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In this study, a point-scattering approach to the plane-wave optical transmission of subwavelength metal nanoslit
arrays with varying angles of rotation and that of subwavelength metal supercell arrays consisting of nanoslits
capable of various angles of rotation is developed. It is demonstrated that the suggested theories show good agree-
ment with the simulations and experiments. The results show that constructive and destructive interference at
each nanoslit can respectively enhance and suppress the surface plasmon polariton (SPP) far-field radiation of a
metasurface. The proposed theory can predict the quantity and resonant wavelength of SPPs and provide a design

scheme for an SPP device.
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1. INTRODUCTION

A surface plasmon polariton (SPP) [1] is an electromagnetic
excitation that propagates in a wave-like pattern along the pla-
nar interface between a metal and a dielectric medium (often
a vacuum) and whose amplitude decays exponentially with
increasing distance into every medium following the interface.
SPPs were first observed by Wood in 1902. He observed un-
explained features in measurements of optical reflection from
metallic gratings [2]. In 1998, Ebbesen ez al. observed similar
anomalous optical transmissions in a subwavelength periodic
metal nanostructure [3]. Later in 1998, Ghaemi ez a/. proposed
a theory to explain this phenomenon [4]. At present, SPPs find
extensive applications in surface-enhanced Raman spectroscopy
(SERS) [5], solar cells [6,7], and sensors [8]. Researchers have
proposed several models, such as the mode expansion method
[9], coupled-mode equation [10], and Fano formula [11], to
understand the spectra of periodic subwavelength hole arrays.
In particular, all classes of SPP modes in periodic subwave-
length hole arrays were studied by matching momentum
changes of conventional reciprocal-space definitions [3,4,12].
In 2005, Genet ez al. reproduced Huygens' definition for the
resonance of subwavelength hole arrays from a real-space de-
scription [13]. In 2008, Pacifici ez a/. studied universal optical
transmission features in periodic and quasiperiodic hole arrays
and proposed that the positions in the theoretical prediction by
Genet et al. are the transmission minimum and not the trans-
mission maximum [14]. However, although such models have
predicted the resonant frequency of periodic isotropic hole
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arrays, few theoretical studies have focused on anisotropic hole
arrays [9]. In recent years, the development of metasurfaces
[15-18] has resulted in the need to freely control the amplitude
and phase of electromagnetic waves. Owing to their unique
properties, anisotropic hole arrays [19,20] are widely used in
metasurfaces in applications such as metafocusing of SPPs [21],
polarization-controlled tunable directional coupling of SPPs
[22], spin optics in conic-shaped metasurfaces [23], flexible
coherent control of the plasmonic spin-Hall effect [24], con-
trolled steering of Cherenkov surface plasmon wakes [25],
and helicity-dependent directional SPP excitation [26]. These
studies focused on near-field information and related applica-
tions. However, few studies have focused on far-field radiation
information of metasurfaces comprising anisotropic holes ar-
rays. Further, a theoretic model to explain relevant phenomena
is needed urgently. In this study, the transmittance spectra of a
composited subwavelength nanostructure consisting of various
nanoslits rotated at different angles were evaluated theoretically
and through simulations. The results demonstrate that the
theory correlates with the simulation. Furthermore, the trans-
mission spectra of a metasurface consisting of various nanoslits
rotated at different angles were evaluated theoretically and
through simulations and experiments. The results demonstrate
that both constructive and destructive interference among the
fields of the nanoslits at different angles of rotation can make
the SPP far-field radiation appear and disappear. It follows that
our theory can freely control the excitation and suppression of
SPP far-field radiation and may contribute to further engineer-
ing of nanoplasmonic devices.
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2. METHOD

The dielectric constant for a metal thin film is generally
described using the Drude model. Based on the momentum
matching proposed by Ebbesen ¢r 4/, the resonant frequency
w, of the SPP (i, 2 ) mode is satisfied by the following

equation [4
27¢ 2 Re[l - w, /(@] + iw,y)]eq
Re(l m) + Sd
(1)
where i, and i, are integers. @, and y represent the metal bulk

plasmon frequency and damping loss, respectively. ¢ is the
speed of light in vacuum and €, is the dielectric constant of
the dielectric material; (= 1000 nm) and p, (= 800 nm)
are the period of the x and y directions, respectively. The gold
film used had thickness of # = 80 nm, and the nanoslit had
length of / = 300 nm and width of w = 100 nm. The bulk
plasmon frequency of gold is w, = 1.374 x 10'® rad/s and the
plasmon amplitude damping loss rate is y = 1.224x
10" rad/s. The refractive index of the glass is 1.45. Based
on Eq. (1), the resonant wavelengths of SPPs at the interface
between the gold and glass medium are Agpp(1,0); =
1462.95 nm, Agpp(0, 1) = 1176.56 nm, and Agpp(1,1); =
927.4 nm. The subscript G denotes the glass. The resonant
wavelengths of SPPs at the interface between the gold and air
medium are Agpp(1,0)4 = 1009.6 nm and Agpp(0,1),4 =
812 nm. The subscript A denotes air. These SPP modes have
been confirmed experimentally [3].

The above theory concerning the SPP mode is based on a
reciprocal-space definition. In 2005, Genet ¢z a/. [13] explained
these phenomena from a real-space description based on
Huygens’ principle. However, these theories, whose setup is
based on isotropic hole arrays, cannot describe the SPP mode
for anisotropic hole arrays and cannot describe the SPP of a
metasurface consisting of nanoslits at various rotating angles.
From Genet’s theory to explain the SPP mode for anisotropic
hole arrays and a metasurface, it is assumed that (1) the incident
plane wave is converted into a surface wave at a given point
within the scatter, (2) the surface wave propagates on the
surface of the array, and (3) the surface wave is eventually
re-emitted as a plane wave through the array. Considering
the anisotropic properties of rectangular hole arrays, Genet’s
theory could be generalized.

Figure 1 shows the design scheme of the anisotropic hole
arrays. The picture covers one period. The x and y direction
periods are set as p. and Py respectively. For convenience,
we define the translational coordinate system with the nanoslits
center as xy, and we define the rotating coordinate system as #v;
it is fixed on the nanoslits and rotated with the nanoslits all
together. The angle @ between the v axis (also referred to as
the normal direction of a nanoslit) and y axis is called the rotat-
ing angle of the nanoslit. The origin O of the fixed coordinate
system is set as the first, lower-left nanoslit’s center, at the first
row and the first column. The position vector 7; of the hole’s

j
center at the nth row and mith column relative to O is thus

Fig. 1.

system.

Scheme of the unit cell and corresponding coordinate

where % and j are the unit vectors of the x and y axes,
respectively.

The unit vector for the position vector rJ is 7 = rJ / | -
In our model, the polarization of each surface wave is taken
along its propagating direction, with a unitary polarization
vector ;. Basing on Huygens' principle and considering a
single-resonance approximation, when the incidence plane
wave is normal to the small hole, the exciting SPP is the same
as the point source. The total polarization of the SPP can thus
be described by the following tensor [13,27]:

_ "Rt mpmp Ry L mpynp & +mpymp, 5
(np,)* + (mp,)?

()
We assume that the scattering matrix of the far field is
spherically symmetric [13]. The complex amplitude of the
transmittance is thus calculated as

> S(hser)e f[Rekspp) /(2m)

(n, m)#(0,0)

Locar * Uspp =

Gkl ~
X —— e’km"f&j ® il; - ilspp, @)
\/ | ”/'|
where kspp = 27/ €16,/ (€1 + €,) /A and ky, correspond to

the wave number of the SPP and the incident wave,
respectively. Considering the normal incidence of the

N

plane wave on the metamaterial, we obtain ki, - 7; =

0, S(kspp)e~[Re(kgpp) / (271)]% as the scattering amplitude
under the far-field approximation and S(kgpp) as the shape fac-
tor of the nanoslits. Under the point scatter limit, we deduce
that S(kspp) has no relationship with kgpp, and, thus, S(4spp)
can be set as a constant. For anisotropic nanoslits, we deduce
that the propagation direction 7gpp of the SPP contains the ef-
fect of the structural shape. The SPP originating from the plane
wave and incident on the anisotropic nanoslit shows directional
selectivity. The polarization of the incident plane wave is thus

set as the direction along the y axis, that is £}, =, and the
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excited SPP propagates along the normal direction 7 of the
nanoslits [22], as shown in Fig. 1. In Cartesian coordinates
xy, ¥ is defined as

D=7 cos a-Xsin a. (5)

The propagation direction of SPP is therefore expressed as

2

itspp = (V- Eyy) - = jcos“a - % sin a - cos a. (6)

The transmittance complex amplicude of the total periodic
nanostructure is [23,28]

> SCkspp)e H[Rekspp) /2m)E

(n, m)#(0,0)
ei/@spp N p,)>+(mp,)?
[(np,)? + (mp,)*1:
- [-cos a - sin a(np, np % + mp},nple)

Tscare * Uspp =

+ cos? a(np,mp, %+ mp,mp,j)] (7)
When the integers 72 and # are set as m = n = 100, the spec-
trum is stable and convergent. We define the spectrum for
m=n =1 as a normalized coefficient 7'y. The normalized
spectrum is thus represented as

T = |tscatt : &SPP|2 . (8)
Ty

Based on Eq. (8), the resonant wavelength corresponds to the
minimal transmission and, thus, it is not the maximum trans-
mission [14]. Thus, the corresponding resonant wavelength for

the SPP mode is larger than the above-mentioned value.
Based on Eq. (8), under normal incidence of the y-polarized
plane wave, Fig. 2 shows both theoretical and simulated trans-
mittance spectra with nanoslit arrays at different rotation angles.
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Fig. 2. (a), (c), and (e) Calculated and (b), (d), and (f) simulated
transmittance spectra of the nanostructure corresponding to the differ-
ent angles of rotation for y polarization. Here, the solid red (dashed
green) curves represent the SPPs of the interface between metal
and glass (metal and air); the blue solid curves represent the simulated
spectra.

The solid red (or dashed green) curve represents the SPP mode
of the interface between the gold and glass (or gold and air)
planes. The notations in red and green font indicate the order
of the corresponding SPP mode. Figures 2(a), 2(c), and 2(c)
show the theoretical transmittance spectra with respective angles
of rotation of 0°, 30°, and 60°. When the angle of rotation is 0°,
the theory predicts SPP (0,1)s and SPP (1, 1) at the glass
plane. For nonzero angles of rotation, the tilted nanoslit arrays
assume the function of optical rotation [29]. Then, other polari-
zation SPP modes are converted. SPP (1,0)4 and SPP (1,0)
are observed. To further verify the theory, finite difference time
domain (FDTD) simulations were performed. The material and
structural properties were kept the same in the simulations.
Figures 2(b), 2(d), and 2(f) show the simulated spectra of the
periodic nanoslit arrays with respective angles of rotation of
0°, 30°, and 60°. The results demonstrate a reasonable correla-
tion between the theory and the simulation. The discrepancy
between the theoretical and the simulated results can be attrib-
uted to a closer resonance location of SPP (1,0), and SPP
(1,1) ¢ and their overlapping transmission peak at ~1100 nm.

Through our simulation, we could verify that the transmis-
sion peak of SPP (1, 0) ; and SPP (0, 1) ; between the glass and
metal planes was strong; however, the transmission peak of the
higher-order SPP was weak. This raises a number of questions.
(1) Can the lower-order SPP be suppressed? (2) Can the higher-
order SPP be enhanced through structural design? (3) Can the
SPP excitation be selected freely? These are particularly impor-
tant considerations. In recent years, it was widely argued that a
gradient metasurface could convert the propagation wave to a
surface wave and could freely control the phase and amplitude
of an electromagnetic wave [16—18]. Experiments were aimed
at finding a suitable gradient metasurface to allow free control
of SPPs’ far-field radiation. Simultaneously, this would need to
be supplemented by a theory to guide the design of this type of
metasurface. In our model, there exist a variety of nanoslits in a
supercell, as shown in Fig. 3. For convenience, the origin O of
the fixed coordinate system is fixed at the center of the first

I‘ X

Fig. 3. Coordinate vector picture of the metasurface.
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nanoslit, in the first lower-left supercell of the array. The
disposition vector of the center of the first nanoslit in the jth

(the nth row and the mth column) supercell is R, =
nP.x + mP},j/. In this supercell, the relative coordinate of
the center of the /th nanoslit’s center relative to the first nano-
slits center in the same supercell is set as 5> as shown in
Fig. 3. The absolute coordinate of the /th nanoslit’s center
is 7, = R; + 7. Based on Fresnel diffraction [13] and the
preceding discussion, the total transmission intensity of our
metasurface is

1
T=—

0

> S(kspp)e H[Rekspp) / (2m)

(n,m)#(0,0) /
[(np, + )% + (mp, +3)°F
{-cos ay- sin a[(np, +x))*% + (np,, + x)) (mp, + )3}

2
+ cos* oy (mp, +y))*7 + (np, +x)) (mp, +y)3]| » (9)

where Ty (n = 1, m = 1) is a normalized coefficient similar to
those specified above. Based on Eq. (9), we can thus predict the
mode quantity and corresponding resonant wavelength of

the SPPs.

3. RESULTS AND DISCUSSION

To verify our theory, the test metasurface is shown in Fig. 4.
Figures 4(a) and 4(b) show schematic diagrams of metasurface.
The periods in the x and y directions are set as P, = 1000 nm
and P, = 800 nm, respectively. The thickness of the gold film
was + = 80 nm. The length and width of the nanoslits were
/ =300 nm and w = 100 nm, respectively. The distance be-
tween centers for two adjacent nanoslits was &, = 340 nm and

(@)

Fig. 4. (a) and (b) Schematic diagrams of our supercell. (c) SEM
image of the sample with scale bars of 1000 and 800 nm.
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d, = 400 nm. The supercell of the metasurface consisted of six
nanoslits set at different angles. The difference in the angle of
rotation between two adjacent nanoslits along the x direction
was 60°% however, the difference in the angle of rotation
between two adjacent nanoslits along the y direction was
90°. The red arrow represents the long-edge direction of the
nanoslits. The angles formed at the intersection between this
direction and the x axis are a; = 0°, a, = 60°, a3 = 120°,
a; = 90° as = 150°, and ag = 210°. They also correspond to
the intersection angles between the » axis and the y axis. Based
on Eq. (9), the theoretical spectra for x- and y-polarization are
shown in Figs. 5(a) and 5(b), respectively. Because the theory
predicts that the transmittance dip has a wavelength for an
SPP that is larger than 960 nm, it can be observed that the
x- or y-polarization spectra have only one mode at ~960 nm.

Figures 5(c) and 5(d) show the simulation spectra. Only one
transmittance peak can be observed at ~1070 nm. The simu-
lation correlates well with the theory. Furthermore, to further
verify the theory experimentally, an 80-nm-thick gold film was
sputtered on the polished BK7 glass substrate. A 2D nanoslit
array was fabricated using a focused-ion beam system (Strata
FIB 201, FEI Co., 30 keV Ga ions, 4 pA beam current).
The other parameters were kept the same as those for the pre-
vious metasurface design. The super-periodic array consisted of
80 x 80 units covering an area of 80 pm x 64 pm. Figure 4(c)
shows a typical scanning electron microscope (SEM) image of
a part of the sample. In the experiment, the transmission and
reflection spectra of the samples were measured using custom-
built NIR setup. A quasi-collimated beam of 2 mm diameter
from a super-continuum white light source (Fianium S480)
with spectral range of 0.48—2.4 pm was focused on the samples

x-polarization

(a) 120 {(b)

y-polarization

200

Ratio

100
40

Intensity

0.0

i wmmw('!ummv B i
12 15 2 "

Wavelength (um)
Fig. 5. (a) and (b) Calculated, (c) and (d) simulated, and (e) and

(f) measured spectra of metasurface.
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with a 20x long-working-distance lens (Mitutoyo 378-804-2,
NA = 0.42, working distance 20 mm). A linear polarizer and
an attenuator were placed before the object to obtain the de-
sired polarization incident wave with suitable intensity. The
transmission and reflection signals collected by another identi-
cal object were measured using an optical spectrum analyzer
(NIR2500 from Ideaoptics). The reference transmission signal
was set without the sample. The reference reflection signal for
the 80-nm-thick gold film was also set without the sample.
Figures 5(e) and 5(f) show the experimental spectra under
x and y polarizations. The experimental spectra show only one
mode. The experimental results in Figs. 5(e) and 5(f) are in
close correlation with the numerical simulations. The discrep-
ancy between the theoretical and the experimental results can
be attributed to fabrication and measurement errors originating
from the exciting wavelength of ~1060 nm of the laser source.

While analyzing the data, questions arise as to why only one
mode is observed at the transmittance spectra for the specific
metasurface. Though the above theory can predict the quantity
and disposition of SPPs, complete information is contained in
the summation signal, and thus, one cannot see its physical
mechanism. Thus, to study this mechanism, the transmittance
and reflection complex amplitude of the period nanostructure
consisting of one nanoslit in the unit cell at different angles of
rotation was simulated. The periods in the x and y directions
are d,, = 340 nm and 4, = 400 nm, respectively. The thick-
ness of the gold film was 80 nm. The length and width of the
nanoslits were 300 nm and 100 nm, respectively. Figures 6(a)
[Fig. 6(b)] and 6(c) [Fig. 6(d)] show the transmittance (reflec-
tion) intensity diagrams and transmittance (reflection) phase
diagrams, respectively. The transmittance intensity and phase
of the periodic nanostructure, with six different angles of rota-
tion (0°, 60°, 90°, 120°, 150° and 210°) at ~1070 nm (1462
and 927 nm) are represented by six purple squares (green stars
and black inverted triangles) in Figs. 6(a) and 6(c). At
~1070 nm, one can observe that the transmittance intensity of
three nanostructures with angles of rotation of 0°, 150°, and
210° is either similar or higher than that of the other three nano-
structures, and the transmittance phase of these three nano-
structures is almost identical. The constructive interference

Wavelength(um)

T L
200 300

Angle ()

Fig. 6. (a) Transmittance intensity, (b) reflection intensity, (c) trans-
mittance phase, and (d) reflection phase diagrams of the test metasur-
face with nanoslit rotation angles under normal incident plane wave
with y polarization.

among these three nanostructures’ fields leads to the emergence
of a transmission peak. However, at ~1462 nm, the transmit-
tance of six nanostructures is very weak, resulting in the SPP
(1,0)¢ of the interface between the metal and the glass
medium being suppressed. At ~927 nm, the transmittance in-
tensity of three nanostructures with angles of rotation of 0°,
150° and 210° is almost identical, and is higher than that
for the other three nanostructures. However, the transmittance
phase difference between the nanostructure with angle of rota-
tion of 0° and the nanostructures with angles of rotation of
150° and 210° is 180°. Destructive interference occurs among
these three nanostructures” fields, and thus, the transmission
peak disappears. Similar explanations hold for x-polarization.

4. CONCLUSION

In conclusion, by using Huygens principle, we obtain a theo-
retical equation to explain the transmittance spectra of a meta-
surface. The results show that the theory agrees well with the
simulations and experiments. The study shows that the angle of
rotation of nanoslits in the supercell can be adjusted to freely
control the SPPs’ far-field radiation. In addition, the theory can
be applied to an aperiodic nanoslits system and thus provide a
design scheme for an SPP device.
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