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Abstract— Surface Plasmon Polaritons (SPPs) are evanescent
surface electromagnetic waves that propagate along a dielectric-
metal interface. They allow propagating modes in waveguides with
dimensions smaller than the diffraction limit. By arranging slits of
different widths along a metallic film, it is possible to design
plasmonic lenses through phase modulation at the slits output.
The distance of energy concentration, obtained by these lenses, its
called focus and is of the order of one wavelength (). Lenses of this
type allow light coming from a micrometric waveguide, such as
optical fibers, for example, to be coupled to structures such as
nanometric waveguides, at short distances, reducing considerably
the coupling area. In this work, by using the Finite Element Method
(FEM) was simulated the energy coupling between a light source and
a plasmonic waveguide using plasmonic lens operating at
wavelengths of 650 nm.

Index Terms— Finite elements, Optical coupler, Plasmonic lens, Plasmonic
waveguides.

I. INTRODUCTION
The transmission of light through sub wavelength metallic apertures with low losses brought up a

new era for the design of new types of hanophotonic circuits [1]-[9]. It makes possible to design several
devices such as bends, couplers, nano waveguides and lenses.

Plasmonic is the science that studies the behaviour of plasmons. When light interacts at an interface
composed by a dielectric material with another conductive material, dense waves of electrons are
formed on this surface, and these waves are called plasmons [10]. When this energy accumulated at the
metallic interface comes into contact with a non-conductor material, particles called polaritons are
formed, hence the term Surface Plasmon Polaritons (SPP) to refer to these surface waves at high
frequencies [11], [12].

In this context, the study of plasmonic allowed the optical industry to absorb this technology, giving
rise to a new range of devices and applications. An example of this is the plasmonic lenses, which are
devices that permit subwavelength focusing of light in the visible spectra and in the near infrared (NIR)
[1]-[3]. At optical frequencies, these structures can be implemented by alternating nanocapacitors and
nanoinductors which can be obtained by using dielectric and plasmonic structures, respectively [4]-[6].

Optical lenses are excellent candidates for coupling light between two optical devices such as sources

and dielectric or plasmonic waveguides. Like conventional lenses, plasmonic lenses have the objective
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of receiving an excitation and creating a focal point at the output. However, with the advancement of
technology, it is increasingly necessary for devices to present a high performance, and it is at this point
that conventional lenses begin to decay, since their focal point is defined by the curvature in the
geometry, and as frequencies increase the geometry of these devices tends to be smaller and smaller,
which can make them unfeasible [13].

To solve this problem, lenses composed with metamaterials [14], [15] were proposed, which defined
the focal point based on the unit cells that would compose the structure, that is, the focus is independent
of the curvature of the lens, but this technology presents some complexity in its prototyping. In this
way, plasmonic lenses can be used as an alternative to solve these problems, since, like metamaterial
lenses, plasmonic lenses are independent of the lens geometry, since the focal point will be created
based on the aperture formed by the plasmonic materials but presenting a simpler and much more
practical construction process for current prototyping standards.

Due to the characteristics of the applications, the metals used to build a plasmonic structure need to
be noble metals, as these can support surface plasmons. Noble metals are particularly effective in
plasmonic because their valence electrons are highly mobile, making them able to interact strongly with
light, in addition to being highly resistant to oxidation and corrosion [16], [17]. In this way, silver (Ag),
gold (Au) and copper (Cu) are the most prominent materials that can be used for plasmonic lenses
fabrication due to its relatively easy acquisition.

Since metals are very dispersive materials which exhibit different values of complex refractive index,
depending on the operating wavelength, the lens characteristics, such its chromatic aberration and full
width at half maximum (FWHM) should be analysed for polychromatic illumination operation [18].

In this context, this work will design and analyse silver plasmonic lenses, with dielectric permittivity
(¢) values obtained from [1] and [7], varying the lens configuration parameters [8], and their use as a
compact coupler between an external light source and a plasmonic waveguide.

In section 11 of this work the design of the plasmonic lenses used will be presented. Section 111 will
discuss the simulations carried out, presenting the results obtained and the discussions relevant to each

topic, and finally in Section IV the conclusions obtained in this study will be presented.

Il. PLASMONIC LENS PROJECT
In an optical circuit, in which a source provides energy to be transported in a waveguide, it is essential

to use coupling devices that will increase the system efficiency, reducing possible dispersion losses at
the coupling point.
In this context, Fig. 1 shows the setup proposed in this work, in which the coupling will be performed

by means of a plasmonic lens.
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Fig. 1. Schematic of Ag plasmonic coupler, adapted from [9].

First, a study was carried out on the focal point of light by using a nano-slit lens or also called near-
field focusing plate [1], [3], [6]. An already developed computational model [19], [20] was used to
simulate a silver (Ag) lens, see Fig. 2, with the same dimensions described in [1]. This structure focuses
the light in the transversal direction because of its two-dimensional (2D) nature. The parameters lens
are the diameter of the lens aperture D = 4 um, the thickness of the Ag film d = 500 nm and the

minimum spacing between slits e = 40 nm.
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Fig. 2. Schematic of a nano-slit array with different width formed on thin metallic film. Metal thickness is d, and each slit
width is determined for required phase distribution on the exit side, respectively. A TM-polarized plane wave is incident
to the slit array from the left side. Reprinted with permission from [1].

The lens is designed to operate at a wavelength of A = 650 nm, and with a focal length of f =
600 nm. The relative permittivity used for the silver at this wavelength is &, = —16.6338 + j0.5 [7].
As noted in [1], the minimum spacing between slits e must be greater than 24 nm, which is the value

of the silver penetration constant at A = 650 nm.

I1l. METHOD OF ANALYSIS
According to [19] and [20], it was considered a general bidimensional structure (2D) as shown in Fig.

2, where the computational domain is on the plane y — z and there is no variation along the x axis
(d/dx = 0). PMLs are used to simulate an open boundary and avoid reflections from the
computational window. The 2D scalar equation, in frequency domain, governing the transverse electric

(TE) and the transverse magnetic (TM) fields on the plane y — z is written as:

d/ s,00 d( s,00
y Z 2
sy—(p=2=— —(p=2==) + kigsp = 0; 1
yay( say) ZBZ< saz) 0459 @)
where
@ =E,,p=1,q =n?,for TE modes; )
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and

@ =H,,p=1/n%?,q =1,for TM modes ; 3
where ko, = 2m/Aq, Ay is the free space wavelength. E, and H, are the z components of the electric and

magnetic fields, respectively, n is the refractive index, defined in [19] and [20]. The s and s; (i =
x,y,z) are the PML parameters, and they can be determined as follows:
(P
si=1—] (d_l> tan (6;) (G))
where p is the distance from the beginning of PML, d; is the PML thickness, and &; is the angle at the
end of PML (p = d;) [20]. The PML was ideally designed, that is, every wave incident on its surface
will be absorbed. In other words, the estimated total reflection level was zero.

For the numerical analysis of the structure, the Galerkin formulation is applied to solve (1), which is
called the bidimensional Finite Elements Method (2D-FEM). In this formulation, the x and y
coordinates represent the transverse directions and z represents the propagation direction, as shown in
Fig. 2. For the entire structure, including the PML, a single mesh was considered, as the algorithm

identifies the regions of the structure based on the defined materials.

IV. RESULTS AND DISCUSSIONS
Initially, the computational domain considered was of —1.20 um < z < 3.15 um and —2.20 um <

y < 2.2 um divided in 64,059 triangular elements of quadratic order (128,890 points), where the
PMLs are the outer layers of 0.2 ym and 0.5 yum in y and z coordinates, respectively. The incident field
is a TM-polarized plane wave and is placed at z = —0.65 um. The near-field focusing structure starts
at z = —d nm and ends at z = 0. The field intensity distribution for the lens designed to operate at A =
650 nm is shown in Fig. 3. The lens has 66 slits and the slit widths were obtained from the interpolation

of the function that models the slit width in relation to the central position of the lens [1].
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Fig. 3. (@) Magnetic field distribution, and (b) Transversal intensity profile at Zmax = 765 nm.
From Fig. 3, it can be seen that the simulated lens has a FWHM = 261 nm with a depth of focus
(DOF) of 781 nm. Note that the maximum focus point, Z,,,,, = 736 nm, does not match the projected
focal length f = 600 nm. However, the lens design equations are based on geometric optics, which,

despite being extremely useful, are not strictly accurate in the near-field region and the projected focal
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length is within the half-power focal length [8]. The results obtained here are very consistent with the
results presented in [1], showing that this plasmonic lens configuration can be used as a compact
coupler.

In Fig. 4(a) it is shown the power density, along the horizontal line (z axis) at the center of the lenses
(y = 0) for silver relative permittivity of ., = —16.6338 + j0.5 (blue line) [7] and &,, = —17.36 +
j0.715 (red line) [1]. The lens with permittivity &,,; has DOF equal to 781 nm, while the lens with
permittivity &,, has a DOF equal to 811 nm. The sudden energy variation within the lens region, which
corresponds to the interval —0.5 um < z < 0 um, demonstrates two characteristics of SPPs: a large
increase in field intensity within the lens and a change in the wavelength that propagates in the central
slit. Both simulated lenses have a small maximum difference of only 5%. Thus, the lens with the
permittivity value obtained from [7] has focus smaller than the lens focus with the permittivity obtained
from [1], showing a favourable reduction of the focal length, which is desirable for the Z,,,,, reduction.
The bandwidth (BW) is defined as the range of wavelength where the power density at the maximum
focus point is greater than a chosen threshold, for example 50% of the maximum peak of the density
energy curve in function of wavelength [8]. In Fig. 4(b) are presented the BWSs of the lens with silver
permittivity e,.,. The dashed horizontal lines represent the thresholds of 50%, 80% and 90% of the
maximum peak power density, respectively. For a threshold of 50%, the lens has three BWSs: from
424 nm to 452 nm (BW = 28 nm); from 456 nm to 469 nm (BW = 13 nm) and from 483.15 nm
to 730 nm (BW = 246.85 nm). For a threshold of 80% a BW region from 511 nmto 619 nm (BW =
108 nm) is perceived and for a threshold of 90% there are three BWs: from 514 nm to 523 nm (BW =
9 nm); 534 nm to 542 nm (BW = 8 nm) and from 552 nm to 602 nm (BW = 50 nm). It is also
observed in Fig. 4(b) that the maximum power density, obtained at wavelength A = 586 nm, is not
reached at the lens operating wavelength (1 = 650 nm), it is expected because SPP excitation occurs

for surface plasmons (SP) wavelength A¢p = 632 nm.
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Fig. 4. (a) Power density in a horizontal line along the z axis at the center of the projected lens and (b) Power density at

thepoint of maximum focus (Zmax) in function of wavelength, where the horizontal lines represent the 50%, 80%, and
90% thresholds of the curve’s maximum value

A. Determination of the coupling lens
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To determine the best lens to be used as plasmonic coupler, several lens configurations operating at
the wavelength of 2 = 650 nm and with a focus length of f = 600 nm were designed. A study was
carried out on the robustness of the lens against possible variations of design parameters, such as the
lens depth d and minimum spacing between slits e, as well as noting that there is the possibility of
optimizing the coupling efficiency of the plasmonic lens in function of those parameters. The values of
the d parameter was chosen as being 410 nm, 500 nm, 550 nm and 610 nm. For each lens depth d
value considered, the minimum spacing between slits, e, assumes the values 25 nm, 35 nm, 40 nm,
45 nm and 55 nm, totalizing twenty lens variations.

In Figs. 5(a)-(d), is presented the power density (or Poynting vector), in a horizontal line in the middle
of the lens (y = 0), for the lens depth values of d = 410 nm, d = 500 nm, d = 550 nm, d = 610 nm,
respectively, where the spacing between slits are: 25 nm (black line), 35 nm (red line), 40 nm (blue
line), 45 nm (magenta line), 55 nm (green line). In general, the maximum focus position (Z,,4,)
increases for small values of the minimum spacing between slits e.

w b OO N @ ©
Loaaaluaastiesalibaating il

Power density (x1 o° W/mz)

T T R T
05 1.0 15 2.0 25 3.0

Power density (x10° W/m?)

T T
05 1.0 15

—
20

T

25 3.0
z[um] 2[um]
(a) d = 410 (b) d = 500
; T T T T T T T T T
104 104 —_—
9 ——=g=25nm
1 9 e=35nm

& g1 < g3 e =40 nm
§ § e=45nm
£ “ 7 e =55nm
o o
% o x4
2 53 2 5
< 5
3 44 =] 4
‘g 31 % 34
&€ 2 € 2]

14 3 :

ES 0 , : . -l

T T T ! T
05 1.0 1.5 20 2:5 3.0 03 10 15 2o 25 30
z[um] z [um]
() d = 550 (d) d = 610

Fig. 5. Power density in the centre of the transversal domain (line y = 0) of lenses with thickness of the film of: (a) d =
410nm, (b) d = 500 nm, (c) d = 550 nm and (d) d = 610 nm. Five values of the spacing between slits e are considered:
25 nm (black line), 35 nm (red line), 40 nm (blue line), 45 nm (magenta line), 55 nm (green line).

From Figs. 5(a)-(b), it is possible to see that, in both lenses with d = 410 nm and d = 500 nm, the
curves that present the maximum power intensity are obtained for a minimum spacing between slits of
e = 25 nm. When comparing the maximum power densities of both the lenses, with d = 410 nm and
d = 500 nm, and with e = 25 nm, it is noticed that the lens with d = 410 nm is approximately e =
14% smaller than the intensity of the lens with d = 500 nm and both lenses have Z,,,, equal to
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919 nm. Observing the Figs. 5(c)-(d), the lens with minimum spacing between slits of e = 35 nm and
d = 550 nm, in Fig. 5(c), and the lens with minimum spacing between slitse =45nmand d = 610 nm,
in Fig. 5(d), have maximum power density, being 0.58% smaller and 0.96% greater than that of
maximum power density with e = 25 nm and d = 500 nm in Fig. 5(b), respectively. Both these lenses,
d = 550 nm and d = 610 nm, have maximum power density close to that lens with e = 25 nm and
d = 500 nm of Fig. 5(b) and have focal lengths of Z,,,,,, = 826 nm and Z,,,,,, = 856 nm, respectively.
Therefore, the lens with d = 550 nm and e = 35 nm is the most suitable of the lenses analysed in this
work, to perform the coupling in photonic structures at the nano-metric scale, as it has a focus length
near to the projected one. This lens has a FWHM and DOF of 277 nm (0.424) and 832 nm,
respectively and will be defined as an optimal coupling lens in this work.

In Table I, are presented the Z,,,,, values and maximum power density (S,) for the thickness of the
film d = 500 nm and the five values of the minimum spacing between slits e: 25 nm,35 nm, 40 nm,
45 nm and 55 nm. The lens with e = 25 nm has a maximum power density approximately 28%
greater than the lens with e = 40 nm and a Z,,,,, value of 983 nm, which is 247 nm greater than the

maximum focus position of that lens.

TABLE |. MAXIMUM FOCUS POSITION (ZMAX) AND MAXIMUM POWER DENSITY FOR THE THICKNESS OF THE LENS D = 500 NM.

e Zmax [nm] Sz x 10* [W/m?]
25 983 10.42
35 825 9.88
40 736 8.16
45 722 8.58
55 701 7.48

Next, since silver is a dispersive material, the calculation of Z,,,, and maximum S, in function of

wavelength was performed, for the optimal coupling lens (e = 35 nm and d = 550 nm) obtained in

this work, respectively, see Fig. 6.
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Fig. 6. (a) Position of the peak power intensity (Zmax) for the lens composed by silver designed to operate at the central
wavelength of 650 nm and (b) power density at Zmax = 826 nm in function of wavelength.

In Fig. 6(a) is observed that Z,,,,, decreases with the increase of the wavelength values. It approaches

the projected focus value f = 600 nm at wavelengths region from 800 nm to 850 nm. Also, the power
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density at Z,,,,,, = 826 nm decreases with the increase of the wavelength values, as can be seen in Fig.
6(b), which causes the lens coupling in waveguide structures to be restricted to certain ranges of the

wavelengths.

B.  Plasmonic lens coupling
In this section, an analyse will be carried out on the coupling of magnetic energy in to two types of

plasmonic waveguides. The light is couple, from an external source/dielectric waveguide to a metallic-
dielectric-metallic (MDM) plasmonic waveguide initially, and then to a plasmonic waveguide made of

double chain of silver nanocylinders.

1) Coupling to an MDM plasmon waveguide
First, it was considered a coupler created by placing a plasmonic lens to couple energy from an

external waveguide to a two-dimensional MDM plasmonic waveguide. Was used the optimized lens
obtained in the previous section, which has lens depth d = 550 nm and e = 35 nm. Fig. 7 shows the
computational domain of the coupling lens and the MDM waveguide, where wp is the MDM waveguide
width and A is a parameter that is called coupling distance between the plasmonic lens and the MDM
waveguide. The PMLs are the outer layers of 0.5 um in both coordinates in y and z directions. The
structure was excited with a TM-polarized plane wave at the wavelength of A = 650 nm.

incidence plane
Z

PML

A metal

PML Wp I PML

«~—— plasmonic lens

PML

Fig. 7. Two-dimensional computational scheme for the 2D-FEM simulation of the magnetic waves in plasmonic couplers.
The coupler, created by placing a coupling lens to couple energy from an external dielectric waveguide or fiber to an MDM
plasmonic waveguide.

Simulations were made for coupling lenses in function of coupling distance A, with values in the
range from 600 nm to 850 nm, for various values of widths (wp) of plasmonic waveguides. Fig. 8
shows the coupling efficiency and the reflection coefficient for various values of waveguide widths at

the wavelength 4 = 650 nm.
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Fig. 8. Coupling efficiency (a) and reflection (b) for MDM plasmonic waveguides widths of wp values: 40 nm (black

line), 50 nm (red line), 70 nm (blue line), 100 nm (magenta line), 130 nm (green line), 150 nm (dark blue line), 180 nm
(purple line) and 200 nm (brown line) at the wavelength A = 650 nm in function of the coupling distance A.

For the MDM waveguides analysed, coupling distances A at which maximum coupling coefficients
are in the value range between the design focal length (600 nm) and the maximum focal length Z,,,,
(826 nm). The best coupling efficiency is obtained for the MDM waveguide of width wp = 150 nm
and wp = 200 nm located at a coupling distance of A = 750 nm. However, it is not at this position
that the minimum reflection occurs as seen in Fig. 8(b). The minimum reflection for the waveguide
width wp = 200 nm is obtained for a coupling distance A = 730 nm with a reflection of 0.067. It is
observed that the maximum focal length Z,,,,, of the plasmonic lens is not always the distance that
provides the best coupling in the MDM waveguide.

In Fig. 9 is calculated the coupling efficiency and the reflection in function of the width wp of the

MDM waveguide for various coupling distances values A.
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Fig. 9. Coupling efficiency (a) and reflection (b) in function of the MDM waveguide width wp for different coupling
distance A, namely 600 nm (black line), 650 nm (red line), 700 nm (blue line), 750 nm (magenta line), 775 nm (green line)
and 825 nm (light blue).
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In Fig. 9(a) it is possible to verify again that the coupling distance at which the best coupling occurs
is A = 750 nm. The reflection coefficient is also calculated, see Fig. 9(b), where the coupling distance
that has the minimum reflection is A = 750 nm with wp = 150 nm.

Waveguides with small wp have high coupling efficiency as can be seen in Fig. 9(a) where waveguide
widths of 30 nm, 60 nm, 90 nm and 150 nm with a distance of A = 750 nm (magenta line) have the

highest coupling efficiency peaks corresponding to 0.32, 0.39, 0.44 and 0.45 values, respectively, all
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these simulation having reflection below of 0.2. Note that waveguides with widths wp close to the focal
width (FWHM = 277 nm) have a good coupling efficiency, however, they must have evanescent
modes because their reflection value is relatively high. In Fig. 9(b) the small waveguides widths wp
show large reflections coefficient, having about 0.56 value, for A = 825 nm and for waveguides width
wp equal to 10 nm, confirming again that the Z,,,, of the coupling lens does not provide the best
coupling efficiency.

In Figs. 10(a)-(f) the behaviour of the magnetic field |H,| was simulated to demonstrate the coupling
to the MDM plasmonic waveguide for different widths of wp: (a) 30 nm, (b) 60 nm, (c) 90 nm, (d)
150 nm, (e) 200 nm and (f) 277 nm by using a coupling distance of A = 750 nm in the plasmonic

lens.
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Fig. 10. Coupling magnetic fields for the MDM waveguides with widths of wp: (a) 30 nm, (b) 60 nm, (c) 90 nm, (d) 150 nm,
(e) 200 nm and (e) 277 nm with coupling distance A equal to 750 nm in the plasmonic lens.

Based on results obtained in Fig. 10, it is verified that the magnetic field decreases by increasing the
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waveguide width, and despite this, the energy coupled to large-width waveguides is still high. This
demonstrates that the best couplings it is not obtained only in MDM waveguides that have a width
comparable to the FWHM of the plasmonic lens. From the results of this simulation, it can see that the
plasmonic lens has great coupling capabilities to couple energy from an external waveguide to an MDM
waveguide. The results show that there is a coupling efficiency approximately up to 50%, and having
efficiency characteristics that allow coupling to small width waveguides located at coupling distance

close to the Z,,,4x-

2) Coupling to plasmon waveguide based on double chain of metal cylinders.
To couple energy from a source to a plasmonic waveguide, a 2D plasmon waveguide made of

double chain of silver nanocylinders [9] and the studied plasmonic lens were used. In Fig. 11, it is
shown the schematic of the coupler lens and the coupling of the light beam to the plasmonic waveguide
is made from the left to the right. Here, the computational domain was of —2.7 um < z < 15.3414 um
and —2.5 um <y < 2.5 um divided in 72,245 elements (145,726 points), where the PMLs are the

outer layers of 0.5 wm and 2.0 um in y and z coordinates, respectively.

incidence plane
/
/ PML

plasmonic waveguide

, |
bg
p

PML

PML

plasmonic lens

PML

Fig. 11. Two-dimensional computational scheme for the FEM simulation of the EM waves in plasmonic couplers. The
coupler, created by placing a plasmonic lens to couple energy from an external dielectric source to a plasmonic waveguide
made of double chain of silver nanocylinders

The parameters used for the plasmonic waveguide in this example are: the radius of each nanocylinder
r = 50 nm, width of wp, = 300 nm, and the distance between the centers of the upper and lower
cylinders in the double chain (pitch) A = 200 nm, while the centre-centre distance of the adjacent
cylinders is 120 nm along each chain.

To guide the energy from the focus of the lens to the plasmonic waveguide, similar to Zhan et al. [9],
a cone-shaped cylinder array coupler, which consists of nine cylinders, each one has a radius width of
50 nm, and the centre-centre distance is 200 nm are used. This cone-shaped coupler has a height of
700 nm which corresponds to about 2.53 of the FWHM (277 nm) of the focus, allowing the energy
concentrated in the focus be guided into the plasmonic waveguide. The use of the conical coupler
ensures that not only the field that is concentrated in the FWHM, but also the field in the lateral lobes
of the focus be coupled to the plasmonic waveguide. In order to have a high coupling efficiency value

in the structure, it is necessary that the plasmonic lens chosen, in addition to having a high energy
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concentration and a minimum FWHM value at the focus, the coupling distance A must be properly
matched.

To find the best distance A between the plasmonic waveguide and the lens, to obtain a good coupling
efficiency, in Fig. 12, is calculated the average power density at the center of the transversal domain,
y = 0, of the plasmonic waveguide in function of the wavelength and the following values of the A are
conisdered: 600 nm (red line), 826 nm nm (green line), 1000 nm (blue line). For comparison, Fig. 12,
also show the average power density without using the plasmonic coupler (black line). The average
power density when using plasmonic lens is better than without using lens for wavelengths less than
825 nm, 766 nm, 743 nm for A values 826 nm, 600 nm and 1000 nm, respectively. These results
show that an optimal coupling efficiency can be obtained using plasmonic lenses but for small
wavelength ranges. Furthermore, average power density exhibits an approximately linear decay in the
entire wavelength domain.

Without lens
A =600 nm
A =826 nm

_
o
|

A = 1000 nm

o]
!

Average power density x 10* W/m?
(o>

T T
650 700 750 800 850
2[nm]

Fig. 12. Average power density at the centre of each pair of cylinders in the double chain axis for a wavelength band from
650 nm to 850 nm. Three different values of the distance between the lens and the plasmonic waveguide, A, are considered:
600 nm, 826 nm and 1000 nm.

In Fig. 13, a comparison between structures without and with plasmonic lens is performed, in which

the magnetic field distribution, along the z propagation direction, can be observed.

y [um]

2 0 2 4 6 8 10

z [wm] z [pm]
(@ ®)

Fig. 13. Magnetic field distribution, in the longitudinal section, at A = 685 nm for the structure (a) without using the
plasmonic lens and (b) using the plasmonic lens coupler with A =826 nm.

Finally, in Fig. 14 the transversal magnetic field intensity is shown at z = 13.061 ym and A =
685 nm. It is possible to observe that with the use of the plasmonic lens there was a significant increase
of the field intensity in the core of the waveguide and a reduction on the sides lobes, thus indicating a
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small scattering of the light beam along the waveguide and a good concentration of energy in the

waveguide core, as shown in Fig. 13(b).

8 — T
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Fig. 14. Transversal magnetic field intensity, Hz, at z=13.061 um and A = 685 nm for the structure with plasmonic coupler
(black line) and without the use on lens (red line).

V. CONCLUSIONS
In this work, an extensive numerical analysis of the propagation of electromagnetic waves in

plasmonic structures was carried out, in order, to verify the coupling between a source and waveguides
using the 2D-FEM. Initially, the behaviour of plasmonic lenses was studied, in which it was noticed
that for silver plasmonic lens with Ag thickness d = 550 nm and minimum spacing between slits e =
35 nm at a wavelength of A = 650 nm, called in this work an “optimal plasmonic lens”, the best results
were obtained in relation to the energy focal depth parameter. Next, the use of these lenses was verified
to perform the coupling of a source in two types of plasmonic waveguides to verify their coupling
efficiencies. Comparisons of the average power density along the centreline of the plasmonic waveguide
with and without use of the lenses as a function of wavelength were performed. An increase in power
density was observed for wavelengths smaller than 750 nm when using the plasmonic lens for the
coupling. In this context, based on the results obtained numerically, plasmonic lenses have great
potential for light coupling in nanophotonic waveguides with dimensions smaller than the operation

wavelength.
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