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ABSTRACT: Thanks to the superiority in controlling the optical ‘
wave fronts, plasmonic nanostructures have led to various striking

applications, among which metasurface holograms have been well

developed and endowed with strong multiplexing capability. Here,
we report a new design of multiplexed plasmonic hologram, which
allows for reconstruction of multiple holographic images in free space

by scatterings of surface plasmon polariton (SPP) waves in different
propagation directions. Besides, the scattered polarization states can

be further modulated by arranging the orientations of nanoscatterers.

By incorporation of the SPP propagation and polarized scattering, a 4-fold hologram with low crosstalk is successfully
demonstrated, which breaks the limitation of only two orthogonal states in conventional polarization multiplexers. Moreover, our
design using the near-field SPP as reference wave holds the advantage for compact integration. This holographic approach is
expected to inspire new photonic designs with enhanced information capacity and integratability.
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he advances of artificial optical nanostructures have

demonstrated the overwhelming capability in manipulat-
ing the phase, amplitude, and polarization of light in desirable
manners.' > Metasurface, as a 2D arrayed ultrathin structure
with a reduced internal propagating loss compared with the
bulk metamaterial, has attracted more attention recently, in
which the unit cell resonance and geometric phase design were
well developed as two major strategies in shaping the light
wavefronts."'* Up to now, many efforts were still ongoin.
toward the low-loss,"'™'* broadband,">™"° and achromatic*®™**
optical functionalities. Among them, hologram with ultrasmall
pixels and wide field of view is a promising application,”***~*’
especially when multiple degrees of freedom of photon are
involved for multiplexing®**~>" (e.g,, polarizations, diffraction
orders, focal planes). Compared with the conventional
holograms, the metasurface provides people with a superb
phase mask with enhanced imaging performance; however, the
advantage of ultrathin thickness has not been used well. In
principle, meta-devices would be of the high priority in compact
integrations due to its subwavelength feature. Regarding a
device of holographic imaging or display, if the illumination can
be on-chip integrated without external optical source, it will
greatly improve its device portability, stability, and extendibility,
which would greatly promote the related researches to a more
practical regime.

Surface plasmon polariton (SPP) is a bounded wave on metal
surface with enhanced field and squeezed wavelength. Near-
field holograms based on the SPP wave have been developed
for the beam engineering in recent years.”” > In fact, the SPP
wave also can work as the reference beam to generate a
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holographic image in the free space,”* " which possibly

indicates a kind of compact on-chip display devices. As far as
the multiplexing is concerned, how to engineer the SPP wave in
holograms to record and display information as much as
possible still remains an open question.

In this paper, we propose a new type of holographic
multiplexing with multiple information recorded in a well
arranged nanohole hologram, by which demultiplexed free-
space images can be reconstructed under SPP illuminations
with different propagation directions. It rightly takes the usage
of the propagating SPP wave vectors that carry the phase
information according to the holographic design. Four
separated holographic images with respect to different
propagating SPP excitations are demonstrated, and the
crosstalk for more possible multiplexer is also discussed.
Moreover, this holographic process is based on the scattering of
the SPP wave to free space, where the shape of the hole
scatterers is found to play an important role in controlling the
imaging polarizations. By incorporating with the polarization, 4-
fold hologram with almost zero crosstalk was realized by
appropriate polarization control both in SPP excitation and
imaging process. Such a hybrid holographic multiplexing
reasonably breaks the limitation of only two orthogonal states
in the polarization multiplexers and suggests new possibilities in
future compact designs for versatile optical functionalities.
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According to the diffraction process of SPP wave to the free
space, the propagating phase of SPP field can be selected out
for scattering by introducing nanoscatterers at proper locations,
by which optical Airy beams, polarized focusing beams, have
been realized.””* It is ready to extend such a diffraction/
scattering process to the SPP involved holography, where the
scattering structures (i.e., hologram) are designed by the
interference of an SPP reference wave and the reversed
diffraction wave from a certain spatial object. This hologram of
constructive interference pattern on a metal surface can be
retrieved from the equation of

q?)bj(x, y) = gospp(x, y) + 2mzx (1)
where ¢, is the phase distribution on metal plane required by
the object, and @, is phase of SPP reference wave. For an SPP
wave with a wave vector kg, propagating along |, the phase
evolution of it can be expressed as

Bpp = %o + kSPP'l (2)

From this equation it can be found that SPP waves
propagating along different directions will possess different
phase evolutions. Therefore, it would possibly provide people a
new strategy to record multiple objects information into a
single hologram pattern.

In experiment, the required phase distributions of
reconstructed images are stored in a well-defined rectangle
nanoscatterer array. By taking careful consideration on the
fabrication precision, scattering intensity, and some testing
results, suitable structural parameters of the scatterers were
determined. All the rectangular-hole scatterers were of 300 nm
in length, 100 nm in width, and 80 nm in depth, which were
fabricated by focus ion beam (FIB dual-beam FEI Helios 600i)
on a 200 nm thick silver film with a silica substrate. A slit with
length of 30 pm besides the hologram structures was
introduced to couple the incident He—Ne laser (4, = 632.8
nm) to in-plane propagating SPP. When the SPP wave
propagates through the nanoscatterings, it will be both
diffracted out as radiation light and still confined on the
metal surface as diffracted SPP waves. The diffracted out SPP
will reconstruct images in space, which can be characterized by
a microscope system with an objective of NA = 1.42.

According to the stated methods above, in the reconstruction
process only a proper SPP wave with the right propagation
direction can be diffracted to reconstruct the designed object.
Such a reconstruction cannot be fulfilled by other directional
SPPs for their unsatisfied phase evolutions. Taking the focusing
case for example, the hologram can be obtained by the
interference of a spherical wave from a point source and an SPP
wave propagating along —y direction, which corresponds to a
reference SPP propagating in y-direction in the reconstruction
process, as shown in Figure la. The red curve in the figure
displays the phase distribution of the spherical wave along the
y-axis, while the blue sawtooth shape line displays the phase
evolution of the SPP wave. Their intersections determine the
right positions of the scatterers, by which the hologram pattern
is formed. When we excited the SPP in y-direction, a free-space
spherical wave can be reconstructed by SPP scattering, which
rightly gives rise to a focusing spot, as shown in Figure 1d.
However, for an x-directional SPP wave, the phase is uniform
that cannot be selected out for a focusing but a plane diffraction
wave (see Figure 1b). As for the SPP wave propagating along
—y direction, the phase profile will be opposite and leads to an
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Figure 1. Influence of SPP propagation direction on holographic
reconstruction. The scheme of SPP propagating through a hologram
for (a) 0° (b) 90° and (c) 180° with respect to y-axis and the
corresponding phases of them. The blue lines are the SPP phase
evolutions on metal surface; the horizontal coordinates of red markers
represent the positions of hologram pattern; and the red lines
represent the phase of the required diffracting wave. The reconstructed
field intensities under (d) 0°, (e) 90°, and (f) 180° conditions and (g)
the zoom-in image of part of 90° and 180° cases with X10
enhancement for observation.

antifocusing (see Figure 1c). Unlike the focusing case, both the
diffracted plane wave and an antifocusing wave will diffuse
rapidly in the free space. Therefore, the intensity of their
reconstructed field in the image plane (focal plane of the first
case) will be much weaker compared with the focusing one, as
shown in Figure le,f (Figure 1g shows their field intensity with
X10 enhancement). Note that Figure 1d—g are the calculation
results by the diffraction theory with respect to hologram
structures under different SPP excitations.

From above analyses, we would possibly find a new way to
multiplex multiple objects into a single hologram structure on a
metal surface, which can be read out by different directional
propagating SPPs. In this case, there will be multiple holograms
overlapped that result in a number of sharing scatterers. To
achieve the multiplexed hologram structure, one needs to
carefully design the scatterers that can share how many target
objects in reconstruction. If the scatterers shared too many
targets, they must be reduced in number, which lowers the
holographic efficiency and the image intensity. On the contrary,
if the sharing is too small it is inevitable to produce crosstalk
that is harmful for demultiplexing.

To demonstrate this strategy, we designed a multiplexed
hologram with four objects of arrow-shaped points in different
directions at 40 pm above the metal plane. According to
aforementioned discussions, we first generated four hologram
patterns with respect to four target images according to four
directional SPPs excitations. Next, 4-fold and 3-fold crossings
from the overlapped patterns are selected out for the
multiplexing hologram (see Supporting Information (SI)
Note 1). This hologram structure with an array of nanohole
scatterers was fabricated by the focus ion beam (FIB) milling
on a silver surface, beside which four nanoslits were also
fabricated to launch the SPPs (see the method for the
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experimental details). Figure 2a shows the scanning electric
microscope (SEM) image of our hologram sample. Here, we

5 um

Figure 2. Design of 4-fold hologram multiplexed by propagating SPPs.
(a) The SEM image of the 4-fold plasmonic hologram, in which the
inset figure is the zoom-in image showing the details of hologram
units. The letters beside the arrows label the correspondence of
reconstructed images in panels b—e and the different directional SPP
excitations. (b-e) The experimentally reconstructed holographic
images with arrow-shaped points in different directions.

used rectangle holes as the scattering units with a uniform 45°
orientation (as shown in the zoom-in SEM image in Figure 2a),
which will reconstruct image with a certain linear polarization
(it will be discussed later). Then, we can filter out the noisy
background with different polarizations for a better observation.
The experimental results of holographic images are shown in
Figure 2b—e, where each orientated arrow image composed of
eight points corresponds to each directional SPP excitation
(marked as red arrows in Figure 2a). Although there are still
some background noises, these four images are clearly
manifested with almost no crosstalk, which indicates the
capability for multiplexing four orthogonal states more than
only two states in the polarization multiplexer.

In this multiplexed hologram, four reference SPPs are set
with a step of 90° in propagation direction. One would further
wonder how much information it can multiplex. To answer this
question, a smallest angle between two SPPs’ directions needs
to find by which two holographic images should have low
crosstalk. Then additional experiments with respect to different
propagating angles were performed. It is shown that a deviation
angle >20° can decrease the crosstalk to smaller than 0.1, which
indicates about 18 independent channels can be used in such
multiplexed hologram (more details are provided in SI Note 2).

In the scattering process, the SPP wave propagating through
the rectangular hole will lead to charge accumulations mainly at
two long sides of hole, which indeed acts as a oscillating dipole
diffracting to the free space with polarization orthogonal to the
hole long side (see the schematic image Figure S3a in SI Note
3). Therefore, it is ready to generate polarization controlled
diffractions with respect to well-designed hole orientations. A
simplest case is to generate a uniform linear polarization in the
holographic reconstruction. In the experiment of Figure 2, we
rightly take the usage of this property by arranging the 45°
orientations for all nanoholes, which gives rise to four linear
polarized images in —45° (Figure 2b—e). Such a polarized

holography is useful to improve the image quality by filtering
out the background noises with a proper polarizer in analyses.

Figure 3a schematically shows this polarized scattering
process, inside which the uniform hole sample (left-inset)

b
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Figure 3. Design of polarization controlled holography. (a) Scheme of
hologram with polarized diffracted units. The insets are the samples for
linear (left) and circular (right) polarization. Reconstructed images
corresponding to (b) linear polarization (—45°) and (c) circular
polarization analyzed in different polarization states. In (b,c) the
arrows at the top-right corners indicate the states of polarization
analyzer.

corresponds to a linear holographic image of capital letter “C”
with —45° polarization (i.e, the image disappears when
checked in 45° polarization as shown in Figure 3b). The
image is recorded in the plane of 40 um distance to the sample,
as well as the result in Figure 2. This method can be further
used to generate holographic images with arbitrary polarizations
more than the linear case. The right inset of Figure 3a displays
another sample containing two sets of units with a cross angle
of 90°. Under the excitation of a y-directional SPP wave, the
near field will be diffracted out with two orthogonal linear
polarized waves in a phase difference of Ag. This A@ can be
tuned by setting the relative displacement of two sublattices
according the different SPP phase accumulations. As a result,
arbitrary polarizations can be realized by superposing of these
two orthogonal waves in diffraction with different A¢, which
can be expressed as

Agﬂ = (kORa + ksppya) - (kORb + ksppyb) (3)

where, k, is the wave vector of scattering wave in free space, ki,
is the wave vector of surface plasmon wave, R, and R, are the
distances of image points to two orthogonal units respectively,
¥, and y, are the y-coordinate locations of these two units. For
example, by setting A = +7/2 as the case shown in the right
inset of Figure 3a, circular polarized images can be obtained, as
shown in Figure 3c. It can be seen that the “C” remains a strong
intensity both in 0° and 45° polarization states in analyses,
agreeing with the property of a circular polarization. In fact,
holographic images with all kinds of polarization states in the
Poincare sphere can be achieved by this means. More details
can be found in SI Note 3.

According to above approaches, a 4-fold multiplexed
hologram can be designed by incorporating the SPP
propagation with polarized scattering, where only two direc-
tional propagating SPP are needed. Figure 4a displays our
experimental sample with two zoom-in inset images showing
the unit cells. It is found the left and right sides are responsible
for two orthogonal polarizations (45° and —45°). A horizontal
slit in the bottom and a vertical slit in the center (indicated by
dashed lines) are also fabricated to launch the SPPs. Then these
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Figure 4. The 4-fold multiplexed hologram by SPP propagation and
polarizer. (a) The multiplexed hologram is composed of two parts that
are consist of diffracted units with o = 45° and —45°, respectively. The
black dashed lines represent the position of slit couplers to launch the
SPP. (b—e) Experimental results of four orthogonal images decoded
from the multiplexed hologram according to different excitation and
analyzer conditions. The first white arrow at the up-right corner
represent the polarization of incident lights, and the second arrow
represent the direction of analyzer polarization.

two orthogonally propagating SPPs are used to generate the
multiplexed hologram, in which the orientated units are located
at the intersections of two overlapped hologram patterns. In
our design, both sides of the hologram attribute to two
orthogonal states according to two different SPP excitations.
Meanwhile, the scattering fields as the holographic reconstruc-
tions are still perpendicular to each other in polarizations. It
means we can realize four isolated holographic images by
carefully tuning the input SPP excitation and polarized analyzer.
Because the SPP propagation can also be tuned by incident
polarization with respect to two slit couplers, four images can
be decoded from the 4-fold hologram by tuning the polarizers
in front of and behind the hologram sample. To experimentally
demonstrate this approach, a multiplexed hologram encoding
phase information on capital letter “CEAS” is designed, with
“CE” encoded at the left side and “AS” at the right side.
Horizontally propagating SPP waves launched by x-polarized
incidence is designed to reconstruct images of “C” and “S,
while the y-propagating SPPs contribute to the images of “E”
and “A”. Figure 4b—e shows the experimental results of the
demultiplexed four holographic images at an image plane of 40
um, inside which the polarization states of excitation and
analyzer are marked out in the top-right corners. From the
figures, four capital letters can be clearly observed with good
holographic imaging quality and almost no crosstalk.

In summary, we proposed and demonstrated a brand new
approach to generate multiplexed holograms with respect of

different propagating SPP waves as the references. By utilizing
polarized diffractions with certain scatterer orientations, object
waves with arbitrary polarizations were realized, which not only
helps to improve the holographic imaging quality but also to
realize a hybrid hologram for multiplexing more orthogonal
states. We finally demonstrated a 4-fold hologram with good
image quality and low crosstalk. Because the propagating SPP
multiplexer possesses more channels, which enhance the
capacity of plasmonic multiplexing, it offers people more
flexible designs and new exciting possibility in optical
information processing.
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