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Abstract: In nanoscale photonic devices, the demand for multifunctionality from 2D metasurface
optics has increased rapidly. To explore the required fine-tuning in the design metrics, we reinves-
tigated the trapezoid-shape copper metasurface using finite-difference time-domain simulation to
efficiently utilize linearly polarized light for two different functionalities. From the plasmonic band
structure, we could see how the degree of asymmetry in the geometry affected the efficient resonance
coupling of the traveling plasmonic modes, along with the different types of mode hybridization
profiles that were related to the nanoantenna’s geometric shape. By tuning the nanoantenna’s length,
we could excite the effective plasmon mode that was supported by this configuration and guide
surface waves unidirectionally from the normal incidence free-space light within the visible to in-
frared range. The directed surface plasmon polaritons had both antisymmetric and symmetric modes
that oscillated between the top and bottom surfaces of the continuous metal layer, depending on
the nanoantenna’s length and wavelength. This proposed copper metasurface was optimized for
a far-field application of broadband (600-900 nm) anomalous beam steering for an average of 60%
efficiency with a maximum angle of 64°. This work offers more understanding of a metasurface
being implemented in small plasmonic devices, waveguide mode controlling and beam steering with
wavelength-dependent functionalities.

Keywords: optical metasurface; SPP wave; plasmonic band structure

1. Introduction

The demand for subwavelength-scale engineering for compact flexible optics and
the exploration of the critical limits of light-matter interaction are both proliferating. The
promising applications of these optoelectronic devices in optical holography, superlens
imaging, polarimetric detecting, beam steering, waveguide coupling, beam splitting and
vortex beam generation have successfully replaced bulky optics [1-4]. Though remarkable
results and utility have been demonstrated using optical metasurfaces for photonic de-
vices, multifunctionality and wavelength-dependent multiplexing remain challenging [5,6].
Plasmonic metasurfaces have become more popular because of their subwavelength-scale
aspect ratio and gap surface plasmon (GSP)-assisted tuning option for the better control
of resonance loss. Highly efficient reflection orders can be controlled by magnetic cou-
pling [5,7-9]. A metasurface with a silver trapezoid-shape nanoantenna was investigated
by Li et al. within the visible wavelength range to demonstrate angle-resolved broadband
beam splitting [5]. A concurrent report from Zhang et al. studied a gold trapezoid-shape
metasurface [10]. Lei et al. came up with the new idea of tuning the resonance coupling
between a dipole and an imperfect image of the silver trapezoid-shape antenna to achieve
both anomalous reflection and transmission within the visible wavelength spectrum, but
the design was challenging in terms of fabrication [7]. Gao et al. conducted excellent work
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on a wavelength-insensitive phase gradient aluminum trapezoid nanoantenna for propa-
gating waves (PWs), but they did not explore the plasmonic effects [11]. The work of Sun
et al. with discrete bar nanoantennae connected the phase gradient to the onset of surface
waves (SWs) and the angular dependency of anomalously reflected beams [12,13]. Li et al.
demonstrated the mode conversion, polarization rotation and asymmetric coupling of the
waveguide modes for the mid-IR range using a metasurface with a small footprint and
gradient phase gold nanoantenna for the dielectric waveguide [14]. The flat metal trapezoid
nanoantenna over continuous insulator and metal layer has been reported in the literature
are included in Table 1. Within the last decade, many works have reported approaches to
new possibilities, yet more investigation is required into how one metasurface can be used
efficiently for both PWs and SWs in a controlled manner.

Table 1. Flat metal metasurfaces for trapezoid nanoantennae.

Material Length/Ba:ii{ll;ip/Height I:;/II;‘)N Angi\:/i;ixff/i\c Ii{ency Effect ‘I/{v:r‘:gle; %:1})1 Reference
Ag/SiO,/Ag 300/120/40/260 300/300 Not reported Perfect light absorption (~71%) 400-700 [15]
Ag/SiO/Ag  800/150/30/180 1000/200 orgi:/fz);of—hlr%t%) Light scattering 500-800 5]
Au/SiO,/Au  1200/320/100/320 1800/360 ijéio/ (fgé_f;gsﬁ) Light scattering 625-1525 [10]
wsoun s moam T et
Cu/Si0;/Cu  550-918/185/20/200 612-980/349 de%lfzﬁfé?éo% nd direcégfg{ zf)it;;g“g’w waves 500-1200 This work

In this article, we report a copper metasurface as the plasmonic material. Both gold
and silver have been extensively investigated in the literature, but not as much attention
has been paid to copper. The interband transition energy level for copper is 2.15 eV and
has the capability of interband excitation within the visible wavelength range, compared
to the 4 eV of gold [16]. The oxidation of copper is an issue, which has been improved
by the use of capping agents over recent years [17,18]. Photonics devices can also be
made cost-effectively using copper. Using finite-difference time-domain (FDTD) simulation
(2021R1.2 FDTD Solutions, Ansys/Lumerical), we explored the design of a metasurface
that was optimized for the visible to near-infrared spectrum for anomalous reflection and
SPP channeling. This article is divided into two sections to discuss these two aspects of our
metasurface design.

2. Simulation and Modeling

We chose for the thickness of the copper trapezoid nanoantenna to be 50 nm
(A/10 — A/24) to overcome the skin depth of the Cu-5iO, system with a continuous
SiO; spacer (h = 50 nm) and a 100-nm Cu bottom layer (Figure 1a) for a working wave-
length range of 500-1200 nm. The value of the optical constant for the simulation and
calculations was taken from the book of Palik [19]. We maintained a constant gap of 62 nm
between the tip to the base and a constant base width of b = 185 nm, a tip of 20 nm and
a periodicity toward the base of Py = 349 nm. We changed the length (L = 918, 825, 700
and 550 nm), as well as the corresponding periodicity Py toward the length direction (see
Table S1 in the Supplementary Materials) to optimize the length of the trapezoid. Plane
wave source was used for the reflection, phase profile and wavelength-dependent SPP
excitation using a Bloch boundary condition in the x and y directions, with a PML toward z.
For the scattering and absorption cross-sections, power flows and SPP wave propagation, a
total-field /scattered-field (TFSF) source was used from the top of all of the PML boundaries.
For the band structure calculations, modes were excited using a randomly oriented electric
dipole near the Cu nanoantenna-SiO, interface and the results were obtained from up to
the first Brillouin zone edge. In this article, our interest was mainly in 918-nm and 550-nm
trapezoids, which we will refer to as 918L and 550L, respectively.
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3. Results and Discussion

The phase shift that was offered by the trapezoid nanoantenna, which was symmetric
under normal incidence y-polarized light, varied linearly along the x direction, which
conveyed with dg(x)/dx in the generalized form of Snell’s law:

. . A Ao dd(x
Nt sin Oy —n; sin0; = mOP—O + E?r d>(< )
X

M

where n;, and n; are the refractive indices of the reflected and transmitted medium,
respectively. The subscript m signifies the diffraction order. Equation (1) is a simple grating
equation with a maximum accumulation of the additional phase 27t within one periodicity
of a unit cell. the term produced d¢(x)/dx = 27/Px.

Ny Sin 6t — 0y sin®; = (mg + 1);\)—0 )
X

So, the prominent order of the power flows shifted to a positive first-order diffraction
after the reflection or transmission [5,7,20]. For wider angle and higher efficiency anomalous
reflection (AR) in the 500-950 nm broadband range, we obtained the optimal aspect ratio
and length of the trapezoid, as shown in Figure 1b,e,f and Figure S1.1b. Below a 550-nm
wavelength, the reflection efficiency of the plain SiO,—Cu surface was low, so copper was
not a good candidate; however, above that wavelength, the efficiency of the AR could be
raised to almost 70% as the length of the trapezoid increased with the compensation of
the AR reflection angle. Figure S1.2a in the Supplementary Materials provides all of the
simulated wavelength-dependent angle-resolved far-field anomalous reflection magnitudes
for all of the trapezoids, both for TE (Ej, | | y) and TM (Ej, | | x). The simulated wavelength-
dependent total reflection efficiency and the specular and (—1,0)-order reflection efficiencies

are also presented in Figure S1.2b,c in the Supplementary Materials [2,5,8,11,14,21].

Reflection effeciency of (1,0) for TE,, for varying Trapezoid length [ 2R angie wih Trapee

o

—— (1.0) TE for L=918 nm
— (L0) TE for L=825nm
—— (1.0) TE for L=700nm
(1.0) TE for L=550 nm
- = - without Cu nanoantenna

2

@

i

Anomalous beam Reflection efficiency

918L

4

Anomalous reflection Angle in degree

‘\\,.F\

650 700 750 200 850
Trapeziod length in nm

=
2

700 800 900 1000
wavelength in nm

7 Reflection effeciency for 550L & 918L Rectangle and Trapezoid
08 d

064

044

Total reflection

—— R (Rect 550L) TEin

R (Rect 550L) TMin
——R (Trap 550L) TEin
——R (Trap 550L) TMin
----R(Rect 918 L) TEIn

R (Rect 818 L) TMin
- ---R(Trap 918 L) TEin
----R(Trap 918 L) TMin

0 600 700 800 900 1000 1100 1200
wavelength in nm o} 20 40 60 80

Angle 0 in ©

0.0
5i

Figure 1. (a) A schematic of the Cu metasurface; (b) the broadband anomalous reflection efficiency of
the four different length trapezoids, as mentioned in Table S1 in the Supplementary Materials; (c) the
minimum and maximum angle coverage from the anomalously reflected beams; (d) a comparison of
the total broadband reflection efficiency of the 918L (dashed line) and 550L (solid line) trapezoids
and the rectangles for both the TE and TM incidences; (e) the angle-resolved far-field reflection
magnitudes depending on the wavelength for the TE incidence for the 550L trapezoid and (f) the
918L trapezoid.
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Figure 1d shows the total broadband reflection efficiency of the rectangle and trapezoid
for both lengths, both for the TE and TM normal incidences. By looking at the solid and
dotted green lines, it can be seen that they almost match as the E-field in the TE incidence
did not experience any differences in the geometry changes. In this case, the TM incidence
showed sharp resonance dips that were related to the periodicity and gap surface plasmon
resonance. Interestingly, for the 550L rectangle, the resonance phase shift was huge in
order to totally suppress the reflection around 950 nm of wavelength. The magnetic
dipole resonance modulated the phase of the reflected beam. Out of the trapezoids for
the TE incidence, the strength of the dipole resonance was enhanced in localized regions
at different widths of the wavelength, as shown in Figure 2b [2,7,11,14,22]. The beam
steering limits for these trapezoids are presented in Figure 1c by plotting the minimum and
maximum AR angles. The angular limits for the first-order diffraction of our design were
0.537 < Ag/Px <1 for the 500-950 nm spectral band.
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Figure 2. The phase gradient in effect from the trapezoid shape gradient: (a) the simulated 2D
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phase map for the Cu bar nanoantenna with increasing widths of the wavelength for 918L (top) and
550L (bottom); (b) the wavelength-dependent TM and TE phases for the four different Cu trapezoid
lengths, in which the abrupt changes occurred due to shape-dependent resonance modes for the 550L
trapezoid that did not affect the 918L trapezoid. The color bar scale values are in radians.
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The phase profiles are presented in Figure 2a,b. The increasing widths of the bar
nanoantenna were represented by the increments in the length of the trapezoids [5,11]. The
irregularity in the phase contour of the y-phase profile started to build up mostly from
the trapezoid’s base side (Figure 2a), from about 70 nm of the width toward the base, for
both cases of 550L and 918L at around a 611-nm wavelength. The anomalous reflection
also started to become dominant around this wavelength (Figure 1a and Figure S1.2a). In
the wavelength-dependent broadband reflection phases, as shown in Figure 2b, we could
see that for the 550L trapezoid, the peculiar phase hold from 622-633 nm of wavelength
was because of the shifting of the dipole resonance position along the width, from the
middle toward the base. Within 634-657 nm of wavelength, the resonance was strongly
enhanced in the same position. This did not occur for the rectangular nanoantenna, as
shown in Figure 3b. When we compared the x-phase (Figure 2b) to the TM reflection
profile (Figure 1d) for the 550L trapezoid, the abrupt phase change around the 900-nm
wavelength caused the reflection to drop, which could be attributed to the cavity gap
surface plasmon (GSP) resonance [8,10,20,22]. The same occurred for the 918L trapezoid;
the small amount of phase change at 655 and 809 nm of wavelength showed the effects of
the reflection drop. For the TM incidence, when the sin 6, value in Equation (2) became
imaginary at Ag > Py, the surface-bound evanesce mode started. The in-plane component of
the field interacted with the metal’s free electrons and formed a collective oscillation, which
remained confined within the dielectric metal interfaces. We discuss the plasmonic mode
excitation in the second section. We could calculate the phase gradient for any wavelength
from the phase color map. We calculated that dgy/dx =2 x 1073 rad/nm for the 550L
trapezoid and d@x/dx =7 x 10~ rad /nm for the 918L trapezoid at 637 nm and 990 nm
of wavelength, respectively, under normal incidence. In the next section and in Section S2
of the Supplementary Materials, we show see why the phase gradient at the 637-nm and
990-nm wavelengths were of interest.
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Figure 3. (a) The simulated TM incidence angle-dependent reflection efficiency for the 550L trapezoid
in the wavelength range of 600 to 700 nm showing the normal incidence origins of the SPP waves; (b)
a comparison of the wavelength-dependent phase profiles of the 550L trapezoid and rectangle; (c) the
Ez(z) field profiles at various x-positions within the trapezoid and (d) rectangle. The trapezoid was
from z = 0 to 50 nm, the continuous SiO, layer occupied Z = —50 to 0 nm and the Cu bottom layer
was from z = —150 to —50 nm. The blue dashed line shows the structural outline. The inset shows
the Ez(x,z) field profiles of the three trapezoids in (c) and rectangles in (d).
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Thanks to the phase gradient metasurface, light could be coupled to the SPP mode
from a normal incidence beam with a flat two-dimensional geometry [23-26]. The detailed
mechanisms are explained in Section S2.1 of the Supplementary Materials [27-31]. In brief,
as shown in Figure 3a, we explored the incidence angle-dependent reflection profiles of
the 550L trapezoid for the wavelength range of 600-700 nm, for which the phase profiles
were interesting. At 637 nm of wavelength, the reflection dropped, which indicated
coupling between plasmon modes under normal incidence and 12° angles as the reflection
dropped by almost the same magnitude. Figure 3b shows the wavelength-dependent
phase profiles of the rectangular and trapezoid geometries. Figure 3c,d show the E, field
profiles that effectively initiated the SPP mode excitation for the trapezoid shape. When
we compared the E,(z,x) values of the various lengths for both shapes (see Figure 3c,d),
we could clearly see the magnitude and nature of the field excitation. For the trapezoid,
almost twice the field enhancement in tip direction compared to base and dynamically
changing the interplay between the symmetric and antisymmetric modes of the transverse
field vector between Cu-nanoantenna and the bottom Cu layer originates the unidirectional
SPP propagation (Supplementary Materials, Video S1). For the rectangle, the transverse
field vector’s antisymmetric modes between two metal regions flip sign from one edge to
another, indicating that rectangle works as a perfect dipole with an almost standing SPP
wave, Video S2).

The relationship between the SPP dispersion through both the air-Cu and SiO,—Cu in-
terfaces of the continuous layers of the metasurface is presented in Figure 4a and Figure 52.1a.
The huge difference between the theoretical SPP propagation wavelengths of the air-Cu and
5i0,—Cu interfaces, along with the SPP wavevector, is shown in Figure S2.1b,c. Theoretically,
the SPP propagation lengths for the Cu-5iO; interface were 1.77 um and 3.8 um for 637 nm
and 990 nm of A, respectively, and those for the Cu-air interface were 11.35 pm and 270 pm
for 637 nm and 990 nm of A, respectively. Figure 52.2 in the Supplementary Materials shows
the SPP excitation profiles with the E(x,z) and Ez(x,z) values of these structures for the three
trapezoids in comparison to those for the rectangles. Section 52.3 in the Supplementary
Materials depicts the wavelength-dependent E,(z,A) and magnitude E(z,A) profiles, which
validated the dispersion curve and showed how these two specific trapezoid geometries
were effective in exciting the plasmon modes for the two specific wavelengths.

We checked the band structure of the metasurface to find which wave vector con-
tributed to the photonic states, as presented in Figure 4. The color bar indicates the coupling
strength. From the dispersion relationship of the continuous layer interface that is shown in
Figure 4a, it can be seen the system supported two SPP modes. At the low-frequency range,
the SPP and light lines were alike; then, around 303 THz (990 nm of Ag) and 470 THz (637 nm
of Ag), the SPP modes branched off from the Cu-SiO, interface and the Cu—air interface,
respectively. When the Cu nanoantenna was present, the effects of the phase gradient
created complicated GSP mode behaviors. For the broadband spectrum (Ag = 500-1200 nm),
the frequency range of 250-600 THz was of interest. Two light lines traveled straight to the
Brillouin zone boundary, which were from the SiO; and air.

To compare the simplest case of a dispersion curve in the first Brillouin zone, we
calculated the band structure for the 550L trapezoid’s periodicity without the trapezoid,
as shown in Figure 4b. Figure 4c shows the band structure of the 550L trapezoid with the
5iO; layer but without the Cu bottom layer. By comparing Figure 4b,c, it was clear that
the five new bands belonged to the Cu trapezoid. Without the Cu bottom layer coupling,
the dispersion reached the zone boundary at 206 THz. The modes below the light line
had the ability of strong light coupling and produced localized optical modes [32-38]. The
appearance of more resonant modes at the zone center of the nanoantenna indicated the
origins of the SPP branches and their traveling status when they had a non-zero slope. By
comparing Figure 4b—e, we could see the plasmonic mode hybridization profiles and the
bandgap openings when all of the structure components (trapezoid, SiO; and Cu bottom
layer) were present [35,39]. The bandgap opening at K« = 0 had an analogy with the charge
density distribution, for which the solutions of the different energy long-range surface
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plasmon polariton (LRSPP) and the short-range surface plasmon polariton (SRSPP) has the
self-crossing [40].
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Figure 4. (a) The dispersion relationship of the SiO,-Cu layer interface; (b) the band structure of the
periodic layer of the 550L trapezoid without the Cu trapezoid; (c) the band structure of the periodic
layer of the 550L trapezoid without the Cu bottom layer; (d) the band structures of the periodic layers
of the 550L rectangle and (e) trapezoid; (f) the band structures of the periodic layers of the 918L
rectangle and (g) trapezoid.

The comparison of the 550L rectangle and trapezoid yielded two extra almost localized
modes, which appeared for rectangle around 320 and 360 THz. When we compared the
resonance dip in the reflection curve in Figure 1d to the normal incidence (K« = 0) mode,
the strong coupling 438-453 THz of the 550L rectangle was responsible for the reflection
drop at around 669 nm of wavelength, the coupling of 490 THz was responsible for the
dip at 614 nm of wavelength and the coupling around 315 THz was responsible for the
total reflection loss at 950 nm of wavelength. For the 550L trapezoid, the plasmonic mode
coupling at 490, 456 and 436 THz also accounted for the resonance dips at 614, 657 and
687 nm of wavelength, but the trapezoid had more diffractive localized states at higher
frequencies as the base and tip coupled with light differently. Since the group velocity
vg = dw/dk was equivalent to the slope of the dispersion curve, the localized states could
be seen near the resonance frequencies, for which the slope tended to go to zero, thereby
indicating the large local density of the states. However, without the momentum match,
these modes could not couple light from the free space. So, having traveling GSP resonance
modes is important for the mechanism of coupling light from the free space [34,35,38].
Figure 4f,g presents a comparison of the 918L rectangle and trapezoid and shows more
localized GSP bands from the standing plasmon modes of the rectangle. This scenario
might be responsible for the 918L rectangle mostly not exciting SPP waves on the Cu
bottom layer as there was less coupling between the top nanoantenna and the bottom
layer through the SiO; layer [34,38]. The gap plasmon were localized in the dielectric layer
and not in the gap between the Cu nanoantenna, as can be seen in Figure S2.2b in the
Supplementary Materials.
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The effects of the GSP resonance could be seen in the scattering and absorption
cross-sections [8,37]. The absorption peaked at around the 809-nm wavelength for the
918L trapezoid and the 834-nm wavelength for the 550L trapezoid, which were related
to the power conversion to the surface wave that propagated in opposite directions at
almost equal magnitudes, thereby canceling the net effect. We compared the optical power
propagation of the scattering and surface wave counterparts, as shown in Figure 5b, to
estimate the ratio of power converting to the surface wave. For the trapezoids, the net
optical power flows toward the tip direction for the entire broadband range, as indicated
by the solid cyan line for 550L and the solid green line for 918L. The nature of this guided
surface wave was related to its plasmonic counterpart through the metal-insulator-metal
cavity, especially when it was preferentially unidirectional due to phase gradient metallic
nanoantenna. Waveguide mode coupling using phase gradient metasurfaces has been
reported in the literature, in which the asymmetric optical power transmission and mode
conversion occur on an oppositely propagating beam in the cavity [14,22,25,29,40,41].
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Figure 5. (a) The normalized scattering and absorption cross-sections; (b) the power flows of the SPP
waves. Negative values indicate that power was flowing toward the negative x direction (tip) and
positive values indicate that power was flowing toward the positive x direction (base), as well as the
reflected power (positive z direction).

When the incidence waveguide mode propagated toward the phase gradient direction
of the metasurface, the wave vector increases continuously and the optical power coupled
to the propagating surface wave. When the waveguide mode propagated away from
the phase gradient, the wave vector bending angle increased. Both processes involved
opposite waveguide mode conversion to a lower and higher order, respectively [14,42,43].
The SPP wave propagation for both of the trapezoids is shown in Figure 6, in which four
550L trapezoids were illuminated at 637 nm of wavelength (Figure 6a,c,e) and three 918L
trapezoids were illuminated by 990 nm of wavelength (Figure 6b,d,f). More details are
provided in the Supplementary Materials (Section S3, Videos S3 and 54 for the E and E,
components of the 550L trapezoid and Videos S6 and S7 for the for the E and E, components
of the 918L trapezoid). As can be seen, the SPP wave launched from the metal backplane
under the trapezoid region and long-range collective coupling between the top surface
(Cu-Si0,) and bottom surface (Cu-—air) of the continuous Cu layer resulted in the propaga-
tion of transverse unidirectional SPP waves, predominantly toward the tip direction. For
the rectangles, the field excitation of the SPP modes dissipated and scattered without any
significant guidance of the SPP wave, as shown in Videos S5 and S8 in the Supplementary
Materials for the 550L and 918L rectangles, respectively. From the band structures, we could
see that the rectangles had both forward and backward propagating modes, whereas the
trapezoids mostly had forward propagating modes [44]. The Aspp value was approximately
610 nm for the 550L trapezoid and 880 nm for the 918L trapezoid, as can be determined
from Figure 6e. A similar type of SPP wave propagation has been reported in the literature,
in which the in-phase or out-of-phase relationships between the corrugation patterns on the
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two surfaces of a thin metal layer could link LRSPP and SRSPP [40,45,46]. Interestingly, the
E-field vector profile (Supplementary Materials, Figure S2.2c) between the Cu nanoantenna
and the Cu bottom layer matched a similar description [40]. In our metasurface, the bottom
layer did not have any corrugation patterns or structures, so in that regard, the oscillatory
coupled SPP propagation in the two plain surfaces of the Cu bottom layer is worthy of
further investigation. Figure 6e,f reveal the symmetric (for 550L) and antisymmetric (for
918L) plasmonic modes for the respective wavelengths [44,47]. The coupling continued to
an even greater extent through the Cu bottom layer up to 500 nm of thickness, as shown
in Figure S3 in the Supplementary Materials, indicating that the antisymmetric modes of
LRSPP prevailed. The wavelength of this coupled guided oscillation could be tuned by
varying the thickness of the Cu bottom layer as the trend shoed longer oscillating LRSPP
waves for thicker Cu bottom layers. For SRSPP, the guided oscillation wavelength for the
half wave on the top surface of the Cu bottom layer also became smaller by losing coupling
with the bottom surface due to the increasing layer thickness. For the broadband spectrum,
the collective propagating SPP waves were more dispersed due to the more diffractive GSP
modes that were launched with different propagation vectors, which will be the topic of
future investigation.
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Figure 6. The SPP channeling from the symmetric and antisymmetric modes for up to 10 um beyond
the trapezoid area in both the tip and base direction at (Y = 0) on the XZ plane: (a,c,e) are four of the
550L trapezoids that were illuminated at 637 nm of A; (b,d,f) are three of the 918L trapezoids that
were illuminated at 990 nm of A. The scaling of the Ez component was enhanced for the bottom row
to show the symmetric SPP mode (for 550L) and antisymmetric SPP mode (for 918L) trapezoids via
the 5i0,—Cu bottom layer and Cu bottom layer—air interfaces.

4. Conclusions

We proposed a simple phase gradient metasurface design and investigated its far-field
scattering and plasmonic aspects in depth using FDTD simulation for the utilization of
both orthogonal linearly polarized light. We correlated the shape-dependent reflection
properties with the phase profiles and detailed scenarios of anomalous beam steering. We
verified the propagating coupled SPP waves using the same metasurface and explained
the underlying phenomena using the band structures, scattering cross-sections and field
profiles. This simple design geometry could accomplish efficient multifunctionality as an
element in solar sails or nanophotonic and optical communication devices for the visible to
near-infrared bandwidth range.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/0pt3030024 /51, Table S1: Trapezoids dimension, Figure S1.1: Different length trapezoid’s
total broadband anomalous beam steering efficiency, Figure S1.2: Different length trapezoid’s angle-
resolved wavelength dependent far-field electric field and the reflection efficiencies at different orders,
Figure S2.1: Dispersion for SiO, /Cu and air/Cu interface, the calculated Kgpp and the theoretical SPP
propagation length vs. incidence wavelength, Figure 52.2: Simulated E and Ez field at the tip to base
cross-section for the trapezoids and rectangles in a row, Figure S2.3: Simulated wavelength-dependent
E and Ez field in a particular x-position of the trapezoid and the rectangle, Figure S3: SPP channeling
with Cu-bottom layer thickness variation, Video S1: Ez component from the three 550L trapezoids,
Video S2: Ez component from the three 550L rectangles, Video S3: Long-range SPP wave propagation
from the four 550L trapezoids, Video S4: Ez component of the long-range SPP wave propagation for
the four 550L trapezoids, Video S5: Long-range SPP wave propagation from the four 550L rectangles,
Video S6: Long-range SPP wave propagation from the three 918L trapezoids, Video S7: Ez component
of long-range SPP wave propagation from the three 918L trapezoids, Video S8: Long-range SPP wave
propagation from the three 918L rectangles.
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