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Abstract: We demonstrate an elliptically symmetric plasmonic lens that is 
illuminated by a radially-like polarization field. This illumination function is 
TM polarized with regard to the plasmonic lens, ensuring optimum coupling 
of the incident light into surface plasmons polaritons. The structure is 
analyzed theoretically by using the Green function approach, and a finite 
difference time domain simulation. Both approaches provide similar results. 
Specifically we calculate and experimentally measure the field distribution 
on the surface and a few microns above it. The results show strong 
dependency of the electric field distribution on the eccentricity of the 
elliptic structure and the illumination wavelength. The interference of 
surface plasmons generates a structured pattern consisting of distinct peaks 
distributed inside the ellipse with locations that are wavelength dependent. 
This pattern can be used in several applications including structured 
illumination microscopy, particles beam trapping and sensing. 
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1. Introduction 

In recent years it has been demonstrated that surface plasmons (SPs) can be focused by a 
plasmonic lens (PL) producing a diffraction limited spot size with an effective numerical 
aperture (N.A) higher than 1. The high effective N.A is the result of the interference of surface 
waves having a wavelength smaller than the vacuum wavelength. The basic PL consists of a 
circular subwavelength slit that is milled into a metal surface. When illuminated, the 
subwavelength slit converts the incident light into SP waves. These SPs are propagating 
towards the center of the circle, to form a sharp central spot by the interference of counter 
propagating SP’s. This concept was demonstrated by Liu et. al. [1], where a PL made of Ag 
layer on top of glass was illuminated by a linearly polarized light and the field distribution 
was measured by a near field scanning optical microscope (NSOM) and also by recording the 
intensity pattern in photoresist. Recently, it was suggested and experimentally demonstrated 
that radially polarized light is a better choice for the illumination of the circular PL instead of 
a linearly polarized light [2–6]. The unique characteristics of radially polarized light, such as 
forming a tighter focal spot than linearly polarized light, and a strong Ez component at the 
focus, have been previously demonstrated [7,8]. Moreover, radially polarized light has another 
advantage, as it is TM polarized with respect to the annular slit of the PL along its whole 
circumference. Keeping in mind that TM polarization is required for SP excitation, the 
radially polarized light is the natural choice for illuminating a circularly symmetric PL. This is 
in contrast to the case of a linearly polarized light, where its TM component drops as cos(θ), 
where θ is the angle between the polarization direction and the normal to the slit. Therefore, 
radially polarized light can provide stronger coupling of light into SPs and thus larger 
enhancement of the field at the focus of the PL can be achieved. In addition, it was shown that 
radially polarized light illumination allows the constructive interference of the dominant out 
of plane electric field component (Ez) at the center, whereas linear polarization illumination 
give rise to the constructive interference of the less dominant in plane electric field 
component. 

Taking this concept one step further, the polarization field distribution can be manipulated 
to match any slit geometry, such that it will always be TM with respect to the slit, allowing 
maximal coupling of light into SP. One approach for locally controlling the polarization 
orientation is the use of space variant subwavelength gratings acting as localized half wave 
plates which rotate the polarization towards the desired direction at any point across the beam 
[9,10]. Here we take advantage of this approach to study an elliptical plasmonic lens (EPL), 
i.e. a subwavelength elliptical slit that is milled into a metal surface (Ag). The EPL is 
illuminated by a matched polarized beam, i.e. the electric field of the illuminating beam is 
perpendicular to the slit and therefore can be considered as TM polarized with regard to the 
ellipse, allowing maximal and equal coupling of light into SPs from every section of the 
elliptical slit. Although elliptically shaped plasmonic structures have already been 
demonstrated [1,11], it is the first time where the polarization of the incident beam is matched 
to this elliptical shape for optimal excitation. For simplicity we define this polarization field as 
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“radial-like” polarization. Figure 1 shows a schematic drawing of such an EPL illuminated 
with a matched polarization field that is always perpendicular to the circumference of the 
elliptical slit. 

 

Fig. 1. A schematic drawing of the EPL illuminated with a matched polarization field which is 
TM polarized with regard to the elliptical slit. The arrows represent the orientation of 
polarization of the incident light at each point. The Black ellipse represents the slit in the metal. 

2. Theoretical and computational analysis 

In order to calculate the field distribution within the EPL we used the Green function 
approach [12] so that 

 ( ) ( ', ') (| ' |) ' 'incU r E x y G r r dx dy∝ ⋅ − ⋅∫∫   (1) 

Where U is the z component of the electric field within the EPL, Einc is the z component of the 
electric field on the ellipse's circumference, G is the green function of the problem, |r-r'| is the 
distance between the observation point and the sources located on the slit, and the integration 
is performed over the ellipse's boundary. The SPs propagate on the metallic surface, i.e. the 
diffraction problem is two dimensional. Thus, one needs to use the two dimensional green 
function which is the 0th order Hankel function of the first kind [13,14] H0

(1)
 = J0(k|r-r'|) + 

iN0(k|r-r'|) where k is the wave number and J0, N0 are the 0th order Bessel functions of the first 
and the second kind, respectively. Assuming that the incident electric field is constant on the 
slit, we calculate the electric field distribution inside the EPL for the vacuum wavelength of λ0 
= 1064 nm where the metallic layer is assumed to be perfect. We found that the SP 
interference pattern strongly depends on the eccentricity of the ellipse, the polarization of the 
incident light and the wavelength of illumination. The eccentricity of an ellipse is given by 

2 21 ( / )b aε = − , where a and b are the semi major and semi minor axis of the ellipse, 

respectively. To validate our calculations, we also computed the field propagation through the 
same structures using finite difference time domain (FDTD) simulation and obtained similar 
results. Figures 2 a, b and c show the calculated intensity of the z-polarized electric field 

component
2

z
E  for the case of illuminating an ellipse with eccentricity of 0.6 and a semi 

major axis of 10 microns, by a radially-like polarized field at wavelengths of λ0, 0.97λ0 and 
0.9λ0, respectively. As can be seen, a well-defined structured pattern with distinct peaks 
distributed inside the EPL is obtained. The exact position of these peaks varies with the 
wavelength of illumination. The structured pattern may be used for structured illumination 
microscopy where a high resolution is obtained by gathering additional information from the 
interaction of the illumination pattern with a specimen that is placed on top of the EPL [15]. 
Plasmonic structures were recently used for demonstrating the concept of structured 
illumination microscopy [16]. Further improvement in resolution may be obtained by 
performing a wavelength scan. The peaks will be shifted across the sample as a function of 
wavelength, and thus a specimen will be sampled by many different illumination functions, 
providing an effective super resolution imaging approach. 
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Fig. 2. Normalized |Ez|2 intensity distribution across ellipses with eccentricity of 0.6 and a semi 
major axis of 10 microns illuminated by a radially-like polarization field with wavelengths of 
(a) λ0, (b) 0.97λ0 and (c) 0.9λ0, respectively. The scale bar is common to all 3 figures. 

Next we compare the calculated patterns with a case where the same EPL is illuminated 
with a “conventional” linear polarization. The result is shown in Fig. 3. As can be seen, SPs 
are generated only from sections where the polarization is TM with regard to the slit. Because 
of this partial symmetry, the obtained interference pattern is smeared across the EPL, and a 
dark line is obtained at the center of the EPL. This dark line is due to destructive interference 
of the Ez field at the center and it can be considered as an extension of the dark spot obtained 
in circular symmetric PL when it is illuminated by a linearly polarized light. 
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Fig. 3. |Ez|2 intensity component for the case where an ellipse with eccentricity of 0.6 and a 
semi major axis of 10 microns is illuminated by a linearly polarized light. The incident 
polarization direction is marked by the white arrow. 

3. SPs measurements at the surface of the EPL 

Previously [17,18] we designed and generated polarization fields having an elliptical 
symmetry, by the use of space variant subwavelength grating elements. Having these elements 
in hand, we fabricated EPLs with eccentricity that matches the eccentricity of the polarization 
fields. The EPL was fabricated by depositing 200 nm thick Ag layer on top of a glass surface 
followed by a FIB milling to define a transparent elliptical slit in the metal. The width of the 
slit was chosen to be 250 nm corresponding to 0.23λ0 at our wavelength of operation 
(Nd:YAG laser, λ0 = 1064). This slit width was found to be ideal for efficiently generating 
SPPs at the slit edge [19], and for low coupling to radiative modes due to the abrupt 
termination of the slit [20]. Figure 4 shows a scanning electron micrograph (SEM) of an EPL 
with an eccentricity of 0.79 and a semi major axis of 10 microns. 

The EPL was measured as follows: The linearly polarized light emerging from the laser is 
converted to the desired polarization field by the subwavelength grating element. After 
polarization conversion, the beam is focused onto the sample, which is situated on the stage of 
an inverted microscope, by a 4x objective lens. The sample is raster scanned by a near-field 
scanning optical microscope (NSOM, Nanonics Imaging Ltd) using a metal coated tapered 
fiber probe with a circular aperture of 250 nm diameter. The light collected by the probe is 
guided by the optical fiber and detected by an IR femtowatt photoreceiver. Using the feedback 
mechanism of the NSOM system the probe is either kept in contact with the sample (tapping 
mode) or within a constant distance from it (constant height mode). 

 

Fig. 4. An SEM picture of an EPL with eccentricity of 0.79 and a semi major axis of 10 
microns. 
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Figures 5a and b show the NSOM measurement and the computer simulation of the Ez
2
 

intensity component as generated by an EPL with eccentricity of 0.79 and a semi major axis 
of 10 microns. The EPL is illuminated by a matched radially-like polarization field. To 
validate our simulation results and to demonstrate the flow of energy in the EPL, we also 
calculate the intensity distribution at different time slots using finite difference time domain 
(FDTD) simulations. In our FDTD model we assume a thin perfect electric conductor layer 
with an elliptical aperture, excited by the radially-like polarized field. Media 1 shows the 
evolution of the SPs intensity pattern with time inside the EPL. For our FDTD calculations we 
use Meep [21], a free software FDTD package. 

 

Fig. 5. NSOM measurement (a) and computer simulation (b) of the |Ez|2 intensity component as 
generated by an EPL with an eccentricity of 0.79 and a semi major axis of 10 microns. The 
EPL is illuminated by a matched radially-like polarization field. The time evolution of the |Ez|2 
intensity component can be seen in (Media 1). This movie is based on finite difference time 
domain calculation using Meep. 

The measured electric field distribution is comparable to our computer simulation, with 
concentration of energy towards the foci of the ellipse. Nevertheless, the fine details are not in 
exact agreement and we believe this is because of: 1- Non uniform illumination caused by the 
imperfect polarization conversion element. 2- Slight misalignment between the polarization 
field and the EPL. 3 – Defects in the EPL that were developed during the NSOM scan. 4 – 
The assumption of perfect metal which ignores: A- losses, B – a slight change in the effective 
index of the SP wave (about 1%) and C - the existence of an in plane electric field component 
in the measurement. This issue is explained in the next paragraph. 

Previous studies showed that the in plane field component couples more efficiently to the 
apertured NSOM probe compare with the out of plane field component (Ez) [22]. 
Nevertheless, for SPs, the ratio between Ez and Ein-plane is determined by the dielectric 
constants of the metal (εm) and the dielectric (εd), as |Ez|

2
/|Ein-plane|

2
 = |εm|/εd. At our 

wavelength of operation, the dielectric function of Ag is 52 3.5iε = − + , thus the ratio 

|Ez|
2
/|Ein-plane|

2
 is ~52, meaning that despite of the weak coupling of Ez to the probe, the 

measured intensity is still expected to correspond mostly to |Ez|
2
. Yet, the strong coupling of 

the in plane field component may affect the obtained results. 

4. Measurements of diffracted waves above the EPL 

Next we performed an NSOM measurement few microns above the EPL. In contrast to the 
previous section, in this regime the SPs can be neglected due to their exponential decay along 
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the z axis, and the field distribution is given by the diffraction of waves emanating from the 
slit. These waves are known as cylindrical waves and have been studied before for other 
geometries [23,24]. The results of our measurements, alongside our computer simulation are 
shown in Fig. 6a and b, respectively. The simulations were performed using Meep and show 
the total energy density of the electric field. Comparing between Figs. 5 and 6 we notice a 90 
degrees rotation of the pattern between the two cases. The scan in Fig. 5 was performed on the 
surface of the EPL – therefore the measurement shows the electric field just near the ellipse's 
apperture and has the same orientation as the aperture. The scan in Fig. 6, on the other hand, 
was performed few microns above the EPL where diffraction plays an important role so the 
orientation of the ellipse is rotated just like the diffraction pattern from an elliptic apperture is 
rotated by 90 degrees with respect to the aperture. 

 

Fig. 6. (a) An NSOM scan performed few microns above the same EPL of Fig. 4. (b) A 
corresponding computer simulation showing the electric energy density. 

5. Conclusions 

We demonstrate the concept of polarization field manipulation for efficient coupling of light 
to plasmonic structures. Specifically, a plasmonic lens with elliptical geometry was 
illuminated with a matched TM polarized field, generated by the use of subwavelength 
gratings. The field within the plasmonic lens was measured by NSOM on the metallic surface 
as well as few microns above it. The experimental results show good agreement with theory 
revealing a well distinct pattern of SPs inside the elliptical plasmonic lens. This pattern 
strongly depends on the eccentricity of the ellipse as well as on the illumination wavelength. 
We believe that the elliptical plasmonic lens can be used in a variety of applications such as 
structured illumination microscopy, particles beam trapping and sensing. 
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