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ABSTRACT: Great hopes rest on surface plasmon polaritons’
(SPPs) potential to bring new functionalities and applications
into various branches of optics. In this paper, we demonstrate a
pin cushion structure capable of coupling light from free space
into SPPs, split them based on the polarization content of the
illuminating beam of light, and focus them into small spots.
We also show that for a circularly or randomly polarized light,
four focal spots will be generated at the center of each quarter
circle comprising the pin cushion device. Furthermore,
following the relation between the relative intensity of the
obtained four focal spots and the relative position of the
illuminating beam with respect to the structure, we propose
and demonstrate the potential use of our structure as a

miniaturized plasmonic version of the well-known four quadrant detector. Additional potential applications may vary from
multichannel microscopy and multioptical traps to real time beam tracking systems.
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he field of plasmonics has become a widespread research

topic with myriad applications, for example, in physics,
engineering, chemistry, biology, medicine, material science, and
environmental science.'~> Further development of plasmonic
applications relies on the emergence of advanced passive and
active plasmonic devices that can control the propagation of
plasmonic fields. In particular, directional beaming, splitting,
and focusing of plasmonic signals are prerequisites for
plasmonic circuiting and plasmonic sensing applications. To
date, such capabilities were demonstrated by several
groups,®™"* and future work is expected to yield even better
devices. A common feature for many of these demonstrations is
their dependency in the polarization state of the excitation
source. The property of polarization sensitivity is inherent to
plasmonic devices, owing to the fact that only a transverse
magnetic (TM) polarized field can excite surface plasmons
polaritons (SPP) waves. Indeed, the importance of polarization
in plasmonic devices was addressed by several researchers, for
example, in the context of transmission through nanoscale
holes, amplification of SPPs, polarization dependency in
plasmonic-enhanced fluorescence, plasmonic-enhanced record-
ing and plasmonic lenses.'®>*

In this paper, we demonstrate the integration of several
functionalities in a single device. Our device is capable of
splitting and focusing SPPs into different locations depending
on the polarization of the excitation source. Having such a
device in hands, one can control the propagation direction and
focal position of the SPPs simply by modulating the
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polarization of the illuminating source. Therefore, our
plasmonic device may play a role in plasmonic circuiting
where there is a need to control the flow of SPPs and focus
them into specific locations, for example, in order to couple
them into a plasmonic waveguides or focus them into several
spots for multichannel microscopy applications. Following the
capability of polarization dependent splitting and focusing of
SPPs, we propose and demonstrate the possible use of this
plasmonic structure as a plasmonic quadrant detector. Owing to
its small foot print, such a miniaturized four quadrant detector
is expected to show features such as low dark current and fast
operation speed, both of which are important in real time
accurate tracking of optical beams.

The operation of our device can be understood by first
referring to the work of Yin et al.*® in which the focusing and
guiding of SPPs were demonstrated by the use of a plasmonic
structure made of set of nanometric holes milled into a thin
metallic layer and arranged in a quarter circle shape. Upon the
impinging of light on the structure SPPs are generated and,
depending on the polarization of the incident light,
constructively interfere to form a focal spot at the center of
the quarter circle. An extended version of this structure is that
of the plasmonic lens (PL).*"*” The basic PL consists of a
subwavelength slit that is milled into a metal surface in the
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shape of a closed circle. When illuminated, the subwavelength
slit converts the incident light into SPPs propagating toward
the center of the circle to form a sharp hot spot. Following
these demonstrations, we designed and fabricated a pin cushion
structure consisting of four, quarter-circle-shaped, subwave-
length slits milled into a thin metallic film with their centers
facing outward of the geometrical center of the device. These
structures can generate SPPs and focus them toward a
predesigned position depending on the polarization of the
incident light. Figure 1 shows a scanning electrons microscope

Figure 1. An SEM micrograph of a pin cushion structure with circles
radius of 10 ym and slit width of 250 nm.

(SEM) micrograph of the fabricated device. As can be seen, it is
composed of four identical nanometric slits milled into a silver
layer having a quarter circle shapes and arrange in a way to
form a pin cushion structure. The radius of each slit is 10 ym
and its width is 250 nm. When light is impinging on the slits
SPPs are generated on the surface. These SPPs can interfere
constructively at the center of each of the quarter circle slits.
Clearly, the coupling strength of light into SPPs depends on the
polarization of light with respect to the direction of the slit.
Only TM polarized light (i.e., magnetic field parallel to the slit
and electric field perpendicular to the slit) will contribute to the
excitation of SPPs.

In order to calculate the field distribution resulted from the
pin cushion structure we used the Green function approach®®
so that

UG, ) [[ B, )60 = r)as’ dy 0
Where U is the z-component of the electric field, E;,. is the
normal component of the electric field with regard to the slit
incident on the pin cushion slits, G is the green function of the
problem, |r — 'l is the distance between the observation point
and the sources located on the slit, and the integration is
performed over the pin cushion slits boundary. The SPPs
propagate on the metallic surface and thus the two-dimensional
green function needs to be used, that is, the zeroth order
Hankel function of the first kind**° H,") = J,(klr — #I) +
iNo(klr — r'l) where k is the plasmonic wave vector and J, and
N, are the zeroth order Bessel functions of the first and the
second kind, respectively. Assuming a constant electric field
impinging on the slit, SPPs will be generated according to the
projection of the polarization direction along the normal to the
slit so each point along the slits is a point source for the
diffraction pattern with polarization based amplitude. We
calculated the electric field distribution generated by the pin
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cushion structure for the vacuum wavelength of A, = 1064 nm.
At this wavelength, the wave vector of a plasmonic mode
running on the interface between silver and air is nearly equal
to the vacuum wavenumber with negligible loss over the
propagation distances that are considered here.

Figure 2a,b shows the calculated intensity of the z-polarized
(out of plane) electric field component |E* for the case of
illuminating a pin cushion structure with circles radius of 10 ym
by a linearly polarized field at the wavelength of 1064 nm.
Because SPPs are generated only from sections where the
incident polarization is TM with regard to the slits it can be
seen that two focal spots are formed along a line parallel to the
incident polarization direction (shown by the white arrow). If
the polarization direction is rotated by 90°, the two focal spots
will appear at the centers of the other two circles and the whole
field pattern will be rotated by 90°, as can be seen in Figure 2b.
This effect makes the pin cushion structure a very attractive
plasmonic device as it can be used as a plasmonic polarized
beam splitter, splitting the SPPs into perpendicular directions,
depending on the polarization content of the incident light, and
in addition it focuses the SPPs into small spots, for example, for
the purpose of launching plasmonic signals into small
plasmonic waveguides, enhancing light matter interactions, or
for detection by a small plasmonic detector. Figure 2¢,d shows
the near-field scanning optical microscope (NSOM) measure-
ments on the surface of a pin cushion device corresponding to
the simulation results shown in Figure 2a,b, respectively. The
two focal spots along the polarization direction and the nice
agreement to the simulation results are easily noticed. The high
intensity apparent in the measurements near the slits of the pin
cushion structures is probably due to the localization of energy
in the slits and the direct radiation of the light from the slit into
free space. This effect was not taken into account in the
simulations.

As discussed and demonstrated, the locations of the focal
spots generated by the pin cushion device are determined by
the geometry of the slits and the direction of polarization of the
incident beam of light. One can use this feature for additional
applications other than splitting and focusing of SPPs.
Specifically, the pin cushion device may become an attractive
choice as a plasmonic four quadrant detector. When illuminated
with either circularly polarized or unpolarized light, four focal
hot spots are obtained, each located at the center of the
corresponding quarter circle of the pin cushion structure. Yet,
the intensity of each focal spot may vary, depending on the
position of the incident beam with respect to the structure. If
the incident Gaussian beam is located at the center of the pin
cushion structure, the intensity of the four focal spots is
expected to be identical. Nevertheless, if the Gaussian beam is
shifted from the center of the structure the intensity at each
focal spot will increase or decrease depending on the new
position of the incident beam. Measuring the intensity at each
of the four focal spots by on-chip detectors located at the center
of the four quarter circles provides useful information on the
position of the beam and may enable to use the pin cushion
structure as a plasmonic quadrant detector capable of
measuring the relative position of the illuminating beam with
respect to the center of the structure. A schematic of the
proposed plasmonic quadrant detector is shown in Figure 3.

An appealing approach for the realization of such a device
would be the integration of the pin cushion device with a set of
four plasmonic enhanced Schottky detectors.*’ > These hot
electron based devices can detect the propagating plasmons via
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Figure 2. A pin cushion structure with circles radius of 10 ym and slit width of 250 nm illuminated with linearly polarized 1064 nm light. (a,b)
Computer simulation results showing the out-of-plane field distribution intensity; (c,d) experimental NSOM measurements, respectively. The white
arrows represent the polarization direction of the illuminating light.

Figure 3. Schematic of proposed plasmonic quadrant detector capable of measuring the relative position of the illumination beam with respect to the
center of the structure.
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Figure 4. (a—d) and (i—1) NSOM measurements for several values of relative shifts between the device and the illuminating beam. The shift values
are noted in the figure. (e—h) and (m—p) The corresponding computer simulations showing the expected intensity pattern of the out of plane

electric field component.

the mechanism of internal photoemission. In particular, such
detectors are promising for the operation at near IR
wavelengths, beyond the operation range of conventional
silicon photo detectors. In designing such an integrated device
one should seek to optimize the optical energy arriving at the
detectors. This can be done by using grating couplers consisting
of several grating ridges rather than a single slit for each
quadrant. Such plasmonic grating couplers can provide
coupling efficiency of few tens of percents. It was shown that
even a single slit, if properly designed, can couple ~40% of the
incident light to SPP mode.>* Moreover, the propagation length
of the SPP mode should be kept short, such that ohmic loss will
not play a major role in attenuating the SPP signals.

While the integration of nanodetectors into the structure is
beyond the scope of this work, the feasibility of the proposed

concept is demonstrated by illuminating the pin cushion
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structure with a circularly polarized Gaussian beam, scanning its
position with regard to the structure and performing NSOM
scans for several representing cases of relative shift between the
center of the illuminating beam and the center of the device.
From these scans, we were able to extract the intensity at each
of the four focal spots for each of these representing cases.
Figure 4a—d,i—I shows the obtained NSOM measurements for
several positions of the illuminating beam with regards to the
center of the device. Figure 4e—h,m—p shows the correspond-
ing computer simulations. As can be seen the intensity pattern
varies significantly when the center of the illuminating beam is
shifted from the center. These variations are the basis for the
operation of the pin cushion device as a four quadrant detector.

In order to extract the exact location of the illuminating beam
with regards to the center of the devices, we used a known
procedure®® and adapted it to our needs (see Supporting
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Figure S. (a) An NSOM scan of the SPPs intensity generated when the device is illuminated by a circularly polarized Gaussian beam positioned as
close as possible to the center of the pin cushion structure. (b) The relative x-position of the illumination Gaussian beam as a function of the actual
beam shift. The shift values were calculated from the measured NSOM scans as explained in the Supporting Information. The horizontal error bars
correspond to the accuracy limit of the translation stage and the vertical error bars were estimated by performing the calculation over different

regions around the four focal points.

Information for more details). The result of this procedure is
shown in Figure 5Sb, alongside with the measured NSOM scan
for the case where the beam was aligned with the center of the
device (Figure 5a). As expected, it can be seen that a focal spot
is generated at the center of each quarter circle. Additionally,
the intensity pattern within the pin cushion device consists of a
2D grid rather than lines as observed for the case of linear
polarization illumination (Figure 2). While the intensity of each
of the focal spots was expected to be equal, one can clearly
observe variations in intensities between the various spots. This
is probably the result of alignment inaccuracies (i.e., the sample
is probably not perfectly aligned with the center of the beam),
nonuniform illumination, and imperfections in sample
fabrication. Using the standard method of quadrant detectors
for calculating the position of the beam,® we calculated the
relative position of the beam and verified that indeed we can
obtain a relative measurement of the beam’s position (see
Supporting Information). This is shown in Figure Sb presenting
the measured relative x-position of the illumination Gaussian
beam (as calculated from the four values of intensities in the
vicinity of the four focal spots) as a function of the actual beam
shift. As can be seen, the relative measured position varies
monotonically with the change in actual beam position. This
result indicates the feasibility of using the structure as a four
quadrant detector. Owing to the small foot print and the small
size of each focal spots, the integrated detectors can be reduced
to the micrometer size scale, providing significant advantages
such as low dark current and high speed.

To summarize, we have proposed, fabricated, and demon-
strated a pin cushion-shaped plasmonic device capable of
splitting SPPs based on the polarization of the illuminating
beam of light, direct them to different directions, and focus
them into a small focal spot. Using computer simulations and
near-field experimental characterization, it was shown that this
structure split orthogonally polarized light into orthogonal
directions. Furthermore, by illuminating the device with
circularly polarized light, four focal spots are obtained at the
centers of each of the quarter circles composing the pin cushion
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device. The relative intensity of the four focal spots varies as a
function of the relative shift between the illuminating beam of
light and the center of the structure. This property is used to
demonstrate the potential use of our device as a plasmonic
quadrant detector.

Methods. Sample Preparation. The pin cushion plasmonic
structure was fabricated by depositing 200 nm thick Ag layer on
top of a glass surface followed by a focused ion beam (FIB)
milling to define a 250 nm wide transparent slits in the metal.
The pin cushion shape is defined by the cross points of four
circles with radius R whose centers are located at a distance of
\/ 2R from the center of the device. Each quarter circle slit has a
radius of 10 yum.

NSOM Measurements. Linearly polarized 1064 nm light
emerging from an Nd:YAG laser was focused by a 4X objective
lens onto the sample, which was situated on a translation stage
of an inverted microscope. The sample was raster scanned by
an NSOM system (Nanonics Ltd.) using a metal-coated
tapered fiber probe with a circular aperture of 250 nm diameter.
For the quadrant detector measurements, the light was
circularly polarized by a quarter wave plate and the sample
position was controlled by a translation stage with 100 nm
resolution (Prior scientific) and was raster scanned at several
selected values of relative shift between the sample and the
illuminating beam.
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