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Abstract— A novel photonic crystal fiber (PCF) design that
has a simple circular air hole configuration is reported that
yields a very high birefringence. The enhanced birefringence is
achieved by filling a select number of the air holes in its cladding
with an epsilon-near-zero (ENZ) material to break the index
symmetry of its X- and Y-polarization states. Comparisons of
initial numerical simulations based on ideal ENZ materials and
then those based on realistic ones demonstrate that the high
birefringence property is still maintainable with currently
available ENZ materials.
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I. INTRODUCTION

Photonic crystal fibers (PCFs) have been successfully
deployed in both the terahertz (THz) and optical regimes.
Their performance advantages, including good confinement,
low loss, tunable dispersion, and structural flexibility [1-2],
are desirable for many applications. Several key PCF
characteristics, notably loss, birefringence, bandwidth and
dispersion, must be considered for practical THz applications.

High birefringent PCFs are particularly useful for
polarization-based THz guiding, sensing, filtering, and
splitting applications. The most widely used method to
introduce birefringence into a THz PCF is to geometrically
break the symmetry within their holey claddings and/or core
areas. For example, by introducing shaped air holes (elliptical
[3], rectangular [4]) that have different effects on the X- and
Y-polarized fields propagating in it, one has a direct way to
attain birefringence in a PCF. However, these intrinsically
asymmetric holes are difficult to implement. Birefringence
can also be obtained by employing asymmetric sets of
circular holes [5], which are easier to fabricate. Nevertheless,
they have not attained birefringence values as high as those
based on the asymmetric rectangular or elliptical holes. The
state-of-the-art birefringence even in those PCFs is limited to
be lower than 0.1.

In this paper, a THz PCF with very high birefringence
values is developed which is constructed with only circular air
holes. The high index contrast between the propagating X- and
Y-polarized modes is realized by loading specific ones with
materials having different refractive indexes () to break the
symmetry. In particular, holes in the first ring of the cladding
are filled with either an epsilon-near-zero (ENZ) material
(n=0.1) or with air (n=1.0). Additionally, the sizes of the air
holes at different positions in the first ring are adjusted to
further improve the index contrast by breaking the symmetry
of the overall geometrical structure. The simulation results
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demonstrate that with ideal ENZ materials, the reported PCF
design achieves a high birefringence near 0.3, a low loss
below 102 cm’!, and zero dispersion for frequencies around
0.75 THz. Moreover, when currently available, realistic ENZ
materials are introduced into the PCF model, the simulation
results demonstrate that good birefringence values are
maintained but with an increase in the overall loss. Potential
implementation techniques and hopes for lower loss ENZ
materials are also discussed.

II. PCF CONFIGURATION AND SIMULATIONS

A. Configuration

Fig. 1 shows the cross section view of the high birefringent
PCF. Its design is based on high resistivity silicon (HRS),
which has a low bulk material absorption loss < 0.01 cm™!
from 0.1-1 THz and has a stable refractive index n=3.417 in
the frequency range of interest, from 0.5-4.0 THz [6]. Five air-
hole rings with a triangular lattice distribution form its
cladding. The two blue highlighted circular holes in the first
ring have a diameter d>. All of the rest of the circular holes
have the diameter d;. The distance between any two adjacent
holes is the lattice constant A. A perfect matching layer whose
thickness is 10% of the whole diameter of the PCF
concentrically surrounds the hole-based cladding region. As
shown in red in Fig. 1, four air holes are filled with an ENZ
material. An ideal ENZ material is considered first. The real
part of its refractive index is set to 0.1 and its imaginary part
(material loss) is set to zero in the frequency range of interest.
Realistic ENZ materials are then introduced for comparisons.

B. Simulations

The optimized PCF has A = 80 pm, d; = 0.95A, and d> =
0.8A. Fig. 2 shows the simulated distributions of the
magnitude of the electric field intensity for both its X- and Y-
polarized modes. The field energy is well confined in the core
region. Its simulated birefringence and total loss, TL (mainly

Fig. 1. Cross sectional view of the proposed PCF.



Fig. 2. Distributions of the magnitude of the electric field intensity
distribution for the (a) X- and (b) Y-polarized modes. The white arrows
designate the polarization direction. Blue represents low values; red
represents high values.
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Fig. 3. Simulated performance characteristics of the optimized PCF as
functions of the source frequency. Birefringence and TL values.
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Fig. 4. Simulated performance characteristics of the realistic PCF as
functions of the source frequency. Birefringence and TL values.

the confinement and effective material losses) values across
the 0.71 to 1.0 THz band are presented in Fig. 3. The
birefringence values are high, above 0.1 across the entire
band, with a maximum value of 0.32 at 0.71 THz. The
corresponding TL values are below 0.01 cm’. As will be
shown in our presentation, the X- and Y-polarized
propagating modes experience near zero dispersion with a
very high birefringence value of 0.28 at 0.75 THz. The key
factor to attaining these very high birefringence values is the
presence of the ideal ENZ material in this optimized
asymmetric configuration.

III. “REALISTIC” PCF

It was investigated to determine whether or not there are
real or artificial materials that could provide the ideal ENZ
properties. We have tried several known ENZ materials for
our design. It was found that pure KCI in bulk form [7] is a
good candidate for the THz PCF. Its ENZ crossover point
occurs near 6.3 THz. With this much higher frequency ENZ
crossover point, the background material had to be replaced.
Topas was selected; it has a refractive index of n = 1.53 and
an absorption loss of only 2.0 cm™! near 6.3 THz [8]. The PCF
was re-optimized to this higher frequency with these materials
and with the lattice period A = 25 um. Its properties nicely

scaled to this new operating frequency as was expected from
the scaling principle reported in [2]. Fig. 4 shows the
simulated birefringence and TL values of this realistic ENZ
PCF. The birefringence value, 0.105 at 6.2 THz, is reasonable
in comparison to the ideal value 0.28 and larger than most
current PCFs. The TL values are 12.7 cm™ and 41.3 cm'! for
the X- and Y-polarized modes, respectively.

Compared with the ideal case, the PCFs with realistic ENZ
materials still achieve a relatively high birefringence.
However, the TL values are much higher because the ENZ
material losses are. Nonetheless, this first step of combining
ENZ materials into a PCF design has shown quite interesting
and useful performance characteristics. The real-world
implementation of ENZ materials into structured fibers can be
realized with hybrid optical fiber constructs [9] in several
ways. For example, one could use the pressure-assisted melt
filling technique [10] to insert the bulk-form of KCI [7] into
the appropriate holes in a host silicon material for the THz
PCF reported herein. We await the realization of lower loss
ENZ materials before attempting any realistic PFC fabrication
and measurement campaigns based on our designs.

IV. CONCLUSION

This paper demonstrated a THz PCF design that achieves
very high birefringence, low loss, and near zero dispersion
characteristics with an ideal ENZ material. Realistic ENZ
materials were also investigated. Comparisons between these
two cases demonstrated that with currently available ENZ
materials, high birefringence can still be obtained, but with a
much higher loss. We anticipate that future realizations of
ENZ materials will become available with much lower losses
in the frequency bands of high interest.
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