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ABSTRACT

We experimentally demonstrate the focusing of surface plasmon polaritons by a plasmonic lens illuminated with radially polarized light. The
field distribution is characterized by near-field scanning optical microscope. A sharp focal spot corresponding to a zero-order Bessel function
is observed. For comparison, the plasmonic lens is also measured with linearly polarized light illumination, resulting in two separated lobes.
Finally, we verify that the focal spot maintains its width along the optical axis of the plasmonic lens. The results demonstrate the advantage
of using radially polarized light for nanofocusing applications involving surface plasmon polaritons.

Tight focusing and nanoscale confinement of surface plasmon
polaritons (SPPs) is attracting much interest recently. Obtain-
ing subwavelength spot size is desired for enhancing resolu-
tion in applications such as microscopy, sensing, and optical
memories to name a few. For microscopy and sensing, a
smaller spot size allows the achievement of better resolution,
such that smaller features and smaller analytes can be
observed. For optical memory applications a smaller spot
allows one to write smaller bits, thus enabling higher memory
density, with the goal of exceeding the current memory
density of blu-ray technology (25 GB per layer per disk). A
variety of focusing and confinement schemes were proposed
and demonstrated over the past few years.1-5 For example,
SPPs can be focused by the use of plasmonic lens (PL).1 In
its basic form, the PL consists of a single annular subwave-
length slit milled into a metal layer. Upon impinging on the
slit, the incident wave couples to SPPs propagating through
the slit. The SPPs in the slit are then coupled to SPPs that
propagate on the upper metal/dielectric boundary and forming
a sharp focal spot at the axis of symmetry of the PL.
Recently, it was proposed to generate an evanescent Bessel
beam by the use of tight focusing of radially polarized light
on a dielectric-metal boundary. The tightly focused radially
polarized light is TM polarized with respect to this boundary,
thus providing cylindrical symmetric focusing.2 In another
paper, we have theoretically shown that by illuminating a
PL with radially polarized light the out of plane electric field

component, which is inherently stronger than the in-plane
electric field component, interferes constructively at the
optical axis of the PL, thus forming a smaller spot size
compared with that achieved by linear polarization illumina-
tion.3 We also discussed the role of circular gratings in
enhancing the energetic efficiency of the PL.

In this letter, we experimentally demonstrate the focusing
of SPPs using a PL illuminated by radially polarized light.
We discuss the advantages of using radially polarized light
for generating a sharp spot at the optical axis of the PL. We
use near-field scanning optical microscope (NSOM) to
compare experimentally between SPPs distribution generated
by radially and linearly polarized light illumination. We also
verify that the spot size is kept nearly constant as we measure
the field distribution across planes of different heights above
the PL.

Our PL is fabricated by depositing 150 nm thick Ag layer
on top of a glass surface followed by a focused ion beam
(FIB) milling to define a transparent annular ring in the metal.
The ring diameter is 15 µm. The width of the ring is chosen
to be 250 nm corresponding to 0.23 λ0 at our wavelength of
operation (Nd:YAG laser, λ0 ) 1064 nm). This slit width
was found to be ideal for efficiently generating SPPs at the
slit edge,6 and for low coupling to radiative modes due to
the abrupt termination of the slit.7 The linearly polarized
beam emerging from the laser is converted to radially
polarized beam by the use of space variant nanogratings
element. These nanogratings act as a local half-wave plates
oriented in such a way to rotate the incident polarization
toward the radial direction. More details about the operation
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of this nanogratings element for polarization conversion are
given in ref 8.

Radially polarized light beams are the subject of extensive
study over the past few years due to their special features
such as a tight focal spot and strong longitudinal component
of the electric field at the focal plane.9-17 The use of radially
polarized light for illuminating the PL is preferable over
linearly polarized light illumination for the following reasons:
1. As mentioned before, radially polarized light is TM

polarized with respect to the annular slit of the PL,
whereas the TM component of the linearly polarized light
drops as cos(θ), where θ is the angle between the
polarization direction and the normal to the slit. Keeping
in mind that only TM polarization can excite SPPs, it is
clear that radially polarized light provides stronger
coupling of light into SPPs and strong enhancement of
the field at the focus of the PL.

2. The plasmonic lens is essentially a coaxial-like structure.
For the specific dimensions and wavelength mentioned
above, only the fundamental, radially polarized TEM
mode is supported by the structure and can propagate
through the 150 nm thick slit. All other modes are beyond
cutoff; therefore their transmission efficiency through the
subwavelength slit is low.

3. Radially polarized light illumination enables the achie-
ment of a sharper spot at the focus compared with linearly
polarized light illumination. This can be intuitively
explained by considering the various field components,
depicted in Figure 1. For radially polarized light, the in-
plane electric field component (ER) vanishes at the focus
due to destructive interference. This can be understood
by considering two SPP waves originating from two
opposite points along the circumference of the slit and
propagating toward the center of the PL. These two SPPs
arrive at the focus with the same amplitude and after
accumulating the same phase. However, because of the
radial field distribution these two SPPs were originated
in antiphase and therefore interfere destructively, resulting
in a null at the focus. The out-of-plane (longitudinal, with
respect to the focusing plane) field component (EZ),
however, will interfere constructively at the focus because
all SPPs emerging from the slit circumference arrive at
the focus with their longitudinal field component pointing

in the same z-direction. This is exactly opposed to the
case where the structure is illuminated by a linearly
polarized light, where ER interferes constructively at the
focus, and the EZ component interferes destructively. The
same is true also for circularly polarized illumination. We
now keep in mind that the electrical energy density is
proportional to |ER|2 + |EZ|2. In contrast to free space
focusing, where the ratio between EZ and ER depends on
the numerical aperture of the lens, the SPP mode has a
fixed ratio, depending on the dielectric functions of the
metal and the dielectric: |EZ|2/|ER|2 ) |kR|2/|kZ|2 ) |εM|/εD

>1, where kR,Z are the SPP k-vectors in the in-plane and
the out-of-plane directions, respectively, and εM, εD are
the permittivities of the metallic and dielectric media
respectively. |εM|/εD > 1 because -Re(εM) > εD is a
necessary condition for the existence of an SPP mode.
As a result, the electric energy density is expected to be
sharply focused under radial polarization illumination,
compared with the case of linear polarization, where the
energy density distribution is dominated by a two-lobe
pattern along the opposite sides of the PL axis of
symmetry, and the case of circular polarization illumina-
tion, where the energy density distribution is dominated
by a donut shape pattern.

After polarization conversion, the beam is weakly focused
onto the sample, which is situated on the stage of an inverted
microscope, by a 4× objective lens. The sample is raster
scanned by a near-field scanning optical microscope (NSOM,
Nanonics Imaging Ltd.) using a probe with 300 nm diameter
aperture. The light collected by the probe is guided by the
optical fiber onto an InGaAs femtowatt detector (Agilent HP
81634B). Using the feedback mechanism of the NSOM
system the probe is kept in contact with the sample (tapping
mode) or within a constant distance from it (constant height
mode).

Previous studies showed that the in-plane field component
couples more efficiently to the aperture NSOM probe
compared with the out-of-plane field component.1,18 This may
jeopardize our goal of measuring the dominant EZ compo-
nent. The half-cone angle of the probes used in our
experiments is ∼15°. For such probes, it is predicted that
the power coupling efficiency of the in-plane field is ∼30
times stronger as compared with that of the out-of-plane field
component, that is, |ER|2/|EZ|2 ∼ 30).18 Therefore, it is
important to choose the experimental parameters such that
the ratio of the energy densities resulted from the EZ and ER

components is at least in this range. For an SPP mode, this
ratio is determined by the dielectric constants of the metal
(εm) and the dielectric (εd), as |EZ|2/|ER|2 ) |εm|/εd. At our
wavelength of operation (λ0 ) 1064 nm), the dielectric
function of Ag is εm ) -52 + 3.5i, thus the ratio |EZ|2/|ER|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. The dominancy of the EZ

component can be further improved by screening of probes.
For imperfect probes with sharp perturbations, the relative
coupling efficiency of the EZ component (compared with that
of the ER component) may be increased. We performed

Figure 1. Schematic diagram showing the geometry of the PL and
the orientation of the field components under radial and linear
polarization illumination.
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several scans of the PL under radial polarization illumination
with alternating probes and chose those showing dominancy
of the EZ component (see Supporting Information). A typical
two-dimensional (2D) NSOM measurement of the PL
illuminated by radially polarized light is presented in Figure
2a. Figure 2b depicts a measured cross section going through
the center of the PL. This NSOM scan was performed at a
constant height of 2 µm above the sample in order to avoid
the damage of the Ag film by the probe. The decay length
of the SPP field into the air is ∼1.2 µm so that SPPs can be
detected at 2 µm height with decent signal-to-noise ratio (see
Supporting Information). As expected, it can be seen that
SPPs are generated from all directions along the PLs annular
slit, forming a set of concentric rings with equal phase,
propagating toward the center of the PL and forming a sharp
focus. The field distribution of the EZ field is expected to be
proportional to the Bessel function J0 (KSPPr) where KSPP ≈
2π/1.055 [1/µm] is the propagation constant of the SPP wave
and r is the transverse coordinate in cylindrical coordinate
system. For comparison purposes, this theoretical cross
section is also shown in Figure 2b. The profile of the (J0)2

function can be clearly observed. Neglecting the contribution
of the ER component, the theoretical spot size (based on full
width half-maximum criterion) is ∼380 nm. The measured
spot size is slightly larger, 410 ( 39 nm (error was estimated
by taking several cross sections through the center of the
PL along different directions). The slight difference may be

attributed to the interaction of the SPP field with the finite
aperture size of the probe (300 nm) and to the existence of
ER component in the measurement.

To demonstrate the importance of polarization in il-
luminating the PL, we repeat the measurement shown in
Figure 2, where the PL is now illuminated by a linearly
polarized light. Figure 3a,b shows the 2D NSOM measure-
ment and the cross section going through the center of the
PL respectively. One can clearly notice the preferential
direction for SPPs generation, which coincides with the
polarization direction of the illuminating beam (marked by
the arrow in Figure 3a). This is because SPPs are generated
only by the polarization component that is perpendicular to
the slit.

In contrast to the case of radially polarized illumination,
the propagating SPPs do not form a sharp focus at the center
of the PL. Instead, a pattern of two separate lobes centered
across the PLs axis of symmetry is formed. As explained
before, this is due to the destructive interference of the EZ

component at the center of the PL. Neglecting contribution
of the ER component, The theoretical field distribution is now
proportional to J1 (KSPPr)cos(θ). A cross section of the
theoretical intensity profile along the center of the PL is also
given in Figure 3b. As can be seen, the experimental and
the theoretical curves are in qualitative agreement. Yet, the
experimental curve does not show a complete null at the

Figure 2. NSOM measurement showing SPP focusing in the
plasmonic lens illuminated by radially polarized light. The NSOM
probe was at a constant height of 2 µm above the PL. (a) 2D NSOM
scan. Bright regions correspond to high intensity. (b) Normalized
experimental (blue, cross markers) and theoretical (red, solid line)
cross sections through the center of the PL. The sharp focus can
be clearly observed.

Figure 3. NSOM measurement showing SPP focusing in the
plasmonic lens illuminated by linearly polarized light. The NSOM
probe was at a constant height of 2 µm from the PL. (a) 2D NSOM
scan. Bright regions correspond to high intensity. The white arrow
shows the polarization direction of the illuminating field. (b)
Normalized experimental (blue, cross markers) and theoretical (red,
solid line) cross sections through the center of the PL. Two distinct
lobes appear instead of a single focal spot.
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center of the PL. We suspect that this is a result of non-
negligible Er component that is present in the measurement.

As discussed before, the dominant out of plane field
distribution of the SPP propagating across the PL, which is
illuminated by radially polarized light is proportional to a
zero-order Bessel function. Such a field distribution is known
to generate the so-called “non-diffracting beam”.19 Therefore,
we expect the spot size to be constant over a range of
distances above the PL. To confirm this hypothesis we
performed an FDTD simulation of SPP propagation through
the PL. Results are shown in Figure 4. As can be seen, a
“light bullet” is formed, that is, the spot size is nearly constant
along the z-axis. From the simulation, we found the full width
at half-maximum (FWHM) of the beam to be 390 nm
(slightly above the 380 nm predicted from the distribution
of a zero-order Bessel function), with a negligible variation
over a range of three microns above the plasmonic lens. In
principle, the spot size could be affected by cylindrical waves
emerging from the slit.20 However, our simulation shows that
the contribution of cylindrical waves is negligible. To validate
the simulation results, we performed several NSOM scans
at several height levels (250, 500, 1000, and 2000 nm) above
the PL. From each NSOM scan, we found the FWHM of
the focal spot. Results are shown in Figure 5. Unfortunately,
the original probe was broken during the measurements, and
the spot sizes obtained with the replacement probe were
slightly higher compare with the previous probe, probably

because of higher coupling ratio of ER/EZ. Yet, in spite of
the slight deviation in absolute values, it is still possible to
observe non-diffractive beam characteristics, as the measured
spot size does not show any significant increase with the
increase of height.

In conclusions, we demonstrated tight focusing of SPP
waves using a PL that is illuminated by radially polarized
light. The field pattern corresponds mostly to the zero-order
Bessel function. A spot size of ∼0.38 λ0 was measured. It
was shown that the polarization of the illuminating field plays
a crucial role in achieving tight focusing. Radial polarization
illumination allows to achieve a sharp focus with high energy
density, resulting from the constructive interference of the
out-of-plane field component at the optical axis and from
the symmetric SPP contribution from all azimuthal angles
along the annular slit. In contrast, under linear polarization
illumination the SPPs are generated mostly from regions
where the incident polarization is TM polarized with respect
to the slit. Moreover, linear polarization illumination cannot
produce a sharp focus. Instead, it generates a two lobe pattern
at the two sides of the PL axis of symmetry. Finally, we
verified that the focal spot maintains its width along the
optical axis of the PL. This long depth of focus is desired
for applications such as optical memories where the recording
media is at a constant height above the lens21 and sensing
of analytes that are contained in a solution at some distance
above the lens. For such applications, the long depth of focus
relaxes the requirement for close proximity between the PL
and the medium. The results demonstrate the importance of
using radially polarized light illumination for nanofocusing
applications involving surface plasmon polaritons.
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