
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be modified by changing the ratio of semi-minor axis to semi-
major axis of the elliptical slits. Our target is to study tun-
ability of the focusing capability of the plasmonic lenses. Our
calculation results demonstrate that the plasmonic lenses with
concentric elliptical slits can realize the function of generat-
ing a focal point with ultra-elongated depth of focus under a
Gaussian beam illumination of linear polarization. Further-
more, our lenses have a significant feature of ultra-elongated
depth of focus which may be interesting for practical applica-
tions. It means that the focusing serving as feedback control
system can be omitted in the systems for applications of data

storage, nanolithography, medical monitoring, etc.

lidle

Fig. 1. (color online) (a) Schematic diagram of the plasmonic zone
plate-like structure for super-focusing with focal length f. (b) Top view
of the structure.
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2. Structure construction and simulation setup

The plasmonic lenses proposed here are designed with a
variant period calculated using the equation of the optical path
difference as bﬁ = 2nfA +n*A%, whereas n is the ring num-
ber, f the focal length (f = lum), b, the inner semi-minor
axis of the n-th elliptical slits, and A the incident wavelength.
The semi-major aj, is determined by the ratio (b,/a,) which
is varied in a range from 0.4 to 0.9. The structure is com-
posed of eight elliptical rings with an outer semi-minor axis of
5.144 pm in the case where the ratio is 0.8. The detailed values
of the structure with a ratio of 0.8 are given in Table 1. The
outer semi-minor B, is determined by B,, = b, +w, and the
outer semi-major A, is determined by the ratio (B, /A;). The
value of the width between each slits (w,,) is calculated using
the formula w, = A f/2r,. Considering that the SPP effect is
more effective for the noble materials, we select Au film with
slits coated on a glass substrate. Dielectric constant at 532-
nm wavelength is €, = —5.63 +i2.21 and & = 1.243 for gold
and glass, respectively. A Gaussian beam is added as a light
source as shown in Fig. 1(a). The waist radius of the Gaussian
beam is 1.02 um and the light beam propagates along the z-
direction. The mathematical expression for the incident wave
is given below

_ @ a
E(rz) = Eo(r,z)wexp {wz(z)}

2
X exp{ —i[k(z—i—yg(z)) —arctan;j%} }7 @))

where r is the radial distance from the central axis of the beam,

z is the axial distance from the beams narrowest point, i is the
imaginary unit, k = 27/A is the wave number, Ej is the con-
stant, ®(z) is the radius at which the field amplitude and inten-
sity drop off to 1 /e and 1/e? of their axial values respectively,
@y is the waist radius, R(z) is the radius of curvature of the
beam wavefront. The vacuum wavelength of the incident light
is Ap =532 nm. An Au film of thickness 4 = 200 nm centred at
z= —100 nm has a micro-zone plate-like structure embedded
in the metal film. We investigate the SPP transmission mech-
anism by analysing the electromagnetic field distributions in
the near-field of exit plane of the plasmonic lenses. The ra-
tio of elliptical slits is used as a variable parameter to study
the corresponding variations in the transmission and focusing
performance of the lens. The FDTD algorithm is adopted in
our numerical computational analyses (commercial software
FDTD Solution bought from Lumerical Solution Inc. com-
pany, Canada). In the FDTD three-dimensional (3D) calcula-

tions, simulation time and mesh size are 50 fs, Ax = 10 nm,

Ay = 10 nm, and Az = 10 nm, respectively. Theoretically, the
calculation result is acceptable as long as the mesh size is less
than A /10. The perfectly matched layer (PML) boundary con-

dition is applied to the grid boundaries.

Table 1. Detailed values of the structure in the case of 0.8; a,, and b, are
the inner semi-minor axis and semi-major axis; A, and B, are the cor-
responding outer semi-minor axis and semi-major axis; w, is the width
between each slits.

Ring number ap/um bp/um Ap/pm B,/um wy/nm
n=1 1.447 1.158 1.733 1.387 228.848
n=2 2.251 1.801 2.435 1.948 147.141
n=3 2.986 2.389 3.125 2.500 110918
n=4 3.693 2.955 3.806 3.045 89.666
n=>5 4.387 3.510 4.482 3.586 75.491
n==6 5.073 4.059 5.155 4.124 65.293
n="7 5.753 4.603 5.825 4.660 57.576
n=2_8 6.430 5.144 6.493 5.195 51.519

3. Results and discussion

Figures 2(a)-2(f) show the electric-field intensity distri-
butions in the x—z plane for the case of ratio varying in a range
from 0.4 to 0.9, illuminating under a Gaussian beam. Fig-
ures 2(g)-2(1) show the corresponding electric field intensity
distributions in the y—z plane. Focusing capability appears in
the case of ratio = 0.6. However, the focusing is not ideal.
The intensity of the focusing is weak and even the intensities
of the sidelobes are stronger than that of the mainlobe. The
intensity of the focusing increases when the ratio rises to 0.7
and the focusing becomes best in the cases of ratio = 0.8 and
ratio = 0.9. This phenomenon can be explained as the fact
that the plasmonic lenses with slits couple incident light to-
gether with the SPP waves. The SPP waves are excited on
one side of the interface by direct light illumination via slits
coupling, tunnel through the film, and be re-emitted on the
other side.[?*! The lens with variant periodic concentric ellip-
tical slits acts as an antenna to couple incident light into SPPs.
As a consequence the electromagnetic fields at the surface be-
come intense above the lens/”* and then SPPs interfere with
diffractive wavelets from the slits and form a finely focal point
in ultra-elongated size after exit plane in free space. Figure 3
shows electron-field (E-field) intensity distributions in the x—y
plane (z = 0.1 pwm, exit plane in free space). The shape of the
focal point is elliptical. What we are most concerned about
are two parameters in superfocusing: depth of focus (DOF)
which measures the tolerance of placement of the image plane
in relation to the lens and the largest focusing spot size of the
beam at the site of full width and half maximum (FWHM).

Figures 2 and 3 show the propagation properties and focusing
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Fig. 2. (color online) E-field intensity distributions under Gaussian beam illumination for ratios varying from 0.4, 0.5, 0.6, 0.7, 0.8, to

0.9 (a)—(f) in the x—z plane; (g)—(1) in the y—z plane.

performances in the case of varying ratio under a Gaussian
beam illumination. It can be seen that the most exciting point
is that the plasmonic lens with concentric elliptical slits under
a Gaussian beam illumination has an ultra-elongated depth
of focus. It can be seen apparently from Figs. 2(d) and 2(j)
that the DOF is almost 8 pum for ratio = 0.7 and DOF of the
lens even extends up to 9 um for ratio = 0.8 as shown in
Figs. 2(e) and 2(k). Obviously, the DOF of the lens for ratio
= 0.9 is shorter than the DOF for ratio = 0.8. The focusing
beam of light is converged which is not emanative. The long
and elongated DOF is of important significance in imaging
and applications in nanoscale microscopy. It is interesting that
the beam propagation is varied for the Gaussian beam illu-
mination with the ratio increasing. Here, the ratio which can
change the curvature of the elliptical silts largely influences

the DOF. The beam in free space is divided into two beams in
the central region along the z axis for the cases of ratio = 0.4,
0.5, and merged into one beam for the cases of ratio = 0.6, 0.7,
0.8, and 0.9. Apparently, the different ratios strongly influence
the size of the focal point. Fu ez al.'> and Shankaran ef al.['!]
reported that a plasmonic micro-zone plate-like metallic struc-
ture with circular variant periods can realize superfocusing in
propagation direction at a quasi-far filed region (A ~ 51), ata
working wavelength of 633 nm, the focal spot of the plasmonic
lens is 210 nm at site of full width half maximum (FWHM)
in the y direction and 250 nm in the x direction under the as-
sumption of the illumination under linear y polarization. Of
course, the lens with elliptical slits has a longer DOF than the

lens with circular slits. More details can be found in Refs. [5]
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Fig. 3. (color online) E-field intensity distribution at x —y plane (z = 0.1 pm, exit plane in free space). (a) E-field intensity distribution
at x—y plane, z =4 pm for ratio = 0.6; (b) E-field intensity distribution at x—y plane, z = 3 um for ratio = 0.7; E-field intensity
distribution at x—y plane, for ratio=0.8 (c) z=2 um, (d) z=3 um, (¢) z=4 pum, (f) z =15 um.

and [11]. In order to compare the focusing properties, the rel-
evant results are shown in Fig. 4. After comparison we can
draw a conclusion that the capability of focusing for the ratio
= 0.8 is much better than for the ratio = 0.6 and 0.7 in the sense
of either the intensity or the FWHM. FWHM varies with posi-
tion of plane. The two-dimensional (2D) profile of the electric
intensity versus the position at x and y axes with the largest
width of the focusing beam in the case of ratio=0.8 are shown
in Figs. 5(a) and 5(b). It can be seen from Fig. 5(a) that the
FWHM of the structure approaches the diffraction limit at x
direction and the intensity of the main lobe is much stronger
than those of the nearby sidelobes. To further investigate the
focusing capability, we plot the phase distributions for the case
of ratio= 0.8, z = 2 um under a Gaussian beam illumination
in (a) x—y plane, (b) x—z plane, and (c) y—z plane, respectively.
Figure 6 shows phase distributions of the beam propagation
after the exit plane in free space. As can be seen, the phase
is delayed along the long-axis. The interference between +1
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diffraction orders makes a significant contribution to the fo-
cusing. The field distributions will be much different after the
exit plane when the Gaussian beams are changed into plane
waves. The further study of the plane wave illumination will
be carried out very soon.
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Fig. 4. (color online) The 2D profiles of E-field intensity distribution
under Gaussian beam illumination in direction of propagation for ratio
=0.6, 0.7, and 0.8. Each peak represents a focusing area.
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Fig. 5. (color online) The 2D profiles of E-field intensity distribution for case of ratio = 0.8 under a Gaussian beam illumination at

propagation distance z =2 pm (a) in the x axis and (b) in the y axis.

090206-4



Chin. Phys. B

Vol. 22, No. 9 (2013) 090206

y/um

()
3

Fig. 6. (color online) Phase distributions for the case of ratio = 0.8, z = 2 um under a Gaussian beam illumination (a) in the x—y plane,

(b) in the x—z plane, and (c) in the y—z plane.
4. Summary

In the present paper, we discuss the different-ratio prop-
agation properties and focusing performance of a plasmonic
lens with variant period concentric elliptical slits. Our com-
putational calculation results demonstrate that the propagation
properties and focusing performance are mainly influenced by
the ratio of the elliptical slits etched on the Au thin film coated
on the glass. For the ratios ranging from 0.6 to 0.9, focusing
in free space can be obtained. An excellent focusing capabil-
ity can be formed for the case of ratio = 0.8. For the lenses
with the ratios of 0.4 and 0.5, nearly no focusing region can be
formed due to large slit width so that it is too large to diffract
the incident beam, and no interference occurs in free space
accordingly. The plasmonic lenses with concentric elliptical
slits illuminating under Gaussian beam have ultra-elongated
DOF as long as 9 pm. For some specific applications such as
nano-photolithography, the long working distance is a crucial
issue. The propagation property and focusing performance are
sensitive to the ratio of the elliptical slits.
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