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A theoretical and numerical investigation of tunable plasmonic nano-optic lens on the basis of liquid crystal are proposed as a new
method of active modulating the output beam. The focal length can be controlled easily by exposing plasmonic nano-optic lens to constant
external electric field. The physical principle of this phenomenon is evaluated from the phase of Fabry-Perot (F-P) resonance in slits and
electro-optical effect of liquid crystal. Our numerical simulations reveal that large tuning range of the focal length up to 725 nm can be
achieved. The results in this article provide a potential way to realize tunable plasmonic lens, which can be applied as an efficient element

in ultrahigh nano-scale integrated photonic circuits for miniaturization and tuning purposes.
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1 INTRODUCTION

In recent years, optical waveguides that are based on Surface
Plasmons (SPs) have triggered an explosion of interest. The
unique property of these waveguides is the potential to over-
come the diffraction limit in conventional dielectric waveg-
uides as a solution to realize nano-scale photonic devices for
high integration [1]. Since the discovery of extraordinary op-
tical transmission (EOT) through a two-dimensional hole ar-
ray perforated on a metallic film in 1998 [2], there has been a
tremendous research effort in the analysis and realization of
subwavelength metallic structures. Surface plasmons, excited
in metallic surface, have been promoted as the main vector
responsible for EOT phenomenon. These researches are con-
sidered to be a very promising area for designing new types
of nano-optic devices with variant structures in metallic films

[3].

A nano-optic device which possesses multifunctional capa-
bilities in shaping and processing an optical beam comprises
a variety of subwavelength slits in a metal film or between
metal islands. Plasmonic nano-optic lenses that enable super-
focusing beyond the diffraction limit have been proposed ex-
perimentally as an alternative to the conventional dielectric-
based refractive lenses [4]. Metallic nano-optic lenses can
implement beam focusing with variable slit depths [5], slit
widths [6], geometries [7], and materials [8]. They show
great potential for novel applications, ranging from ultrahigh-
resolution imaging, single-molecular biosensing, optical data
storage, optical-based on-chip analysis to nanolithography.

Due to the dependence of permittivity of metallic materials on
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frequency, applications of plasmonic nano-optic lenses would
be limited because the optical properties of such lenses are not
tunable once they are fabricated. Therefore, similar to conven-
tional integrated optics technology, there is a strong require-
ment for tunability in these devices. Attaining active control
of plasmonic signals in nano-optic devices is the greatest chal-
lenge that faces SPs researches [9, 10]; and most research stud-
ies in this field are still at an early stage.

Previous studies show that there are several methods to
implement beam manipulation including nonlinear optical
phased arrays [11, 12], solid crystal based electro-optic
modulators [13], acousto-optic modulators [14], micro-
electromechanical (MEMs) actuators [15], and liquid crystal
(LC) optical phased arrays [16]. However, the high pump in-
tensity of the optically tunable method and the slow response
time of mechanically and thermally tunable methods have
restricted the practical applications of beam manipulating
devices.

Recently, the effect of anisotropic layer modulation on the
surface plasmon dispersion, the related optical transmission
and the underlying mechanism is proposed experimentally
[17]. Anisotropic materials, due to their fundamental feature
of providing controllable birefringence, are useful in optics
and proposed as switches [18, 19], filters, beam deflector,
etc. in various applications [20]-[23]. Therefore, we have
proposed a novel plasmonic lens showing the advantages
of easy fabrication and electro/magneto tunability by using
anisotropic material. Nematic liquid crystal is a kind of
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birefringent materials with an optical axis associated with
the macroscopic orientation or director of the molecules and
the ease with which their molecules will change alignment
in response to an outside stimulus. Anisotropic media like
nematic liquid crystal are used to modulate the phase of
incident light. Upon applying a voltage, the molecules tilt
and cause the incident light to face a change in refractive
index. The change in refractive index translates directly to
a change in the optical path length and, consequently, a
phase shift for the incident light and, consequently, affects the
propagation of SPPs [24]. With its low driving voltage and
low-cost fabrication technology, liquid-crystal technology
seems to be a prominent candidate for nano-optic plasmonic
lenses.

This paper is organized as follows: following this introduc-
tion, a brief review of the numerical analysis used in this paper
is given in Section 2. Then, results of the detailed simulation
of an isotropic nano-optic lens is presented and explained in
Section 3. Considering the results of Section 3, a new tunable
nano-optic plasmonic lens is proposed in Section 4. In contrast
to the previous works, anisotropic material with non-diagonal
refractive index tensor, which is close to reality, is utilized in
our new proposal. In addition, the effect of changes in tilt
angle on the focusing performance of plasmonic lens is ana-
lyzed. The focal length can be controlled easily by exposing
the plasmonic lens to constant external electric or magnetic
field. The dependence of effective refractive index and phase
retardation of SPPs propagation in the slits on the misalign-
ments of the liquid crystal molecules, explain the physical
principle underlying the phenomenon of active focal length
control. Finally, Section 5 concludes the paper.

2 NUMERICAL ANALYSIS

General schematic diagram of a plasmonic lens structure
is shown in Figure 1. The structure comprises a nano-slit
array that has a convex profile. The convex region, provided
on a silver layer of d = 350 nm width, is 2 ym wide and
accommodates five slits of w = 80 nm width with 400 nm slit
spacing (center to center) to transmit light with proper phase
retardation between aperture elements. The metal thickness
is designed to vary in a half-elliptical profile such that the slit
depth in the array is 500, 720, 750, 720, and 500 nm from up
to down. The lengths of the large and small semi-axis of the
elliptic are A =1 ym and B = 400 nm, respectively. The optical
field emanating from a lens can be expressed as Fourier
expansion of radiation from infinitesimal dipoles on an exit
surface of the lens. The role of the convex lens is to provide a
phase correction to each of the Fourier components by virtue
of phase retardation resulting from path length difference.

Anisotropic optical material is incorporated in nano-slit array
so that the plasmonic lens structure could benefit from the
tunability feature. The behavior of EM wave in anisotropic
medium is very complex. Numerical methods are preferred
in such situation for its simplicity and flexibility. In our
analysis, the Anisotropic-Dispersive Finite-Difference Time-
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FIG. 1 Tunable nano-optic plasmonic lens

Domain (A-D-FDTD) [25, 26] method is employed to illus-
trate the validity of the tunable plasmonic lens and its new
properties. Convolutional perfectly matched layer (CPML) as
absorbing boundary condition is also used to dissipate out-
going waves [27]. The simulation dimension is 5 x 10 yum? and
the FDTD grid size and time step are: Ax = Ay = 5nm and At
is achieved following the Courant stability condition. Assum-
ing the optical axis of the anisotropic molecules in the X — Y
plane, the dielectric tensor of the anisotropic media is as fol-
lows [14]:

msin® (9) - (m-nt)
+nicos’ () xsin () cos (@)
£= (n% - n?) n3 cos? (@) 0 @)
x sin (@) cos (p)  + 1 sin® ()
0 0 n3

The extraordinary (1,) and the ordinary (n,) indices of refrac-
tion of the anisotropic material are considered to be 1.737 and
1.518, respectively which belong to nematic liquid crystal at
room temperature. In Equation 1, ¢, called tilt angle, is the an-
gle between the optical axis of the anisotropic molecules and
the x direction. Moreover, the frequency-dependent complex
relative permittivity of silver is characterized by Drude model
[28]:

= €0 % 2
(w) w? + jyw @
Where e, = 3.7 is the dielectric constant at infinite angu-

lar frequency; w, = 1.38 x 1016 rad/s, the bulk plasma fre-
quency, represents the natural frequency of the oscillations
of free conduction electrons; v = 2.73 x 103 rad/s is the
damping frequency of the oscillations; and wis the angular
frequency of the incident electromagnetic radiation.

3 ISOTROPIC PLASMONIC LENS

At this stage, it is assumed that no anisotropic material is used
in the structure and all the slits are filled with air. Incident
light is a TM polarized plane wave of 850 nm wavelength un-
der the excitation condition of SPPs. In order to investigate
the focusing properties and understand the physics underlie
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FIG. 2 (a) FDTD calculated result of normalized amplitude of the x-component of the
time averaged Poynting Vector |Sy| for designed plasmonic lens at A = 850 nm (b)

the corresponding calculated cross section of |Sy| at the focal point.

the plasmonic lens structure, the FDTD simulation of ampli-
tude of the x-component of the time averaged Poynting Vector
(|Sx|) is illustrated in Figure 2(a). As can be seen, this structure
focuses a plane wave beam of light at about 1270 nm away
from the exit surface. Moreover, the corresponding calculated
cross section of |Sx| at focal point is illustrated in Figure 2(b).
The focused spot size (full width at half maximum (FWHM))
is about 580 nm. The normalized |Sy| cross section is defined

_ |Sx]
as |Sx|norm " maximum([Sy[)

4 TUNABLE PLASMONIC LENS

There are actually two ways by which the focal point of a plas-
monic lens can be shifted. First, the structural parameters of
the nano-slits could be altered to satisfy the requirements of
phase change. Obviously, this is impractical because differ-
ent plasmonic lenses should be used to shift the focal point.
Second, by changing the optical properties of the material in-
side the nano-slits, it is possible to shift the focal point. There-
fore, at this stage, the nano-slits are stuffed with liquid crys-
tal. The structure is illuminated by a continuous-wave at the
wavelength of A = 850 nm from the left side of the structure.
Changing the optical axis orientation (¢) of liquid crystal al-
ters the effective permittivity and, thus, the optical response
of the lens. Consequently, the phase retardation through each
aperture can then be changed by controlling the voltages and
there is no need to change the geometry. The effective refrac-
tive index of liquid crystal varies from n = n, for ¢ = 0 degree
ton = n, for ¢ = 90° [14]. The FDTD simulations of ampli-
tude of the x-component of the time averaged Poynting Vector
at different tilt angles, ¢ = 0°, ¢ = 45° and ¢ = 90°, are shown
in Figures 3(a-c), respectively. The focal points are illustrated
by vertical white dashed lines in x-axis. As shown in

FIG. 3 FDTD calculated results of amplitude of the x-component of the time averaged
Poynting Vector |Sy| for (a) ¢ = 0° (b) ¢ = 45° (c) ¢ = 90°.

Figure 3(a), when the tilt angle is fixed to be ¢ = 0°, a clear fo-
cus appears at about 520 nm away from the exit surface. Then,
the structure is illuminated by an external electric field. There-
fore, the orientation of the LC molecules alters and a variation
in effective refractive index would be discernible. We suppose
that the external electric field is enough for changing the tilt
angle of the molecules from 0° to 45°. The wavelength of the
input signal remains constant and is equal to A = 850 nm. In
this case, the focus appears at about 1245 nm away from the
exit surface as shown in Figure 3(b). If the tilt angle continues
to increase to ¢ = 90°, the focus drops to about 845 nm away
from the exit surface which is displayed in Figure 3(c).

In order to find out the reason of the focus moving, the
complex propagation constant (f) is obtained from solving
the dispersion relation of the metal-anisotropic-metal (MAM)
waveguide. The real part of effective refractive index
(Re(nqgr) =Re(B)/ ko) of a MAM waveguide versus wavelength
is shown in Figure 4 for different tilt angles ¢ = 0°, ¢ = 45°
and ¢ = 90°. As can be seen, by increasing the tilt angle
for a fixed value of wavelength, Re(rn.¢) would decrease.
By decreasing the effective refractive index, the Fabry-Perot
(F-P) resonances of propagating plasmon modes occur in
shorter slits. In Figure 3(a), only the centric slit achieves the
F-P resonance when ¢ = 0° which makes the focus closer to
the exit surface. When the tilt angle increases to ¢ = 45°, the
decrease of Re(n.5) causes the two slits on the both sides of
the centric slit to achieve F-P resonance. Thus, the focal length
increases as shown in Figure 3(b). If the tilt angle continues
to increase to ¢ = 90°, the two outermost slits achieve F-P
resonance instead of the other slits; therefore, it is expected
that the focal length would increase. However, because of the
convex profile, the depth of these two outermost slits is much
smaller than the the depth of other slits and, consequently,
the focus moves closer to the exit surface in compare with
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FIG. 4 Real Part of effective refractive index versus wavelength for ¢ = 0° (blue dashed

curve), ¢ = 45° (green solid curve) and ¢ = 90° (red dotted curve).
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FIG. 5 Comparison between calculated cross sections of the normalized amplitude of
the x-component of the time averaged Poynting Vector, |Sy|, at the focal point for
¢ = 0° (blue dashed curve), ¢ = 45° (green solid curve) and ¢ = 90° (red dotted

curve).

¢ = 45°, but the focal length is still larger than the one at
¢ =0°.

A monitor line has been used to record the intensity level of
the beam. The calculated cross sections of amplitude of the
x-component of the time averaged Poynting Vector, |Sy|, are
illustrated in Figure 5 for ¢ = 0°, ¢ = 45° and ¢ = 90°. The
focused spot size at ¢ = 0°, ¢ = 45° and ¢ = 90° are about
495 nm, 600 nm and 425 nm, respectively.

The focal length and also the transmittance through the lens
versus tilt angle diagrams are also illustrated in Figure 6. The
maximum tuning range of the focal length by the applied
electric field occurs for a change in tilt angle from ¢ = 0° to
¢ = 45° and its value is about 725 nm.

Our simulations demonstrate the feasibility of beam focusing
with the use of nano-slit array whose geometry is properly
shaped to induce a phase correction at the exit surface. Opti-
mization of the structure geometry should lead to improved
performance.
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FIG. 6 (a) The focal length versus tilt angle (b) The transmittance versus tilt angle

5 CONCLUSION

Summarizing, we have numerically proposed a tunable plas-
monic lens based on Metal-Anisotropic-Metal (MAM) struc-
ture. By application of an external electric field, the orientation
of the LC molecules can be controlled, thus, inducing a vari-
ation of the refractive index which, in turn, leads to a change
in SP modes. The simulated results clearly show that the focal
point can be controlled easily. Moreover, large tuning range of
the focal length up to 725 nm can be achieved. In fact, the ac-
tive control of beam in plasmonic lens has great applications
in near-field scanning, SPs antenna, etc.
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