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ABSTRACT The growth of the nanotechnology and intense studies on subwavelength nanophotonics has
facilitated research in the field of metamaterials and metasurfaces. Optical waveguides has been a proper
platform for metasurface applications because of its versatility and numerous infrastructure. In this paper,
a metasurface interconnection method via attaching antiresonant waveguide is introduced. The antiresonant
waveguide allows all-waveguide type inline metasurface schematic. Numerical calculations verified that
the antiresonant fiber is capable of metasurface interconnection. In addition, an inline optical transmission
modulator has been proposed by filling liquid crystal inside the hollow region. A liquid crystal device with
on-state transmittance of 93.64%, and off-state transmittance of 0.96% with a smooth transient region are

achieved.

INDEX TERMS Hollow waveguides, electromagnetic metamaterials, liquid crystal devices.

I. INTRODUCTION
Research on metamaterials and nanophotonics have acceler-
ated as precise patterning is enabled due to the development
of nano-processing technology. [1]-[3] In particular, meta-
surface, which applies nanostructures only to the surface,
has great potential to be commercialized because of its ease
of fabrication and its compact, thin size. [4]-[7] Various
metasurfaces have been studied such as ultrathin lens, multi-
focusing plate, super-resolution focusing oscillatory lens, and
polarization-dependent optical component. [4], [8]-[11].

Optical waveguides, such as optical fibers or silicon
waveguides, have been a great candidate as a metasurface
platform. [12]-[16] By depositing metasurfaces at the core
region of the waveguide facet, alignment problem between
the light source and the metasurface is resolved. One can
also choose a proper core size to control the beam size of
the incident beam which interacts with the metasurface. [12],
[16], [17] Moreover, the optical waveguide system is rich
in infrastructure with various input/output equipment and
devices.

In addition, hollow-core optical waveguide has also
been introduced to be applied on metasurfaces. [18]-[20]
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After attaching a hollow-core optical waveguide over the
metasurface, the waveguide protects the metasurface and
guides the emitted light. When the metasurface is attached
to a solid-core waveguide facet, the system becomes an
all-fiberized or on-chip schematic, compatible with numer-
ous optical fiber-based or silicon photonics-based devices.
Various fluids can be introduced into the hollow area, which
enables a higher level of surface protection or gas sensing.
However, existing hollow-core waveguide-assisted metasur-
face research uses photonic bandgap fiber as a waveguide.
Photonic bandgap hollow-core fiber generally is consisted of
numerous sub-hollow regions, which is difficult to insert gas
or fluid. The gas or fluid also fills the sub-hollow regions,
which then affects the band characteristics of the periodic
crystal. In addition, photonic bandgap design is difficult to be
applied to silicon waveguides, limiting interconnection with
metasurfaces fabricated on top of silicon substrates. Also,
most of the previous studies used the hollow region only
as a Fabry-Perot resonator, not to protect the metasurface
or build an all-fiberized or all-silicon metamaterial system.
In this research, antiresonant (AR) waveguide is introduced
to be the interconnection waveguide from the metasurface.
Compared to conventional photonic bandgap fibers, AR
waveguide is applicable in both fiber optics and silicon pho-
tonics, so the metasurface interconnection via hollow-core
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FIGURE 1. (a) Schematic of hollow-core waveguide protected
metasurface. (b) 2-dimensional antiresonant waveguide structure.

waveguide is available on both schematics. [21]-[23] In addi-
tion, AR fiber has lower field-material interaction, which
results in low loss and low nonlinearity. In addition, novel
application based on metasurface-AR waveguide schematic
is introduced. By depositing a polarizing metasurface on the
both side of the AR waveguide interconnection surfaces and
filling the hollow region with liquid crystal (LC), an optical
device whose transmittance is controlled by voltage can be
manufactured [24], [25]. The schematic is expected to be
an electro-optic modulation device. The paper also suggests
additional applications of AR waveguide-metasurface inter-
connected systems. The paper will first show the validity of
the AR waveguide on solid surfaces via numerical calcula-
tions. Then metallic nanoslit — one of the simplest, but also
which could be a core cell of metasurface — is combined to AR
waveguide. Finally, the proposed LC based device is tested
and optimized.

Il. METHODS

The metasurface interconnection system via AR waveguide
proposed in this paper is shown in Fig. 1(a). Various AR
waveguides have already been proposed. In the case of optical
fiber, there are tubular fiber, Kagome AR fiber, and nested
AR nodeless fiber (NANF), etc., and for silicon type, there
are Bragg waveguide and AR reflecting optical waveguide
(ARROW) [21]-[23], [26]-[29]. The metasurface intercon-
nection and protection method in this paper is compatible
with all kinds of AR waveguides. Hereinafter, further dis-
cussion will be based on the most basic 2-dimensional AR
waveguide. The shape of this 2-dimensional AR waveguide
is shown in Fig. 1(b).

For further analysis, finite-element-method (FEM) based
numerical simulations via COMSOL Multiphysics have been
performed to analyze the characteristics of the AR waveg-
uide connected metasurface schematic. The free-space wave-
length is chosen as 1064 nm, which is a typical value for
an ytterbium-doped fiber laser [30]. The material param-
eters of gold, silicon, silica and LC were taken from
ref. [31]-[33], and [34], respectively. Perfectly matched layer
covered the outer region to prevent unwanted reflection [35].
The finite element size has been chosen to be lower than A/7,
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where A is the wavelength within the material. Especially,
for the case of lossy mediums such as metal has a higher
imaginary refractive index than the real one, the larger value
between real and imaginary components has been divided
from the free-space wavelength. The effective wavelength in
the material A can be expressed as Ag/max(Mmaterial s Kmaterial)»
where A is the free-space wavelength, nyazeriar and kmaterial
are real and imaginary refractive indexes of the material.

Ill. ANTIRESONANT WAVEGUIDE OPTIMIZATION

Even though the properties of the AR waveguide have been
intensively studied previously, once more the transmittance
is calculated by changing the thickness and internal material.
It is assumed that light is incident from the silicon substrate,
and the material of the thin wall is also assumed to be silicon.
Since the thin wall is unstable if the inner region and outer
region are both air or fluid, it is assumed that the outer wall is
made of silica which has a lower refractive index compared
to silicon. The internal material, which is the material of the
hollow region, was assumed to be either air or LC. The core
size, which is the width of the hollow region, was chosen to
be 8 1 m, which is a typical core size for single-mode fibers.
The incident light was set as a Gaussian beam with a beam
waist of 2 um. By calculating the transmission on different
waveguide lengths, the transmission losses are calculated as
shown in Fig. 2.
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FIGURE 2. The propagation loss of 2-dimensional AR waveguide in terms
of slab thickness depending on hollow region material and incident
polarization.

When the refractive index of the inner material is less
than the outer material, it is shown that the propagation
loss is maximum at the resonance thickness as known. It is
also already known that the transmittance varies consider-
ably depending on the polarization of incident light — TM
polarization suffers higher loss compared to TE polarization
[21], [22]. When the index of the inner material is higher
than that of the outer material, it is shown that there is
almost no propagation loss, as the structure is similar to the
step-index waveguide, except for the resonance thickness.
However, it should be noted that the proposed system does
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not require a long hollow region. Since only a certain length
is required for protection, extremely low propagation loss is
incidental. A few hundred micrometers or several millimeters
of hollow-core waveguide are sufficient. If the hollow-core
waveguide is to be used as the main transmission waveg-
uides, photonic bandgap fiber, tubular fiber, or ARROW, etc.
may be used instead of a 2-dimensional AR waveguide. The
region of interest is 20 um, therefore high propagation loss is
not a critical issue. For application in further chapter, since
both polarizations are used, a slab thickness of 0.186 um
is adopted to minimize propagation loss of TM polarization,
which has a relatively large propagation loss.

IV. ANTIRESONANT WAVEGUIDE CONNECTED METALLIC
NANOSLIT

Since polarizers are used in various optical systems, high-
efficiency ultra-thin polarizer has great versatility. A metal
nanoslit is a well-known type of polarizing plate, which trans-
mits only one polarized light, can be explained based on the
movement of electrons, effective medium theory, or surface
plasmon polariton generation [4], [36]-[38]. Furthermore, the
nanoslit array can be a unit cell of various metasurfaces.
Although many studies have already investigated nanoslits,
this study analyzes the nanoslit structures to confirm com-
patibility with AR waveguides and for optimization in further
application. The proposed structure is shown in Fig. 3(a).

The substrate and the dielectric slab are assumed to be
silicon, and the outer material has been assumed to be silica.
Gold was chosen to be the metallic material. By iterating
the metal thickness, period, duty ratio, the optical charac-
teristics were calculated and optimized. In particular, calcu-
lations were carried out for the case where the fluid in the
hollow region was air and LC, respectively. The length of
the hollow-core waveguide has been assumed to be 5 um.
The AR waveguide parameters are identical as the optimized
value in the previous section. As the substrate is assumed to
be silicon, the reflection loss is significant due to the large
index difference, so the control of thickness and duty ratio is
important. If the effective index of the actual metallic region
is the geometric average of the two regions, and the thickness
exactly satisfies the anti-reflection thickness, the efficiency
is maximized. The transmittance with respect to material
and metal thickness for the case where other parameters are
optimized — period of 100 nm and duty ratio of 0.49 for air and
0.34 for LC — is shown in Fig. 3(b). The label “Air, TE,” for
example, represents the case when the material of the hollow
region is air and the incident polarization is TE mode.

The results show that the metallic nanoslit array prevents
TE polarized light and transmits TM polarized light, and
also show that the nanoslit structure is compatible with a
hollow-core waveguide. As expected, it was confirmed that
dielectric-like behavior was exhibited for TM polarized light
and metal-like behavior was exhibited with respect to TE
polarized light. When the medium was air, the nanoslit struc-
ture showed maximum transmittance of 85.5% when the
thickness of the metal layer was 215 nm. For the case of
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FIGURE 3. (a) Schematic of metallic nano-slit array polarizer protected by
a hollow-core waveguide.(b) The transmittance of the metallic nanoslit in
terms of metal thickness for TM and TE polarization while the medium of
the hollow region is air and LC, respectively.

LC, the nanoslit structure showed maximum transmittance of
94.1% when the thickness of the metal layer was 140 nm.
These optimized values are applied to nanoslit-based meta-
surface application in further discussion.

V. APPLICATION: INLINE LIQUID CRYSTAL ASSISTED
TRANSMISSION MODULATOR

If a metamaterial polarizer can be implemented in the inter-
connection point between a solid substrate (or a solid-core
waveguide) and an AR waveguide, an optical component
in which polarizers are installed on both ends of the AR
waveguide and filling the hollow region with LC can be con-
sidered. If the internal LCs are arranged in a twisted nematic
structure, the proposed component can act as a waveguide
inline metamaterial component similar to a liquid crystal dis-
play (LCD) cell which can control transmittance by tuning the
voltage. (See Fig. 4) In a general twisted nematic structure,
the azimuthal angle ¢ varies from 0 to /2 depending on the
transmission direction and the polar angle 6 changes from /2
to 0 as a function of applied voltage as depicted in Fig. 4(a).
The proposed component, a LC-filled hollow-core waveguide
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with pair of polarizers, is shown in Fig. 4(b). LC was chosen
to be 4-pentyl-4’-cyanobiphenyl (5CB). The material param-
eter of LC was taken from ref. [34] at the wavelength of
interest, 1064 nm, and an anisotropic relative permittivity
tensor was applied for the simulations. The on-state voltage
is assumed to be less than 5 V. [39] Note that the direction of
polarizers on the top and at the bottom are the same (different
from usual twisted nematic LCD panels) because the simula-
tion is performed on 2-dimensional geometry. In the case of
off-state without voltage, the polarization changes from TM
to TE according to the orientation of twisted LC, so that the
transmission becomes 0, such as shown in Fig. 4(c).
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FIGURE 4. (a) The orientation of the twisted-nematic LCs in terms of
position and voltage. (b) The schematic and (c) operation principle of
LC-filled hollow-core waveguide with pair of polarizers.

In this cavity-like structure, resonance occurs according to
the length of the hollow region. Since the refractive index of
the propagation direction changes, the resonance condition
varies according to the applied voltage, or the propagation
direction refractive index n;. Local maxima and minima
appear under the following conditions.

; _mkl__(m—%)k(
max — 2nzv min — 2}’lz ’

m=1,2,...) €))

where [, and l,,;,, are the hollow-region length where local
maxima and local minima appear. Notably, the resonance
condition of Eq. 1 is about the propagation direction, not
the resonance at the dielectric slab for the AR waveguide.
When the number of zeros between off-state and on-state is
small, the transmittance to voltage function will show less
fluctuation. However, if the length of the hollow region is
too short, the polarization of light cannot be rotated properly
while propagating, therefore allowing the incident light to
be transmitted. Figure 5 shows the off-state transmittance
calculated according to the length.
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FIGURE 5. Transmittance at the off-state in terms of hollow-region length.

As shown in Fig. 5, when the length of the hollow region
is less than 5.9 pum, the off-state transmittance fluctuates,
showing high off-state transmission even at the local minima
and with slight cavity length error will result in high off-
state transmittance. So the length of the cavity should be
at least 5.9 um. The transmittance according to the polar
angle and hollow-region length over the length is calculated
and shown in Figure 6(a). The transmittance of each point
with different cavity lengths and the polar angle of LC has
been calculated via numerical simulations and depicted as
a background colormap. The black solid line indicates the
local minima computed by analytical calculations. Notably,
the resonant state order m is depicted in Fig. 6(a). is 21,
22, and 23. For lower order resonant states, the electric field
direction does not rotate fully as shown in Fig. 5.

In most cases, the relatively high transmittance of >90%
in the on-state and low transmittance of <1% in the off-state
is observed. The black solid line is the position of local
minimums obtained by analytic calculation. Slight mismatch
occurs due to phase change at the metallic nano-slit region
and anisotropic refractive index distribution and polarization
rotation, however, shows a considerably good match. There
are several selection methods to choose the length of the
cavity. If efficiency is important, a case with high on-state
transmittance may be selected. Also, there are cases where the
linearity of the transient region is required, or a small number
of zeros are preferred. At a hollow region length of 6.3 um,
the on-state transmittance is 93.64%, and the off-state trans-
mittance is 0.96%. In addition, the transient region shows a
relatively smooth slope without zeros, as shown in Fig. 6(b).
Figure 7 shows the full electric field intensity of the off-state
and on-state where the length of the hollow region is 6.3 um.
Note that the polarization of the electric field is depicted as
different orientations to express the rotation of the polariza-
tion. The vertical direction of the electric field represents
the E, component, where the vertical geometry represents
z-direction. It is observed that the polarization has rotated
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polar angle. The black line indicates the local minima computed by
analytical calculations. (b) The transmittance in terms and polar angle for
particular cavity length.

7r/2 at the off-state, which results in low transmission. On the
other hand, the polarization is maintained without any rota-
tion, allowing relatively high transmission. It is worth noting
that oblique incident light is also available for AR waveg-
uide and metasurface. However, the numerical aperture of
the waveguide mode is low (<0.1) so the paper considered
normal incidence light. In addition, higher-order modes are
not considered, as the core size is a typical size of a single-
mode fiber.

V1. DISCUSSION: FABRICATIONS AND FURTHER
APPLICATIONS

As the paper is based on theoretical calculations and numeri-
cal simulations, fabrication methods and further applications
are discussed in this chapter. Numerous studies exist to fab-
ricate AR waveguides such as ARROW waveguide, tubular
fiber, and NANF. [21]-[23], [26], [28], [29] Also, fabrication
of metasurface based on electron beam lithography or focused
ion beam has been studied and realized. [40]-[42] Here,
the issue is to connect the metasurface and the AR waveg-
uide. In order to align the metasurface exactly at the hollow
region, the best method is to fabricate the metasurface at the
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FIGURE 7. Calculated electric field intensity of the LC-filled optical
component. The red arrow shows the electric field polarization of x-axis
and y-axis.

center of a solid-core waveguide. [14]-[16] Methods such as
heat splicing, laser splicing, or gluing two waveguides will
complete the AR waveguide connected metasurface device.
[19], [28] One may also first fabricate an ARROW type
waveguide and then engrave the metasurface inside the
desired region. The paper suggested one example of
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application. However, metasurface-assisted AR waveguide
schematic has numerous application potentials. One may
think about a particle or an atom trapped in the hollow
region. By attaching a metasurface lens at one or both sides
of the hollow-core waveguide, optical trapping within the
hollow region can be achieved, which would lead to an
all-fiberized quantum physics experimental setup. [43]—[45]
An active metasurface is capable to modulate the light inside
the AR waveguide. [46], [47] A moth-eye structure or an
anti-reflection metasurface layer could reduce the Fresnel
reflection between the hollow region and solid region, reduc-
ing the insertion loss of the AR waveguide. [36], [48]

VIi. CONCLUSION

An interconnection method between metasurface and AR
waveguide was proposed. Compatibility between a metal-
lic nano-slit array and an AR waveguide was checked
and optimized. Furthermore, an optical component that can
control transmission with voltage was proposed. Polariz-
ers are placed on both ends after filling the hollow region
with twisted nematic LC. The LC based device showed
on-state transmittance of 93.64%, and off-state transmittance
of 0.96% with a smooth transient region. The suggested
method is applicable to various metasurfaces, and is expected
to be used to produce various waveguide-inline metasurface
schematics.
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