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Abstract: Plasmons, as emerging optical diffraction-un-
limited information carriers, promise the high-capacity,
high-speed, and integrated photonic chips. The on-chip
precise manipulations of plasmon in an arbitrary plat-
form, whether two-dimensional (2D) or one-dimensional
(1D), appears demanding but non-trivial. Here, we pro-
posed a meta-wall, consisting of specifically designed
meta-atoms, that allows the high-efficiency trans-
formation of propagating plasmon polaritons from 2D
platforms to 1D plasmonic waveguides, forming the trans-
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dimensional plasmonic routers. The mechanism to
compensate the momentum transformation in the router
can be traced via a local dynamic phase gradient of the
meta-atom and reciprocal lattice vector. To demonstrate
such a scheme, a directional router based on phase-
gradient meta-wall is designed to couple 2D SPP to a
1D plasmonic waveguide, while a unidirectional router
based on grating metawall is designed to route 2D SPP to
the arbitrarily desired direction along the 1D plasmonic
waveguide by changing the incident angle of 2D SPP. The
on-chip routers of trans-dimensional SPP demonstrated
here provide a flexible tool to manipulate propagation of
surface plasmon polaritons (SPPs) and may pave the way
for designing integrated plasmonic network and devices.

Keywords: metasurface; plasmonic circuit;
propagation; router; surface plasmon.

plasmon

1 Introduction

Surface plasmon polaritons (SPPs) have been viewed as an
emerging candidate of information technologies, thanks to
its diffraction-unlimited profile, strong evanescent confine-
ment (i. e., the small skin depth), convenient readout with
electronic signals, the high-speed operation, the high-ca-
pacity storage, and others [1, 2]. Thus, the arbitrary manip-
ulation of their propagation is of fundamental importance to
develop the next-generation plasmonic networks and cir-
cuits that are assembled in a chip. For a classification of
plasmonic devices based on the dimensional propagation,
2D plasmonic devices allow the wave propagations at any
in-plane directions such as the SPP on a dielectric/metal
surface excited by a point source, while 1D devices, essen-
tially like a strip waveguide, could only support the SPP
propagation in a fixed distinguished direction. The past
decade has witnessed the development of control of 2D SPPs
at the dielectric/metal interface, which offer many applica-
tions in practice, such as focusing [3-8], demultiplexer [9],
Airy-beam generation [10, 11], cloaking [12, 15], hyperbolic
propagation[13, 14], and so on. For 1D plasmonic system, it
has offered extensive applications in plasmonic circuits,
such as logic gates [16, 17], router in nanowire networks [18,
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19], SPP mode decoupling [20], plasmonic SPP waveguides
[21-26], Y-splitters [27], and so on. The exciting achievement
to manipulate SPPs in different geometric dimensions (2D
and 1D) has shown the conceivable potentials of plasmonic
devices for the information technologies, but a missing gap
lies in the flexible transformation and compatibilities be-
tween these two kinds of devices.

Meta-surfaces, consisting of arrays of artificially
designed sub-wavelength compositions, provide a powerful
tool to control electromagnetic waves. By accurately engi-
neering its sub-wavelength inclusions to modulate the local
wavefront, many fascinating phenomena and applications
have been demonstrated, including anomalous refraction/
reflection [28, 29], giant photonic spin hall effect [30-32],
holograms [33-36], metalens [37-39], surface plasmon ex-
citations [40-42], and so on. However, unlike arbitrarily
controlling of propagating waves in free space, direct
manipulation of the evanescent SPP is hard, especially when
the high efficiency is involved, because of the important
radiative scattering channel to free space. Recently, we
extend the concept of the metasurface to build high-effi-
ciency metawall in reflection geometry for arbitrary SPP
engineering which demonstrated an anomalous reflection,
SPP metalens and Bessel beam generation [6, 7]. However, it
remains elusive and largely unknown how a transmissive
control of SPP could be achieved along with the multifunc-
tional and high-efficiency operation in high frequencies.

In this work, we propose transmission-type meta-walls
at a telecommunication wavelength (i. e.,1550 nm), which
are constructed simply by the standing dielectric slabs. The
width of the slabs can be tuned to program the phase of
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transmitted SPP while the magnitude of the transmission
remains large, thus to allow the anomalous deflection and
focusing of SPPs in a close analog of the achievable of
electromagnetic meta-surface in free space [28]. More
importantly, to bridge the link between 2D and 1D plas-
monic systems, an on-chip trans-dimensional router is first
demonstrated to directly transform a 2D SPP beam to the
SPP in 1D plasmonic waveguide with a drastic momentum
change of 90 degrees, whose remarkable momentum
mismatch are compensated by the linear phase gradient
provided by the meta-wall. Further, we realize the unidi-
rectional SPP routers based on grating metawall scheme
which provides the reciprocal lattice vector to compensate
the momentum mismatch between the two types of plas-
monic systems. By changing the incident angle of 2D SPP,
we can efficiently route the 2D SPP beams to the desired
directions along the plasmonic waveguide. Our results open
anew avenue of designing cross-platform photonic devices.

2 Results

We start by introducing the concept of on-chip router of
trans-dimensional plasmons. For simplification, we sup-
pose a simple on-chip plasmonic system composed of a flat
metal surface and a dielectric waveguide placed on it, as
schematically shown in Figure 1A. The flat plasmonic metal
can support a 2D SPP eigenmode (with the wavevector of
kopspp) along x direction, while the plasmonic waveguide
can support a 1D SPP mode (with the wavevector of k;pspp)
propagating along y direction. The orthogonally of two

Figure 1: The schematic of on-chip SPP
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standing dielectric slabs with different
thicknesses on metal base. A 2D SPP
beam can be routed to the vertical
direction along the plasmonic waveguide
when a meta-wall placed near the
plasmonic waveguide compared with
nothing here (B) A current element model
(i, = j,o€ ™ ws*Y) built to demonstrate a
1D SPP mode can be excited in the
plasmonic waveguide by the designed 2D
surface current density distribution with
the phase-gradient along y equal to the
eigenvector kqpspp of the 1D SPP mode.
Where j,o is amplitude distributes along z
direction of the SPP eigenmode on the
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metal base. (C) Areal model based on meta-wall designed to mimic the current element model. The transmission field distribution of the meta-
wall can be equivalent to j, for a 2D SPP beam striking on the meta-wall.
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wave vectors in the system implies a very large momentum
mismatch so that the information loaded by the propa-
gating 2D SPPs is difficult to be delivered to the plasmonic
waveguide (see the left case in Figure 1A). This scenario is
in a close analog of converting 3D free space wave into 2D
near-field SPP [40, 42], except the fact that what we aimed
to achieve is the steering or transformation of plasmonic
near fields. Here, we realize an arbitrary phase distribution
of SPP, such as a linear gradient phase for the compensa-
tion of plasmonic momentum mismatch from 2D to 1D
plasmonic system, so that the impinging 2D SPP can be
efficiently routed into the 1D plasmonic waveguide (see the
right case in Figure 1A). To demonstrate the feasibility, we
first build a 2D current element model to mimic the mo-
mentum match. A 2D surface current source with the cur-
rent density distribution of j, = j,,e *»s»#* is placed at an
appropriate distance from the plasmonic waveguide to
excite the 1D SPP mode in the plasmonic waveguide, where
jzo0 is the amplitude distribution along z direction of the 2D
SPP eigenmode in the plasmonic metal. As shown in
Figure 1B, the 1D SPP mode in the plasmonic waveguide is
well excited by a 2D current element model as expected, of
which the specific details will be present later. To realize
the 2D current element model by the practical structure, we
propose the phase-gradient metawall constructed by ar-
rays of standing dielectric slab on a plasmonic metal, as
shown in Figure 1C. When a 2D SPP strikes the meta-wall,
the local transmission phase of each meta-atom need to be
the same with the corresponding current element at same
position so that the transmission-phase distribution satis-
fying ki + 9,9 = kipspp, Where k;, is the y-component of
kapspp, @ is local transmission-phase of meta-atom and 9y ¢
is the phase gradient along y directions. Fundamentally,
the momentum match determines whether the modes can
be routed from one system to another, while there is
another important factor that the coupling intensity be-
tween two modes will decide how much energy can be
routed from one system to another. Therefore, except the
momentum match problem, the coupling intensity should
also be considered together to improve the meta-wall per-
formance.

We now introduce how to build a meta-wall to realize
the arbitrary phase distribution. Obviously, the key is to
find a kind of meta-atom architecture with high efficiency
in transmission geometry. We design a single-layer meta-
structure constructed by a TiO, dielectric slab with
adjustable thickness to satisfy the requirement at the
wavelength of 1550 nm. Figure 2A shows the simulation
setup where the SPP transmission coefficient can be ob-
tained for a non-gradient meta-wall consisting of arrays of
TiO, dielectric slab (length d = 1.4 pm) standing on an Au
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film with periodicity a = 400 nm along y direction. Here, the
SiO, slab placed on the Au film has a thickness of 100 nm,
thus to allow the eigenmode of 2D SPP more localized
(kapspp = 1.0509k,). Considering the radiation losses to the
far field, the vertical height of the meta-wall does not need
to be very large but should be necessarily larger than the
decay length (about 382 nm) of the 2D SPP, which is set as
1 pm here. The refractive indexes of TiO, and SiO, are set as
2.4328 and 1.45 at 1550 nm respectively [43]. Based on the
same configuration, Finite element method (FEM) is uti-
lized to simulate the S-parameter, the transmission
amplitude and phase of SPP as shown in Figure 2B.
Figure 2B shows that the phase of transmitted SPP can
cover the full range of 2n with the thickness (w) varying
from 40 to 340 nm at the working wavelength of 1550 nm.
Meanwhile, the transmission amplitude can also keep a
high value (larger than 0.81) in the whole spectrum. To
preliminarily demonstrate the performance of the meta-
atom, we build a phase-gradient meta-wall constructed by
the super cell consisting of 6 sub-units (w = 50, 81, 120, 167,
224, and 290 nm) that satisfies the transmission phase
distribution @(y) = @, + &, where the phase gradient
&=0.62l;,pspp. Based on the momentum conservation along
y direction, the transmitted SPP need to satisfy:

ki +& =k 1)

where ki = kopspp sin®; is the y-component of kpspp, ¢ is
the phase gradient provided by the metawall, and
kty = kopspp sin 6; is the y-component of wave vector for
the transmission SPP, 0; and 6; are the incident and
transmission angles of respectively. According to Eq. (1),
the transmission angle of SPP is predicted as 38° at the
normal incidence. We use Finite element method (FEM)
simulations to calculate the near-field E, pattern when a
Gaussian SPP beam is launched to strike normally on the
meta-wall. As shown in Figure 2C, the SPP beam through
the meta-wall does flow along the direction, indicating an
excellent agreement with the theoretical expectation.
Through the energy flow integral, the anomalous
transmission efficiency can be evaluated as about 70%.
Moreover, a more complex wave front manipulation of SPP
focusing effect is further demonstrated (see Figure 1S of
Supplementary Materials), which also shows a favorable
performance.

Then, we demonstrate a directional SPP router based
on meta-wall to establish a relationship between 2D SPP
and 1D SPP systems. Here, a SiO, dielectric waveguide with
cross section area of 400 x 400 nm’ is placed on top of the
plasmonic metal, which supports a 1D hybrid SPP mode
with the wavevector of k;pspp = 1.1527k, (see Figure S2A of
Supplementary Materials). In this case, the SPP trans-
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Figure 2: Unit cell design and demonstration of meta-wall. (A) Simulation setup to obtain the SPP transmission coefficient of a non-gradient
meta-wall composed of a TiO, slab (d = 1.4 pm, a = 400 nm). By changing the width w of the meta-wall, the transmission phase of SPP can be
modulated freely. (B) FEM-simulated transmission amplitude and phase of SPP versus the width w. (C) FEM-simulated near-field £, patternon a
plane above the plasmonic metal fora SPP Gaussian beam striking the meta-wall at normalincidence. Here, the w distribution of the meta-wall

is designed to satisfy a phase gradient &= 0.62k,pspp.

dimensional router can be characterized by the coupling
efficiency, representing the amount of incident power be-
ing coupled to the plasmonic waveguide along the ex-
pected direction (e. g., +y direction in this case), and the
directivity D, describing the ratio of SPP power routed in
plasmonic waveguide along the expected positive direc-
tion (e. g., +y direction) and the opposite direction (e. g.,~y
direction). Based on the previous analysis, the basis con-
dition of routing 2D SPP to 1D plasmonic waveguide is the
momentum match (i. e., ky, = kipspp). According to Eq. (1),
the phase-gradient & = kypspp provided by the meta-wall is
larger than k,pspp at normal incidence in this case, which
will lead to the evanescent transmission field of meta-wall
along x direction, meaning the transmission field is not a
steady propagating eigenmode on the metal surface but a
transient evanescent field. As a result, a suitable width of
gap between the meta-wall and the plasmonic waveguide
is need for the sake of obtaining the higher coupling effi-
ciency of the evanescent field with the 1D SPP modes in the

plasmonic waveguide. Considering the decoupling effect
(i. e., the SPP propagating in the waveguide can also couple
out by the meta-wall), the router based on meta-wall
should not be too wide, so only 16 sub-units are chosen
here. Based on this configuration, we use FEM simulations
to calculate the coupling efficiency and directivity of the
router versus the width w,,, of gap. As shown in Figure 3A,
we can see that he coupling efficiency can reach a
maximum of 29% and the corresponding directivity D is
equal to 37 as Wggp, = 210 nm. Figure 3B shows the near-field
E, pattern for a Gaussian SPP beam launched to strike the
meta-wall at normal incidence. Obviously, we can see that
the impinging 2D SPP beam is directionally routed to the
expected +y direction along the plasmonic waveguide
while the 1D SPP propagating along the opposite direction
is greatly suppressed. It is noted that the reciprocal lattice
vector introduced by the supercell (i. e., with imperfect
gradient-phase distribution) will also affect the directional
routing performance, besides the imperfect transmission
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Figure 3: Demonstration of the directional router of trans-dimensional SPP based on phase-gradient meta-wall. (A) The directional coupling
efficiency and directivity of the SPP router versus the width w,,,, of gap between the meta-wall and the plasmonic waveguide (B) FEM-simulated
near-field £, pattern on a plane above the plasmonic metal for a SPP Gaussian beam striking the meta-wall with the phase gradient & = kypspp.
The 1D SPP eigenmode of the plasmonic waveguide can be excited under the cases of the continuous current element model (C), the discrete
current element model (D) and the meta-wall based on real structure (E).

meta-atoms of meta-wall. Therefore, there are still quite
some energy unutilized, where the missing powers are
carried out by the scatterings to the far field (about 20%), 0-
order transmission of SPP (about 44%), normal reflection
(about 1%), in the case of Wgqp = 210 nm. In order to
approach the ideal case, we build the current element
model to mimic the ideal trans-dimensional router of SPPs.
Figure 3C shows the near-field pattern for a continuous
current element model with the current density distribu-
tion j, = j,oe *ws»* placed in the same distance from the
plasmonic waveguide with the meta-wall, which demon-
strate a much better directivity of D = 1530 than the meta-
wall. When we place a discrete current element distribu-
tion with the same phase distribution ¢(y) with the meta-
wall, the routing directivity can reach 390, as shown in
Figure 3D. For a comparison with the current element
models, the near-field pattern in the same region for the
proposed router based on meta-wall is shown in Figure 3E.
Comparing the continuous one, the discrete current
element model with imperfect gradient-phase distribution
possesses a smaller directivity, which has larger directivity
compared with the real structure due to the imperfect
transmission meta-atoms where the disturbances to local
phases of meta-wall originating from the coupling among
meta-atoms and between waveguide and meta-atoms also

cannot be neglected. These theoretical results imply the
router based on meta-wall could be further improved, e. g.,
global optimization to the super cell of meta-wall, while
our aim here is to demonstrate the great potentials of meta-
wall in trans-dimensional router.

Further, we introduce another scheme that the recip-
rocal lattice vector provided by a grating meta-wall can be
exploited to compensate the momentum mismatch, lead-
ing to a unidirectional SPP router depending on the inci-
dent angle variation. Similar with Eq. (1), the momentum
conservation in this case can be described as:

ki, + mK = tkipspp 2

where K = 271/A is the reciprocal lattice vector induced by
the periodicity of grating meta-wall, A is the period of
grating meta-wall and m (+1, +2, ...) denotes the order of
the diffraction channels of SPP. Here, m just takes +1 order
to match the SPP mode in the waveguide while ignoring
higher modes with less influence to the system. For the
simplest case of K = kipspp for a normal incidence of SPP
(. e., ks = 0), both of +1 orders could be routed into
the plasmonic waveguide along +y and -y direction
respectively. For the new architecture, the number of
periods, the thickness (d) and the width (w) of the TiO,
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dielectric slab need to be fixed besides wgg,,. For
simplifying model, 50% duty ratio (i. e., w = A/2) and 11
periods for the TiO, dielectric slab is chosen in the design of
grating meta-walls. Through optimizing d and wg,, to
achieve a better coupling efficiency, we get d = 620 nm and
Wggp = 370 nm here (see Figure S2 of Supplementary
Materials). Then, a trans-dimensional SPP router with
bidirectional channel is designed. When k;, # 0 (i. e., 8;> 0
or 6; < 0), here we just need analyze the case of 6; > 0
because responses of the SPP router should be parity
symmetric in the cases of 0; < 0 and 6; > 0, as determined by
the symmetry of this router geometry. For the case of k;, # 0,
we keep the same geometry parameters of grating meta-
wall with the ones used in previous case of normal
incidence except the value of A. Considering kipspp > kiy,
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there are only two solutions for Eq. (2), which
corresponding to kpspp sin6 — K = —kypspp and kopspp Sin
0 + K = kipspp. For the solution of kypsppsin®—-K =
—kipspp, Figure 4A shows the vector relationship of
momentum match. Obviously, the -l-order mode
(m = -1) satisfies momentum match with the 1D SPP
mode of the plasmonic waveguide and thus should be
efficiently routed to —y direction along the plasmonic
waveguide, while the +1-order mode (m = +1) should be less
routed to +y direction along the plasmonic waveguide due
to the fact that its wave vector is larger than the required
kipspp and the propagating wave vector k,pspp of 2D SPP.
For example, supposing the incident angle 6; = 10°,
Figure 4B shows FEM-simulated scattering near-field E,
pattern, which demonstrates that an oblique SPP Gaussian
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Figure 4: Demonstration of an undirectional SPP router based on the grating meta-wall. (A) Schematic of the momentum mismatches between
the inputting 2D SPP and the 1D SPP along the plasmonic waveguide compensated by the reciprocal lattice vector of the grating meta-wall.
FEM-simulated near-field E, pattern on a plane above the plasmonic metal for a SPP Gaussian beam striking the grating meta-wall for the
incident angle 8 = 10° (B) and 6 = -10° (C) respectively under the case of the designed reciprocal lattice vector satisfying

K = kapspp Sin 8 + kipspp (D) The coupling efficiency and directivity of this unidirectional SPP router versus the incident angle 8 of 2D SPP.
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beam is indeed routed to —y direction along the plasmonic
waveguide, while the SPP mode along +y direction does
not appear. Moreover, we show the response at the incident
angle 6; = —10° in Figure 4C, which agrees very well with the
previous analysis. To further test the robustness of
momentum mismatch in the router based on grating
meta-wall, we calculate the coupling efficiency and
directivity of the router versus the incident angle by FEM
simulations, as displayed in Figure 4D. The coupling
efficiency around the designed angle of incidence reaches
a maximum (i. e., 20.3% at 0; = 11°) and the directivity also
reaches the maximum of 42 at the designed 6; = 10°. Such
results show that the router is robust with the incidence
angle varying from 8° to 17° where the directivity bigger
than 10. Around 6; = 2° and 6; = 16°, two other local
maximum values appear, which reflects that the routing
efficiency cannot be uniquely determined by the
momentum match. Because the structure parameters of
grating meta-wall in this case are optimized under the
condition of 6; = 0° rather than 6;°#°0°, the variation of 6;
not only changes the incident momentum k; but also
disturbs the coupling intensity of the two systems, which
may lead to multiple extremums. Furthermore, it is noted
that the routing performance shown in Figure 4D are
achieved under the conditions of w = A/2 and 6; = 0°,
meaning that the unidirectional router could be further
improved for other specific cases. For the case of
kopspp ® sin® + K = kipspp, the similar demonstrations
can be shown (see Figure S3 of Supplementary
Materials). Interestingly, the router based on this
configuration can obtain an excellent directivity of 326 at
0; = 7°, although the efficiency is lower than the previous
case of grating meta-wall.

3 Conclusions

To summarize, we extend the concept of free-space
meta-surface to build on-chip meta-devices for plas-
monic manipulation. The proposed meta-wall consists
of arrays of TiO, dielectric slab standing on a plasmonic
metal in transmission geometry, which can realize
arbitrary wave front control of SPP with high efficiency.
As the proof of concept, the SPP routers of trans-
dimension from 2D to 1D plasmonic system are demon-
strated at the wavelength of 1550 nm. For compensating
the momentum mismatch of SPPs from 2D to 1D plas-
monic system, a scheme based on phase-gradient meta-
wall leads to the directional SPP router which just allows
the 2D SPP routed to the fixed direction along the 1D
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plasmonic waveguide, while another scheme based on
grating meta-wall leads to the unidirectional SPP router
which can route the 2D SPP to the arbitrarily designed
direction along the 1D plasmonic waveguide through
adjusting the incident angle of SPP. Our findings
improve the compatibility of cross-dimensional plat-
form for plasmonic system and may inspire many new
on-chip photonic devices.
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