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ABSTRACT: Surface plasmon polaritons (SPPs) have shown high potential for
various applications in various fields, ranging from physics, chemistry, and biology to
integrated photonic circuits due to their the strong confinement of light to the metal
surface. Exciting an SPP from a free-space photon in a controllable manner is an
essential step toward more complex and integrated applications. Methods for
coupling photons to SPPs are numerous, but in order to control the amplitude and
phase of an SPP, most of these methods require bulky or multiple optical
components or sensitive adjustments that are difficult to control. Here we present a
novel approach for an independent control of the amplitude and phase of an SPP

excited by a normally incident beam using a metasurface. The full control in

amplitude and phase is achieved via the polarization state and polarization orientation angle of the electrical field of the incoming
light. We experimentally demonstrate the functionality of such a metasurface consisting of periodic nanoantennas for the
excitation of SPPs at a metal—dielectric interface. Our approach opens up new ways for coherently controllable integrated
plasmonic circuits that can be used in conjunction with fast dynamic polarization modulation techniques.
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S urface plasmon polaritons (SPPs) are electromagnetic
excitations propagating at the interface between a dielectric
and a conductor, evanescently confined in the perpendicular
direction of their propagation.’ The number of applications that
utilize SPPs has increased tremendously during the last decades,
including energy harvesting,” coupler or modulator in
integrated o];>tics,3’_7 biosensing,g'9 subdiffraction imaging,m
and quantum optics."" The great interest in SPPs results from
their unique abilities such as the strong confinement of the field
to the interface and their unique dispersion relation. However,
the mismatch of the SPP momentum to that of free-space
photons prevents light from free space from coupling efficiently
into an SPP mode, making it necessary to add periodic
structures or to modify the dispersion relation at the interfaces
to satisfy momentum conservation. To date, several different
approaches have been developed to excite SPPs for various
applications. More classical techniques such as the Kretsch-
mann'” or the Otto'® configuration use bulky prisms to alter
the momentum of the incoming light beam through dispersion.
These techniques are cumbersome to implement and
impractical for flat optics technology and optical circuits with
vertical integration. Moreover, momentum matching with
prisms is sensitive to the incident angle of the incoming light.
Gratings, on the other hand, while able to couple free-space
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light into an SPP mode by providing an additional wave vector
for momentum matching, lack the ability to dynamically control
the phase or amplitude of the excited SPPs."”"> Recently it has
been demonstrated that resonant plasmonic structures such as
magnetic dipole antennas can also be used for directionally
coupling light into SPPs.'®"” Such directional coupling was also
demonstrated by utilizing an abrupt phase change due to a
Pancharatnam—Berry phase for nanoapertures in the metal film
instead of the dipole antennas.'® However, the efficiency is
relatively low. Nonetheless, it demonstrates that the polar-
ization state of the excitation light beam is a convenient
parameter for controlling the direction of the SPP excitation.
Moreover, these metasurfaces are thin, scalable, and capable of
being easily integrated. Previous studies so far have not
demonstrated the full control of both excitation amplitude and
phase of SPPs independently and simultaneously, which is a
crucial feature for launching light into integrated optical
circuits. Here we present a novel approach for SPP excitation
based on a scalable ultrathin plasmonic metasurface that is able
to provide a fully variable and independent control of the
excitation strength and phase for SPPs without modification of
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the surface topology. Our approach utilizes arrays of
subwavelength plasmonic dipole nanoantennas with a local
abrupt phase discontinuity'” on top of a metal—insulator
substrate, which is illuminated by an optical beam at normal
incidence. Since the amount of the phase change introduced by
the local antennas depends on the polarization state and the
orientation of the dipole antennas, such metasurfaces can alter
the phase of the excited SPPs either by the geometry (rotation)
of the nanoantennas themselves or by the orientation of the
linear polarization state of the incident light. Furthermore, by
changing the polarization state of the light from linear to
elliptical and circular we show that we have the extra freedom
to control the amplitude of the SPP excitation.

B CONCEPT

For our demonstration of amplitude- and phase-controlled SPP
excitation we utilize an array of subwavelength plasmonic
dipole nanoantennas in close proximity to a gold surface.'****'
Such structures can efficiently couple free-space light to SPPs.
In contrast to most previously used designs, which utilized a
gradient in the lattice constant, we arranged the nanoantennas
in a periodic pattern with a constant gradient of orientation
angle ¢ along the x-direction as shown in Figure la. To
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Figure 1. Design schematics of the metasurface. (a) Top view of the
metasurface with out-coupler gratings on two sides and a nanoantenna
array in the middle. The periodicity of the gratings has been altered
along the y-direction to tune the operation wavelength for the out-
coupled light. (b) Geometry of a single antenna. The orientation angle
@ describes the direction of the antenna polarization P compared to
the x-axis. The blue arrow corresponds to the oscillation direction of
the electrical field E for a linearly polarized incident beam with the
angle a to the x-axis. (c) Cross section of the structure with the etched
gratings and the light paths (arrows). Blue arrow represents the
polarized incident light. Red arrows represent the light paths for LCP
light (o = —1), and green arrows the RCP light (6 = +1). The phase of
the out-coupled light is labeled with ;, where i = 1, 2 corresponds to
the two out-coupling channels.
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efficiently couple the incoming free-space light into an SPP
wave, it is important to keep the distance between the
nanoantennas and the gold surface as small as possible because
of the evanescently confined nature of an SPP. Within the
antenna array each nanoantenna scatters constructively coupled
light into the SPP mode if the momentum conservation
condition is fulfilled. The scattered electrical field of each single
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dipole can be decomposed into two circularly oscillating
components. One component has the same helicity as the
incident light, and the other one with opposite helicity carries
an additional phase of 2¢, where ¢ is the orientation angle of
the nanoantenna in the local coordinate system (Figure 1b)."”
Because of its geometrical nature (Pancharatnam-—Berry
phase), this additional phase is independent of the resonance
frequency of the nanoantennas, and therefore the phase-
controlled excitation is possible over a broad wavelength
spectrum.

Since the periodic antenna array acts like a grating coupler to
couple light into an SPP mode, it is necessary to fulfill the
momentum conservation:

kspp = kp + oAk

2 2A
= m—” + 6—(/)
a, a, (1)

Here kgpp is the in-plane wave vector of the propagating SPP, kr
the wave vector of the periodic structure of antennas, and cAk
the momentum generated by the polarization-dependent
geometrical phase effect of the antennas. The momentum of
the periodic arrangement is given by the diffraction order m and
the lattice constant a, in the x-direction, whereas the
momentum due to the geometrical phase effect is given by
the orientation-dependent geometrical phase gradient 2A¢p/a,
(with the rotation angle A between two neighboring
antennas). The factor o represents the helicity of circularly
polarized light (6 = + 1 for right circularly polarized (RCP) and
left circularly polarized (LCP) light, respectively).

To fulfill the momentum conservation, a periodic nano-
antenna array without the additional phase gradient (Ag = 0)
would be sufficient. For this case the array would act like a
regular grating coupler and unidirectional SPP excitation or
phase control between both counter-propagating SPP waves for
a normally incident light beam could not be obtained. However,
the additional helicity and geometrical phase-dependent
momentum oAk give us the opportunity to couple light
unidirectionally from the free space to the SPP mode since it
will break the symmetry of the periodic pattern for circularly
polarized light (Figure 1c). The polarization-dependent
unidirectionality is illustrated by the dispersion curve of SPPs
and the momentum matching condition for the periodic
antenna array with its wave vector kr and the polarization-
dependent momentum Ak (Figure 2). Because of the
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Figure 2. Dispersion curve of SPPs at the MgF,/gold interface (blue
solid line) and the light cone of free-space light (gray area). The black
dotted line represents the wave vector ki of the periodic antenna field,
which acts as a grating. Only with the polarization-dependent
momentum Ak due to the geometrical phase of the antennas can
the phase matching condition for RCP (green arrow) or for LCP (red
arrow) be fulfilled for the given frequency ;.
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additional momentum + Ak, the momentum conservation for
circularly polarized light at the frequency @, can be fulfilled
only for one propagation direction (one branch of the
dispersion curve) of the SPPs: For Ag being a negative value
and RCP (LCP) incident light the momentum conservation
would lead to a propagating SPP wave along the dielectric—
metal interface only to the right (left) direction (as illustrated in
Figure 1c). Hence, by using a superposition of the two circular
polarization states of the incoming light, it is possible to control
the excitation ratio between the two SPP waves propagating in
opposite directions. This effect was already demonstrated for an
array of small nanoapertures in the metal film, demonstrating
unidirectional SPP excitation by circularly polarized light."
However, a nanoantenna array in close proximity to the metal
interface has the advantage of easier fabrication and higher
coupling efficiency.'”

For controlling the excitation phase of the SPPs launched at
these nanoantenna arrays we can utilize linearly polarized
incident light. Since the polarization (oscillation direction of the
electrical field) is in general easy to change by wave plates, this
will provide us an easy-to-control parameter for tailoring the
phase of the propagating SPP wave. To understand such a
behavior, we decompose the scattered incident field at the
nanoantennas into RCP and LCP light, which will contain a
constant phase relation of 2a between the two polarizations.
Here, a is the angle of the incident linear polarization
orientation with respect to the x-axis (see Figure 1b). Using
Eg and E; for the amplitudes of the RCP and LCP electrical
field in a circular polarization vector basis, the incident electric
field at the antennas is therefore given by

E = Egey + E 2%, )
For this incident field we can derive the induced material
polarization P in each nanoantenna that will be responsible for
coupling the scattered light into the SPPs (see Supporting
Information):

N

a . N . N
P = —([Be® ey + [Ege™]e,)

2 <)
whereas o, is the electrical polarizability of a single nano-
antenna. Since P will act as the source term for the SPPs, a
linearly polarized incident beam will result in an equal
distribution of counter-propagating SPP excitations but with
different phases between them, depending on the orientation
angle @ of the nanoantenna and the polarization orientation «
of the incident field.

Bl RESULTS AND DISCUSSION

In the following, we experimentally prove our concept by
demonstrating independently the helicity-dependent unidirec-
tional propagation and the polarization-orientation-dependent
induced phase of the SPP excited from a free-space beam. The
sample was fabricated on a Suprasil 300 quartz glass substrate
with deposition of 1 nm chromium as adhesion layer and 130
nm thick gold as metal surface covered by 30 nm thick MgF, as
dielectric spacer layer for the metasurfaces on top. As we couple
the SPPs back to the far field for measurement by a regular
grating coupler, the gold substrate layer needs to be thick
enough to prevent direct transmission of incoming light
through the metal film (which would give a strong background
signal). On the other hand if the film becomes too thick, it is
more difficult to etch gratings with high aspect ratio into the
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metal. Therefore, we choose 130 nm as an acceptable metal
layer thickness.

To probe the propagating SPPs, we utilized a grating on each
side of the nanoantenna array to couple the surface waves back
into the far field for detection of the intensity and phase at a
CCD camera. The distance between the edge of the antenna
array and the grating is 18 ym. The antennas have a size of
about 200 X 100 nm” with a thickness of about 33 nm and are
periodically arranged with a lattice constant of a, = 650 nm
and a, = 500 nm, respectively (Figure 3). Each row along the

Figure 3. Scanning electron microscopy images of the sample with the
gold nanoantenna array and the etched gratings on both sides. The
image at the top shows a magnified view of three complete rows of the
nanoantennas. The image to the right shows parts of the right gratings,
which couple the SPP to the far field.

x-direction of the antenna array consists of 13 antennas with a
geometrical rotation of A@ = 7/8 between two nearest
antennas. The antennas are aligned symmetrically to the center
of the array to avoid an additional phase shift between for the
counter-propagating SPPs.

To demonstrate the ability to control the amplitude of SPP
excitation, we used the optical setup schematically illustrated in
Figure 4. The laser beam at 800 nm is focused on the
metasurface to form a spot size of about 5 um. The excited
SPPs couple through the grating coupler back into the far field.

real space
e QWP
lens or

8 lens HWP
o
a0
88
I_§ BSP sample LP

Figure 4. Schematics of the experimental setup for measuring the
helicity-dependent SPP excitation and the polarization-orientation-
dependent phase. For the excitation of the SPPs a laser beam is filtered
through a linear polarizer (LP) to avoid unpolarized light. Then, a
quarter-wave plate (QWP) for the generation and control of elliptically
polarized light or a half-wave plate (HWP) for the control of the
oscillation direction of linearly polarized light is used, respectively.
Two microscope objectives focus the laser beam onto the antenna
array and collect the light out-coupled by the gratings into the far field.
A beam splitter (BSP) splits the imaging paths to the two cameras,
where one images the real space and one the Fourier space of the
sample surface.
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The far-field radiation is collected via an objective lens (40x/
0.60) and imaged to a CCD camera.

The out-coupled light forms bright spots in the camera image
at the positions of out-couple gratings, where the intensity of
these spots is proportional to the intensity of the counter-
propagating SPPs. By rotating the quarter-wave plate in front of
the focusing lens the polarization state of the incoming light can
be tuned continuously from vertical linear polarization through
elliptical and circular polarizations, back to the vertical linear
polarization. For each polarization state the light intensities at
the two out-coupling gratings are recorded at the CCD camera
and finally integrated over the grating area (Figure S). The
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Figure 5. Experimental demonstration of continuous tuning of relative
amplitudes of the SPPs measured from the left and the right gratings.
(a) Recorded real-space images of the sample surface for three
different polarization states of the incident light. The red dotted lines
indicate the positions of the gratings. (b) Integrated intensity from the
right (red triangles) and left (black stars) gratings over the rotation
angle of the quarter-wave plate. The upper x-axis shows the
corresponding polarization states of the incident light. The lines
show the theoretical predictions for the intensities (black dashed line
for the left grating, red solid line for the right grating).

experimental results show clearly that the intensity at the two
gratings varies with the ellipticity of the incoming light. For the
two circular polarization states we observe a unidirectional SPP
excitation where the intermediate polarization states allow the
continuous tuning of the amplitude of the SPP excitation
strength. The results are in good agreement with our theoretical
prediction (for details see the Supporting Information).

In the following we will focus on the linear polarization states
so that SPPs are excited equally in both directions of the
nanoantenna array (for example see measurement B in Figure
S). By changing the orientation of the linearly polarized
incident light using a half-wave plate (instead of the quarter-
wave plate), the real-space images of the gratings display the
same intensity (not shown) for all linear polarization
orientations due to equal excitation of SPPs in both +x- and
—x-direction. However, eq 3 showed a phase dependence on
the orientation angle @ of the linear polarization state. Hence
the relative phase between the two SPPs propagating in
opposite directions should change with the orientation of the
half-wave plate. To gain information about the phase relation of
the SPPs, we image the Fourier space of the surface instead of
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the real space. This provides us with the possibility to detect the
interference of the light coming from both gratings and thereby
measure the relative phase between the counter-propagating
SPPs. The obtained Fourier image on the CCD camera is
therefore analogous to the well-known double-slit experiment,
which shows a shift of the fringe patterns when the relative
phase between both slits is changed.

Without loss of generality, we compare our experiment with
the results of a double-slit experiment assuming two light
beams with the same intensity. The amplitudes E and E; are

equal and are set to the value % The total intensity due to the

sum of the two sources can then be expressed as a function
dependent on the polarization orientation angle a:

aeE 0

I(a) ( )2 sin’(a — 20)

4)
where @ is a reference offset phase, which depends on the
symmetry of the antenna array with respect to the illumination
beam (see Supporting Information for details). Figure 6a shows
the simulated field distribution of the electrical field along the
MgF,/Au interface for the two orthogonal linear polarizations
of the incident field. From these simulations it is obvious that a
7/2 phase shift of the SPPs for each direction occurs when the
polarization angle is changed by a = 90°, which results in an
entire phase shift between the two counter-propagating SPPs of
A=2a=m.

The intensity function (eq 4) leads to interference fringes in
the Fourier space of the sample surface such as the ones shown
in Figure 6b. In these images, it is clearly visible that the
interference pattern shifts for different polarization angles of the
incident light. An analysis of these interference patterns allows
us to determine the intensity change (Figure 6c) at a particular
position of the CCD camera (marked by the white line in
Figure 6b), which corresponds well to eq 4. Hence the obtained
phase difference A of the counter-propagating SPPs follows our
predicted phase introduced by the nanoantennas (eq 3). Figure
6d summarizes the results by showing the obtained phase
difference A between the two counter-propagating SPPs, which
exhibits a linear relationship with the incident polarization
angle. Hence the phase shift for an SPP with respect to the
excitation field is A/2. This method thus demonstrates a simple
linear control of the phase of SPPs with the incident linear
polarization angle.

B CONCLUSION

In this work we have demonstrated both helicity-dependent
unidirectional SPP excitation and polarization-controlled phase
modulation of SPPs based on a metasurface placed in close
proximity to the metal interface. Through an interference
experiment we experimentally verified that the phase difference
between two counter-propagating SPPs can be tuned
continuously with the incident polarization state. Combining
both effects such metasurfaces based on nanoantenna structures
are able to simultaneously tailor both the intensity and phase of
SPPs. In contrast to other concepts with a high excitation
efficiency of the SPP modes (here we reach about 4% at the
design wavelength of 800 nm for RCP light; see Supporting
Information), our work goes beyond previous works that only
generated controllable unidirectional SPPs.'”'® More impor-
tantly, the concept we demonstrated here is based on a general
concept of a %eometrical phase change due to a Pancharatnam—
Berry phase,"”~** which means it is not necessarily limited to an
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Figure 6. Theoretical calculations and experimental demonstration of continuous tuning of the relative phase between counter-propagating SPPs. (a)
Simulated field distribution of the electrical field (E,) along the metasurface for two orthogonal polarization states of the incoming light with the
beam center at 6 ym (black line). (b) Measured Fourier plane images of the sample surface showing a shift of the resulting interference fringes from
the two gratings when the orientation angle & of the incident linear polarization is changed. The white line marks the position that is used to evaluate
the intensity. (c) Experimentally obtained value (crosses) and the theoretical model (solid line) of the signal intensity at the marked position as a
function of the orientation angle a. The double-headed arrows on top represent the corresponding polarization of the incident light. (d) Linear
relationship between the phase difference A of the counter-propagating SPPs and the polarization angle ¢ of the incident field, which demonstrates a
simple linear control of the phase of the SPPs using the incident linear polarization orientation.

SPP excitation, but can also provide identical coupling, e.g., to
modes in dielectric optical waveguides." The nanoantenna
arrays could also be used as a waveguide coupler to couple free-
space light into or out of an optical waveguide and to generate a
relative phase or an amplitude difference just by controlling the
polarization state of the light. This would allow reaching any
point on the Poincaré sphere, which is a requirement for many
applications in the fields of quantum optics and state
engineering. Therefore, it is unimportant if the quantum
system is given by a single photon source or a quantum bit. Our
concept has the potential to simplify the state engineering and
to give new impulses to quantum optics. Furthermore, the
combination of the metasurfaces with thin films of liquid
crystals for obtaining controlled polarization changes could lead
to a fully integrated optical device, which would open up a new
gateway for integrated optics.””

B METHODS

Fabrication of the Metasurface. A quartz glass substrate
(Suprasil 300, Heraeus) has been coated with a 130 nm thick
gold film by electron beam evaporation. To etch the out-couple
gratings into the gold layer, a hard mask is necessary. An
electron beam resist (ARP 671.02; PMMA 950k) of 200 nm is
sufficient to protect the metal surface during the dry etching
process. The lines that form the out-coupler are patterned into
the resist using electron beam lithography (Raith Pioneer
system). Each grating consists of 10 lines with a width of 90 nm
and a length of 100 pm. The periodicity has been altered along
the y-direction ranging from 730 to 841 nm to tune the
operation wavelength of the gratings around 800 nm. The lines
are etched into the gold layer using an argon sputter etch
process by a plasma etching system (Oxford Instruments
Plasmalab System 100). The MgF, spacer layer is deposited
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after etching the gratings and removing the photoresist by
electron beam evaporation at 100 °C. The antennas are
patterned on top of the MgF, layer using electron beam
lithography (Raith Pioneer system) and a lift-off technique.
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