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The production of cylindrical vector beams from a low-energy, electric, microscale light source is
demonstrated both experimentally and theoretically. This is achieved by combining a “plasmonic
lens” with the ability to locally and electrically excite propagating surface plasmons on gold films.
The plasmonic lens consists of concentric circular subwavelength slits that are etched in a thick
gold film. The local excitation arises from the inelastic tunneling of electrons from the tip of a scan-
ning tunneling microscope. We report on the emission of radially polarized beams with an angular
divergence of less than £4°. © 20714 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895769]

Cylindrical vector (CV) beams are light beams that have
spatially varying polarization properties of cylindrical sym-
metry and zero intensity along the propagation axis.' The
unique propagation, diffraction, and focusing properties of
CV beams are attracting increasing interest, in particular for
their use in the control of light-matter interactions on a sub-
micrometer scale.” Applications have been reported in vari-
ous fields including quantum optics,* high-resolution
imaging,” and in the trapping and manipulation of nano-
objects.® Numerous optical methods have been reported ei-
ther for the generation of CV beams using a macroscopic
light source' or for the conversion of light beams with homo-
geneous polarization into CV beams using birefringent mate-
rials, phase plates, spatial light modulators,” subwavelength
gratings,® or metallic apertures.” Comparatively, much less
has been reported for electrically driven microscale light
sources generating CV beams,'*!? though such sources are
highly desirable for integrated applications, e.g., in data
communications or optical sensors. An electrically driven
metallic cavity nanolaser generating an azimuthally polar-
ized light beam has been demonstrated recently,'® as well as
microscale vertical cavity surface emitting lasers (VCSEL)
incorporating surface gratings so as to yield either azimu-
thally'" or radially polarized beams.'> The applications of
these sources are limited, however, by their relatively high
beam divergence (£11.5° (Ref. 11) and *=37° (Ref. 10)).

In this Letter, we report on an original method for the
electrical generation of radially polarized beams of very low
divergence angle (*4°) from a microscale plasmonic struc-
ture. As shown in Fig. 1(a), the plasmonic structure is a plas-
monic lens' consisting of concentric circular slits etched in
a thick gold film. Local, low-energy, electrical excitation of
surface plasmons (SPs) is achieved with tunnel electrons
from the tip of a scanning tunneling microscope (STM) on
the central disk region of the structure. The SPs propagate
from the excitation site to the slits which then scatter the SPs
into light. The resulting emitted radiation is radially polar-
ized and forms a cylindrical beam with a diameter that is
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approximately that of the central disk of the plasmonic lens.
In this work, we experimentally and theoretically study how
the central disk diameter, the number of slits and the excita-
tion site affect the divergence angle. We show that by chang-
ing the excitation position of the tip we can vary the
emission direction up to about 10° from the normal while
preserving a beam of low divergence angle (+6°). However,
the polarization state is gradually modified as the tip is
moved off-center, thus degrading the pure CV nature of the
light, while maintaining a highly collimated beam.
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o

FIG. 1. (a) Schematics of the experiment: the local, electrical excitation of
the SPs on a plasmonic lens using the tip of an STM leads to the emission of
a cylindrical light beam with radial polarization (inset: scanning electron
micrograph of the plasmonic lens). (b) Real-plane optical image in false
color of the emitted light collected through the substrate with a high-NA
(1.45) objective lens. (c) same as (b) but filtered with a linear polarizer (the
white double arrow indicates the transmission axis).

© 2014 AIP Publishing LLC
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Our experimental setup consists of an STM head mounted
on an inverted optical microscope.'*'> A nanopositioning
stage controls the sample position between the tip of the STM
and a high numerical aperture oil-immersion objective lens
(NA = 1.45). The plasmonic structure is prepared by focused
ion beam (FIB) etching of a gold film, 200 nm in thickness,
thermally evaporated on a glass coverslip coated with a
100 nm-thick layer of indium tin oxide (ITO). The design of
the structure is either a 5-slit circular grating or a single circu-
lar slit, with the following parameters: slit width 300 nm, etch
depth 200 nm, and grating period 700 nm. Structures with cen-
tral disks of inner diameters D;,=1, 2, 3, 4, 5, and 6 um are
examined. STM tips are electrochemically etched tungsten
wires. The sample is biased to 2.8 V while the tip is grounded
(setpoint tunnel current in the range of 1-6nA). Inelastic tun-
neling of the electrons from the tip to the sample leads to the
excitation of two-dimensional circular SP waves that propa-
gate isotropically away from the tip location.'* The gold film
is thick enough so as to prevent SP leakage radiation in the
glass; thus, only the light from SPs scattered at the slits of the
structure is detected below the substrate. The collected light is
imaged on a cooled CCD camera, either in the real plane or in
the Fourier plane, thus providing the spatial and the angular
emission distributions, respectively.

Figures 1 and 2 show experimental results obtained with
a 5-ring circular grating plasmonic lens with a inner diameter
D;, =5 um (i.e., outer diameter is 11.2 um). The real-plane
image in Fig. 1(b) shows the spatial distribution of the emit-
ted light obtained when the STM tip is located in the center
of the plasmonic lens. The light emission is distributed with
cylindrical symmetry over the five slits; the emission inten-
sity rapidly decreases in an exponential manner in the outer

Intensity -

o
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slits. This is expected since SP scattering at the slits greatly
reduces the SP propagation length. We then measure the
real-plane image under similar conditions but with a linear
polarizer in front of the CCD camera (the polarization axis is
oriented as shown in Fig. 1(c)). Total extinction along the or-
thogonal axis indicates that the polarization of the collected
light is purely radial.

When the tip is centered on the plasmonic lens, a small
and intense doughnut-shaped spot is seen in the center of the
Fourier plane (see Fig. 2(b)). Figure 2(f) shows the same
experiment, but with a linear polarizer placed in front of the
CCD camera. These results clearly demonstrate the emission
of a highly collimated beam of purely radial polarization
propagating perpendicularly to the sample plane. From the
polar plot below Fig. 2(b), the angular divergence of the
beam is measured at =3.8° (half width at half maximum
(HWHM) of the intensity profile). This is at least three times
lower than previously reported values for other electrically
driven microscale sources of CV beams (e.g., =11.5° for a
VCSEL source'" or =37° for a metallic cavity nanolaser'?).
Remarkably, the angular divergence of our microscale light
source is also much lower than that which has been reported
so far for vertically emitting plasmonic antennas such as
patch,'® aperture,'” and bull’s eye optical antennas'® which
are driven by emitter or waveguide near-field coupling. This
effect is both due to the design of our plasmonic lens and to
the extreme spatial selectivity of the electrical excitation
with tunnel electrons.'”

The Fourier-plane images in Figs. 2(a)-2(d) show the
angular distribution of the light emitted below the substrate.
The lateral position of the STM tip on the central disk of the
plasmonic lens is varied in parts (a)-(d). We also obtain

FIG. 2. Angular distribution of the emitted light. (a)—(d) Fourier-plane optical images in false color of the light detected from the same 5-slit circular grating
plasmonic lens as in Fig. 1. These results are obtained under the same conditions, but for four different lateral positions of the STM excitation on the central
disk region. X is the distance from the center of the plasmonic lens. Dotted white circles indicate the maximum acceptance angle (NA = 1.45, ~73°) and the
critical angle (NA = 1.00, ~41°). The polar plot below each Fourier-plane image is obtained by measuring the intensity profile along the white dotted horizon-
tal line. In the polar plots are indicated the polar angle of emission ¢ and the angular divergence of the beam, defined as the HWHM, rounded to the unit.
(e)—(h) same as (a)—(d) filtered with a linear polarizer (the white double arrow indicates the transmission axis).
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FIG. 3. Effect of the inner diameter and the number of slits in the plasmonic
lens. (a) Experimental and theoretical Fourier-plane images in false color of
the light from a 5-slit circular grating (top row) and a single circular slit
(second row) of inner diameters D;,, = 6 um, 4 um, and 2 um, when the STM
excitation is centered on the plasmonic lens. The dotted white circle indi-
cates the maximum acceptance angle (NA = 1.45, ~73°). (b) Experimental
and theoretical angular divergence of the emission from a 5-slit circular gra-
ting and a single circular slit, versus the inner diameter of the central disk
D, (STM excitation in the center; solid spheres: experimental data; dashed
lines: model).

Fourier-plane images under similar conditions but with a lin-
ear polarizer in front of the CCD camera, as shown in Figs.
2(e)-2(h). When the tip is 0.5 um from the center, the emit-
ted light beam is tilted by 2° from the normal and its collima-
tion and radial polarization are preserved (see Figs. 2(a) and
2(e)). With the tip at 1.2 um from the center (Fig. 2(c)), a tilt
of 10° is obtained, with basically the same azimuthal diver-
gence (*=4°) but a slightly higher radial divergence (*£6°).
When beam collimation is the desired result, this technique
provides a method to electrically generate a narrow beam
from a microscale light source, and the ability to control the
emission direction within a 0°~10° polar range and—thanks
to cylindrical symmetry—a 0°-360° azimuthal range. Figure
2(g) reveals, however, that the polarization state is no longer
purely radial when the tip is moved substantially from the
center. This is even more obvious with the tip at 1.8 um (i.e.,
only 0.7 um from the inner edge of the first slit). In Fig. 2(d),
the emission is highly divergent, with a strong contribution
above the critical angle. As well, the polarization-filtered
image of Fig. 2(h) reveals a quite intricate polarization pat-
tern, with several azimuthally polarized lobes below the crit-
ical angle, and an essentially radially polarized supercritical
contribution.

Appl. Phys. Lett. 105, 111103 (2014)

Figure 3 shows the importance of having a plasmonic
lens that consists of a circular grating rather than just a single
circular slit. The effect of the inner diameter is also investi-
gated. Figure 3(a) shows the Fourier-plane images measured
for plasmonic lenses consisting of either a 5-slit circular gra-
ting (top row) or a single circular slit (second row) of inner
diameter D;, =6 um (first column), 4 um (second column),
or 2 um (third column). When compared to each other, these
images reveal that the number of slits has an important effect
on the beam collimation. The emission from a single circular
slit yields a second order Bessel function intensity profile in
the Fourier plane, with non-negligible secondary maxima,
and an intense doughnut-shaped central pattern. The exis-
tence of the secondary lobes in the emission pattern means
that the collimation is degraded when only one circular slit is
present. Conversely, the intensity profile in the Fourier plane
for a multiple slit grating is a coherent superposition of
Bessel functions with secondary maxima at different radii;
therefore, only the central doughnut-shaped patterns interfere
constructively and the secondary maxima cancel each other
out.

We use a simple analytical model® to simulate the
Fourier-plane images of Fig. 3 and determine the theoretical
angular divergence of the emitted light. The SP scattering
into photons at the slits is modeled as the radiation of multi-
ple electric dipoles located along circles of the same diame-
ter as the circular slits. We then calculate the complex
electric field vector of these dipoles in the far field. Due to
the subwavelength width of the slit, we assume that only the
in-plane radial field component is scattered toward the sub-
strate; hence the dipoles in the model are horizontally ori-
ented along the radial direction. When the tip is centered, all
the dipoles along each circle emit in phase and with the same
amplitude. In the model, we set a relative weight on the con-
tribution of the five circles that exponentially decreases with
their diameter. Figure 3(a) (fourth column) shows the result-
ing Fourier-plane images calculated for the 5-slit circular
grating and for the single circular slit, with an inner diameter
D;, =2 um. These calculated results reproduce well the ex-
perimental Fourier-plane images (third column, Fig. 3(a)).
Figure 3(b) shows good agreement between the experimental
and theoretical angular divergence of the light emitted from
a 5-slit circular grating and a single circular slit. We note,
however, that the model overestimates the angular diver-
gence for single circular slits with the smaller central disk
diameters, probably because the width of the slit (not taken
into account in the model) becomes non-negligible as com-
pared to the diameter of the structure. In summary, a plas-
monic lens consisting of a single circular slit may be
preferable when the smallest total size of the structure is
desired; however, a structure with multiple concentric slits
yields better beam collimation with lower divergence and
improved damping of secondary lobes. Moreover, it is
expected that the efficiency of the SP scattering into light is
significantly higher for a 5-slit circular grating than for a sin-
gle circular slit, a crucial point for the optimization of the
emission flux of a light source.

In conclusion, we demonstrate an electrically driven,
microscale light source emitting radially polarized beams
with very low angular divergence (*£4°). The basis of this



111103-4 Cao et al.

light source is a plasmonic lens, whose SPs are locally
excited through the inelastic tunneling of low-energy elec-
trons from the tip of an STM. This excitation method may be
described by the radiation of a vertical electric dipole inside
the tip-sample gap.'® This makes it ideal for plasmonic struc-
tures with cylindrical symmetry. Furthermore, this excitation
method may be integrated with current microelectronic tech-
nology, since it requires only low voltage (<3 V), low cur-
rent (nA), and may be adapted on a chip as a planar tunnel
junction. (This is an important advantage over other local SP
excitation methods which use high-energy electron beams or
near-field optical probes). We expect that our technique may
be extended to the generation of many other kinds of CV
beams, simply by changing the design of the pattern etched
in the gold film. In particular, 2D chiral structures such as
spirals may be used to generate light beams that carry optical
orbital angular momentum. Such light beams have promising
applications in the manipulation of nano-objects.?' It should
also be noted that the emission of a radially polarized beam
through the local SP excitation in the center of a plasmonic
lens constitutes the perfect time-reversed process of the SP
focusing of a radially polarized beam from the far-
field."**** Thus, in order to produce a “designer light
beam,” the suitable pattern to be etched in the gold film may
be found for virtually any desired emission pattern through a
numerical time-reversal procedure.”*

This work was supported by the Région Ile-de-France
(C’Nano IdF, DIM Nano-K, “COSSMET” project) and
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