Circular hole ENZ photonic crystal fibers
exhibit high birefringence
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Abstract—A novel photonic crystal fiber (PCF) design that yields very high birefringence is
proposed and analyzed. Its significantly enhanced birefringence is achieved by filling selected
air holes in the cladding with an epsilon-near-zero (ENZ) material. Extensive simulation results
of this asymmetric material distribution in the lower THz range demonstrate that the reported
PCF has a birefringence above 0.1 and a loss below 0.01 cm™ over a wide band of frequencies.
Moreover, it exhibits near zero dispersion at 0.75 THz for both the X- and Y-polarization modes
and a birefringence equal to 0.28. This THz PCF is then scaled successfully to optical
frequencies. While the high birefringence is maintained, this optical PCF has a very high loss
in its Y-polarization mode and, consequently, yields single-polarization single-mode (SPSM)
propagation, exhibiting near zero dispersion at the optical telecom wavelength of 1.55 um. The
ideal ENZ materials used for these conceptual models are replaced with realistic ones for both
the THz and optical PCF designs. With the currently available ENZ materials, the realistic
PCFs still have a high birefringence, but with higher losses compared to the idealized results.
Future developments of ENZ materials that achieve lower loss properties will mitigate this
issue in any frequency band of high interest.
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1. Introduction

Terahertz (THz) frequencies (wavelengths) are generally defined in the range from 0.1-10 THz
(30-3000 pum). This segment of the electromagnetic spectrum has attracted substantial
worldwide research attention in the last decade due to its impactful applications in sensing,
imaging, communications, and security [1]. Advanced THz wave generation and detection
technologies have been reported. However, most of the recently reported commercial THz
systems are still based on free space propagation [2], mainly due to the lack of attractive THz
waveguides. These free-space propagation-based systems usually suffer from unwanted
absorption losses, difficulties in integration with other devices, and high sensitivity to the
surrounding environment. Consequently, several types of THz waveguides have been proposed
to replace free space propagation, including solid stainless wires [3], dielectric metal-coated
tubes [4], and Bragg fibers [5]. However, they are all based on metallic wires and
subwavelength dielectric fibers. As a result, most of the propagating fields reside outside of the
waveguide core, which leads to a high propagation loss and undesired interactions with the
exterior environment.

Photonic crystal fibers (PCFs) have been successfully deployed in the optical regime due
to their performance advantages, including good confinement ability, low loss, tunable
dispersion, and structural flexibility [6]. Recently, PCFs have also been advocated for THz
applications [7-9]. There are three kinds of PCFs recently employed in the THz regime. One
is a hollow core PCF whose wave guiding principles are based on photonic band gap properties
[10]. While a substantial portion of the THz fields propagate in air with low losses in these
PCFs, their bandwidths are narrow. A second kind is the solid core PCF whose wave guiding
properties are based on total internal reflection (TIR) principles [11]. While the majority of the
wave energy is transmitted within their solid cores, these PCFs usually have high losses because
the materials used to construct them have high material absorption losses in the THz regime.
The third kind of THz PCF is called a porous fiber; its operation is also based on TIR principles.
Extra subwavelength air hole arrays are introduced into the core area of these porous fibers to
concentrate the field energy in them, thereby minimizing the propagation losses [12].

Several key PCF characteristics must be considered for practical THz applications with loss
as one of the most important factors. The loss in THz PCFs is mainly attributed to the effective
material loss (EML) and the confinement loss (CL). Birefringence is another important factor
for THz waveguides. High birefringence is desired for polarization-based THz guiding,
sensing, filtering, and splitting applications. In particular, highly birefringent PCFs maintain
the polarization state of the fields propagating in them. Two other crucial PCF factors for
communication applications are the bandwidth and dispersion. A wide operational bandwidth
and, hence, an enhanced information capacity is preferred. Additionally, flat dispersion over a
wide bandwidth mitigates high bit error rates.

The most widely used approach to introduce birefringence into THz PCF designs is to
geometrically break the symmetry within their holey claddings and/or core areas. One direct
way to realize a high birefringence PCF is to introduce shaped air holes that have different
effects on the X- and Y-polarized fields propagating in it. Examples include elliptical and
rectangular air holes. Squeezed elliptical holes were etched in the core area of the PCF
introduced in [13]. A birefringence on the order of 10 was achieved with a low EML = 0.069
cm’'. A highly birefringent PCF employing rectangular air holes was considered in [14]. A
fabricated and tested prototype attained a birefringence of 0.012 at 0.65 THz and a reasonable
EML below 0.25 cm™! for frequencies below 0.8 THz. A higher birefringence, 0.075, with a
low EML of 0.07 cm™! was realized at 1.0 THz in [15] with a PCF that employed rectangular



air slots in its core. However, the intrinsically asymmetric elliptical and rectangular holes in
these designs are difficult to implement practically due to their more complex geometrical
structure.

Compared to elliptical and rectangular holes, circular holes are much easier to fabricate.
Asymmetric sets of circular air-holes in the cladding and core regions of the PCFs developed
in [16-18] achieved high birefringence values. [16] utilized asymmetrical circular air-holes in
both the cladding and the core region of the reported PCF, resulting in a birefringence of 0.026,
and a low CL of 10° dB/m. The dual-hole unit-based porous-core hexagonal PCF in [17]
attained a birefringence of 0.033, an EML of 0.43 dB/cm, and a CL of 10~ dB/m at an operating
frequency of 0.85 THz. The multi-hole core PCF in [18] achieved a higher birefringence =
0.045, a low EML = 0.08 cm!. Nevertheless, although PCFs based on circular holes are easier
to fabricate, they have not been able to achieve a birefringence as high as those based on
asymmetric rectangular holes or elliptical holes. This drawback is due primarily to the way that
birefringence was introduced into them. The state-of-the-art birefringence of these asymmetric
core-cladding circular hole-based PCFs is limited to be barely above 0.1.

Because their birefringence values are not as high as desired, the polarization maintaining
ability of these birefringent PCFs remains affected by polarization cross talk and polarization
mode dispersion. One immediate way to overcome this problem is to further enhance the
birefringence. Another is to eliminate one transmission mode and attain a single-polarization
single-mode (SPSM) PCF by introducing noticeable loss differences between the X- and Y-
polarized propagating modes [19-21]. SPSM PCFs are desirable; they mitigate polarization
cross talk and mode dispersion issues.

In this paper, a THz PCF with circular elements is developed to attain very high
birefringence values. The high index contrast between the propagating X- and Y-polarized
modes is realized by not only breaking the symmetry of the overall geometrical structure, but
also loading certain of its circular air holes with materials having different refractive indexes
(n). In particular, specific holes in the first ring of the cladding are filled with an epsilon-near-
zero (ENZ) material (n=0.1) and with air (n=1.0). The background and, hence, core material
is high resistivity silicon (HRS) with a high refractive index (n=3.417) [22]. Parameter sweeps
of the key dimensions are presented to illustrate how the design can be optimized to have the
best birefringence and loss characteristics. The simulation results demonstrate that with ideal
ENZ materials the proposed PCF achieves a very high birefringence near 0.3, an ultra-low loss
below 102 cm!, and zero dispersion for frequencies around 0.75 THz for both the propagating
X- and Y-polarized fields. Moreover, this model PCF also exhibits excellent performance when
it is scaled to the optical regime. The corresponding optical PCF model not only has excellent
birefringence, loss, and dispersion properties, but it also enables SPSM propagation across a
wide band. Finally, realistic ENZ materials are introduced into the THz and optical PCF
models. The performance characteristics of these realistic PCFs are re-assessed. The simulation
results demonstrate that good birefringence values are maintained but with increased losses.
While this first step demonstrates that the introduction of ENZ materials into PCF designs
facilitates very interesting performance characteristics, the next step will be the realization of
ENZ-based PCFs when appropriately lower loss ENZ materials become available.

The reminder of this paper is organized as follows. Section 2 introduces two complementary
PCF configurations and their design parameters. These two complementary configurations are
then studied and compared in Section 3. One model is selected based on its performance
characteristics and is then optimized for the THz regime in Section 4. Next, this optimized THz
PCF model is scaled in Section 5 to the optical regime. In Section 6, the performance
characteristics of both the THz and optical PCFs with realistic ENZ materials are recalculated
and discussed. Potential methods to realize the reported ENZ-based THz and optical PCF
designs will be discussed. Finally, the paper is concluded in Section 7.



All of the simulations in this work were conducted with the COMSOL Multiphysics
commercial software package [23]. The fields associated with each numerical model were
obtained with its full-wave, vector finite element method (FEM). Furthermore, each simulation
region was truncated with its perfectly matched layer (PML) absorbing boundary condition to
strongly attenuate any numerical reflections arising from its outer boundaries. Note that only
the fundamental propagation modes were considered to obtain the simulation results reported
here. It was found in the initial studies of each configuration that most of the higher order modes
suffer from very high propagation losses and dissipate rapidly. Consequently, they have no
impact on the reported results.

2. THz PCF configurations

Figures 1(a) and 1(b) show the cross sectional views of two complementary PCF
configurations, here denoted as Type 1 and Type 2, respectively. While they have identical
physical arrangements, they have different asymmetric material distributions. Unlike the
previously advocated porous-core PCFs [13-15, 17, 18], these PCFs have solid cores and,
hence, would be easier to fabricate. A triangular lattice distribution of five air-hole rings defines
their claddings. The core circle and only the two adjacent circular holes (shadow highlighted)
have the diameter d,. All of the other circular holes have the diameter d;. The distance between
any two adjacent holes in the cladding is the lattice constant A. A perfect matching layer with
a thickness that is 10% of the whole diameter of the PCF is placed concentrically on the outside
of the hole-based cladding region. The Type 1 and Type 2 PCFs shown in Figs. 1(a) and 1(b)
have, respectively, four holes and two holes filled with ENZ material. The background material
and, hence, the core is HRS. The HRS was selected because of its outstanding properties
including its low bulk material absorption loss < 0.01 cm™ from 0.1-1 THz and its stable
refractive index n = 3.417 in the frequency range from 0.5-4.0 THz [22]. Materials with ENZ
properties can be attained with metamaterials [24, 25] or with naturally occurring materials
[26-28]. In this work, ideal ENZ material is used first. Its real part of refractive index is set to
0.1 and the imaginary part (material loss) is set to zero in the frequency range of interest. Later,
in section 6, realistic ENZ materials will be introduced to replace the ideal ones. These THz
and optical PCFs are then re-simulated to provide more appropriate representations of the
performance characteristics of a potentially fabricated prototype.
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Fig. 1. Cross sectional view of the complementary PCFs. (a) Type 1. (b) Type 2.



3. Comparison of the type 1 and type 2 PCFs

A high birefringence is attained with the Type 1 and Type 2 PCFs because they not only break
their geometric symmetry, but also have an asymmetric refractive index distribution. The
geometrical asymmetry has been introduced simply with the change in the diameter (d>) of the
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Fig. 2. Comparisons of the performance characteristics of the Type 1 and Type 2 PCFs.
(a) Birefringence. (b) CL. (c) EML. (d) TL. (e) Dispersion.

selected two air holes. Moreover, they both have an asymmetric refractive index distribution
since the ENZ material is introduced only into select air holes.

To determine which of the two PCFs designs is a better candidate, we first considered both
of them with all of their hole diameters set to be the same, i.e., we set d;= d,= 0.95A, where



the distance between their centers was taken to be A = 80 um. The ENZ filled holes shown in
Fig. 1 were maintained. A variety of simulated performance characteristics of these
geometrically symmetric but refractive index asymmetric structures were obtained. The key
performance characteristics of interest here include the birefringence, CL, EML, total loss (TL),
and dispersion. Their values for both types of PCFs are compared, respectively, in Figs. 2(a) to
2(e).

The birefringence shown in Fig. 2(a) was calculated as

) M

where B denotes the birefringence, and n, and n, represent the modal effective indices for the
X- and Y-polarizations, respectively. The CLs shown in Fig. 2(b) were calculated as [7]

B=|nx—ny

L.(em™) = ? X Im[neff], 2)

where c is the speed of light in vacuum and /m/n.; is the imaginary part of the effective
refractive index. The EML values plotted in Fig. 2(c) were obtained with the expression:
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where ¢) and uy are the vacuum permittivity and permeability, om. is the bulk material
absorption loss, n, is the refractive index of the background material, E is the modal electric
field, and S: is the Poynting vector projected along the Z (propagation) direction. The total loss
(TL) values given in Fig. 2(d) represent the sums of the CL and EML. The dispersion

results shown in Fig. 2(e) were attained only considering the waveguide dispersion since the
material dispersion of the HRS is negligible within the desired frequency range, 0.5 to 4.0 THz.
They were calculated as [7]

_ 2dnefy | 0 dnepy

B> “)

where n.y is the effective refractive index of the fundamental mode and w = 2af is the angular
frequency of the source.

As shown in Fig. 2(a), both types of PCFs exhibit a very high birefringence. This feature is
attributed to the noticeable difference between the refractive index of air (74, = 1.0) and the
ENZ material (ngyz = 0.1). In fact, the high birefringence values are realized even without
breaking the geometric symmetry. Even higher birefringence is attained if it is broken by setting
d> # d;. Figure 2(b) illustrates that the two types of PCFs have similar ultra-low CL values for
both the X- and Y-polarized fields. Furthermore, since the refractive index contrast between
the cladding and core is significant, the field energy is well confined to the very low loss HRS
core region. Figure 2(c) indicates that the EML values of both PCF types are very low and close
to the material absorption loss values. This behavior further proves that most of the power is
propagating in the solid core. It is also noted that the Type 1 PCF has its EML values larger
and smaller, respectively, than those of the Type 2 PCF for the X- and Y-polarized modes. This
behavior is associated with the different refractive index contrasts between the cladding and
the core in those directions. For example, the Type 1 PCF has a more significant index contrast
between the cladding and the core (ngnz= 0.1 / nurs = 3.417) for X-polarized modes than does
the Type 2 PCF (n,= 1.0 / nurs = 3.417). This aspect causes more energy to be confined in
the core of the Type 1 PCF and, hence, results in a higher EML value. Nevertheless, its EML

¢ dw c dw



values remain very low in the frequency range of interest because of the very low material loss
property of the HRS. Figure 2(d) plots the TL values, i.e., the sum of the CL and EML values.
Since the TL is a more comprehensive factor to assess the overall loss property of a PCF design,
only the TL results will be given in following sections. Figure 2(e) shows the dispersion values
versus frequency for the X- and Y-polarized modes of the two PCF types. It is observed that
all of the dispersion curves are quite flat from 0.71 to 1.0 THz. More importantly, the cross-
over points of the two polarization modes are near zero dispersion (around 0.75 THz) for both
PCF types. To be specific, the values of the dispersion at the cross-over points are 0.7 and 3.5
ps/THz/cm for the Type 1 PCF and Type 2 PCF, respectively.

In summary, it was found that the overall performance characteristics of the two PCF types
were quite similar, especially in the frequency range from 0.71 to 1.0 THz. Nonetheless, we
selected the Type 1 PCF to conduct further studies for the following reasons. First, the Type 1
PCF exhibits a higher birefringence, which is the main concern of this work. Second, the
dispersion cross-over point of the X- and Y-polarized modes is closer to zero for the Type 1
PCF. Finally, the TL values of the Type 1 PCF are no worse than those of the Type 2 PCF
across the same frequency range, 0.71 to 1.0 THz.

4. Simulated performance of the THz PCF

Parameter sweeps were conducted to optimize the Type 1 PCF design in the frequency range,
0.71 to 1.0 THz, to achieve an ultra-high birefringence, low loss, and flat dispersion. A
summary of the main design parameter results is given below. Guidelines for the future design
efforts are also provided.

4.1 Effect of the lattice constant A

The most important design parameter is the lattice constant, A. All of the PCF dimensions are
defined in proportion to it. A parameter sweep of A was conducted by changing its value from
70 to 90 um with all of the other dimensions fixed relative to it, e.g., d; = d>= 0.95A. The
computed birefringence, TL, and dispersion values for these different lattice constants are
plotted in Figs. 3(a) and (b), respectively. As shown in Fig. 3(a), the birefringence of the
proposed PCF for different A have similar tendencies, except when A = 70 um. The
birefringence is quite high in the lower portion of the frequency range before it starts to decrease
as the frequency increases. Generally, it was found that the birefringence is larger when A is
smaller. Additionally, because the HRS has a stable refractive index over these frequencies, the
optimized PCF and its high birefringence values are “scalable” to other frequency regimes [29].
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Fig. 3. Simulated PCF performance characteristics for different lattice constants and for both the
X- and Y-polarized modes as functions of the source frequency. (a) Birefringence and TL values.
(b) Dispersion values.



Figure 3(a) also shows the simulated TL values for different A. When A = 80 or 90 pum, the
PCF has very low and stable TL values, i.e., near 0.01 cm’', across the frequency band of
interest. For these cases, the loss is dominated by the EML since the power is well confined in
the core. However, when A is reduced to 70 pm, a much higher loss is observed at the lower
frequencies. This behavior is due to the dramatic increase of the CL, which in turn occurs
because the PCF has a limited confinement ability when its A is smaller. Furthermore, as
observed from Fig. 3(b), the PCF has a rather flat dispersion curve across the band of interest
with larger A. Consequently, these parameter studies indicate that one must make some
compromises when selecting the design parameters. Different choices lead to optimizing
different combinations of the figures of merit, i.e., the values of the birefringence, TL, and
dispersion. In this work, A was selected to be 80 pum. This choice provided a balanced
performance. To be specific, the birefringence is > 0.026 from 0.71 to 1.0 THz and reaches its
peak value, 0.12, at 0.71 THz. The losses are < 0.01 cm™ across the entire frequency range.
Moreover, the zero dispersion point occurs near 0.75 THz for both the X- and Y-polarized
modes.

4.2 Effect of the diameter d>

The birefringence can be further increased by introducing geometrical asymmetry. As shown
in Fig. 2(a), if the diameter of the ENZ holes (d;) is reduced, the effective refractive index of
the Y-polarized mode will increase while that of the X-polarized mode will remain unchanged.
This behavior leads to a reduction in the birefringence values. Therefore, it is found that
reducing d> is the only approach to achieving higher birefringence values. Another simulation
series was performed in which d>was swept from 0.7A to 0.9A with d; fixed at 0.95A and A =
80 pum. The calculated birefringence, TL, and dispersion values are presented in Fig. 4.

As shown in Fig. 4(a), a smaller d> results in a significant improvement in the birefringence
values. The minimum and maximum birefringence across the band increase from 0.057 to
0.139 and from 0.205 to 0.395, respectively, when d is reduced from 0.9A to 0.7A. On the
other hand, while the losses are increased, the increment is minor and the TL remains below
0.01 cm! across the band. As shown in Fig. 4(b), a smaller value of d; also leads to a more
flattened dispersion curve across the band for both polarizations. Moreover, the cross-over
point of the X- and Y-polarized dispersion values is closer to the zero dispersion point. Note
that although a smaller d leads to the indicated enhanced performance, it was found that higher
order mode propagation can no longer be neglected when considering short range propagation
applications if d> becomes as small as 0.7A. Therefore, in this work, we chose d> = 0.8A. The
resulting PCF has good performance characteristics while suppressing all higher order
propagating modes. It is further noted that even higher birefringence could be obtained with
the optimized PCF if higher order mode propagation is acceptable, as it can be in some specific
applications.



BB --E':E"—E; - ? &—d,=0.7A X-Pol
gr_gj_.b_ B8 J060 o, o— d,=0.8A X-Pol
° RE ->—d,=0.7A X-Pol E B2 —o—d_=0.9A X-Pol
00094 ' 33155%' o d,=0.8A X-Pol N # e
E‘Sﬁ'ﬁ'& o0 PAAAAT 2 E 104 b »- d,=0.7A Y-Pol
— gﬂ .dg- —»—d,=0.7A —0—d,=0.9A X-Pol 4045 2 E o\lﬁ o-- d.=0.8A Y-Pol
E E—f: #—d,=0.8A -~ d,=0.7A Y-Pol §: a oL -0~ d.=0.9A Y-Pol
_ . —e—d.=09A--0- d_=0.8A Y-Pol E c o4 :
(= L. L - R e o o B"‘bvp-b .y PRI Gl
0.008 'l.. ’b..’ --&-dﬂ:!)_li_\Y-F‘ol_omﬁ 4 'f.b D"J“Gc?gﬁ.g_g.n oo-o-o-0 'F
- > — @ o o . .
. T e ’.- .'\.'b-.. % i :5 o i q_o—o—o-“"%
*ee, = A g a 104 L aPbppppproeb BB B 2
e, . . 0.15 o, g b g-o-0-9-07 5.0
*oa, \ | T-ay . o o Domo-® o -0
R & TN - ‘O-p.o0 9
N g
0.007 : . . b aiaie e =2 -20 . . T ' '
0.70 075 0.80 0.85 0.90 095 1.00 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Frequency (THz) Frequency (THz)
(a) (b)

Fig. 4. Simulated performance characteristics of the geometrically and material asymmetric PCF
as functions of the source frequency for different d, and for both the X- and Y-polarized modes.
(a) Birefringence and TL values. (b) Dispersion values.

(a)
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(c)

Fig. 5. Optimized PCF. (a) Optimal configuration. Distributions of the magnitude of the electric
field intensity distribution for the (b) X- and (c) Y-polarized modes. The white arrows designate

the polarization direction. Blue represents low values; red represents high values.

4.3 Optimized PCF

The optimized PCF has A = 80 um, d; = 0.95A, and d>= 0.8A. Figure 5 shows the physical
configuration and simulated distribution of the magnitude of the electric field intensity. As
shown in Figs. 5(b) and 5(c), the field energy is well confined in the core region for both the
X- and Y-polarized modes. The simulated TL, birefringence, and dispersion values for this
optimized PCF across the 0.71 to 1.0 THz band are presented in Fig. 6. The birefringence values
are high, above 0.1 across the band with a maximum value of 0.32 at 0.71 THz. The TL values
are below 0.01 cm™ across the band. Moreover, at 0.75 THz, both the X- and Y-polarized
propagating modes experience near zero dispersion with a very high birefringence value of

0.28.
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Fig. 6. Simulated performance characteristics of the optimized PCF as functions of the source
frequency. (a) Birefringence and TL values. (b) Dispersion values.

5. Optical PCF

The optimized THz PCF shown in Fig. 5(a) was scaled to the optical regime [29]. Following
the presented parameter optimization approach, an optical PCF was obtained with A = 0.95
um, d; =0.95 A, and d> = 0.8 A. While the optical PCF has the same configuration as the THz
PCF, it has a different background material. The HRS does not have acceptable material
properties in the optical regime. Silica was selected instead as the background material. It is
essentially transparent in optical regime, thus allowing one to neglect the EML. The refractive
index of silica was determined by the Sellmeier equation [30]. Substituting the result into Egs.
(1), (2), and (4), one can then calculate the birefringence, CL, and dispersion values of the
optical PCF. Note that the group velocity dispersion coefficient, which nicely describes the
chromatic dispersion in the optical regime, will be reported here since it is normally used to
portray the dispersion properties of an optical PCF [6].

Figure 7 plots the simulated birefringence, TL, and dispersion values of the optimized optical
PCF as functions of the source frequency. A high birefringence, 0.075, and a low TL value,
0.12 dB/m, were obtained for the X-polarized propagating modes at an operating wavelength
of 1.55 um. The TL value for the Y-polarized propagating modes was 47.3 dB/m.
Consequently, since the Y-polarized modes exhibit a much higher loss than their X-polarized
counterparts, the ratio of their TL values is greater than 143 from 1.50 pm to 1.74 pm.
Consequently, this optical PCF acts a SPSM PCF. Furthermore, both the X- and Y-polarized
modes experience near zero dispersion at 1.55 pum.
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6. Realistic THz and optical PCFs

Having demonstrated that the idealized ENZ material properties lead to both THz and optical
PCFs that exhibit high birefringence, low loss, and near zero dispersion properties, it was
desired to investigate whether there are real or artificial materials that could provide those or
nearly those ENZ properties. We have tried several known ENZ materials for our design.
Unlike the idealized ENZ materials which have near-zero real (e ~ 0) and zero imaginary
permittivity value (g; = 0), these realistic ones have their ENZ crossover points at different
frequencies and their losses (g;) are high. Consequently, some trade-offs had to be managed. It
was found that high purity KCI [26] is a good candidate for the THz PCF with its ENZ crossover
point near 6.3 THz. The investigated material for the optical PCF was AZO [27, 28]; it has its
ENZ crossover point at optical frequencies near 1556 nm.

The key factor to attain the theoretically high birefringence is the presence of the ideal ENZ
material in the optimized asymmetric configuration. These choices led to the very high index
difference between the X and Y directions. The lower the & value with no loss, the higher the
impedance and index contrast becomes. Thus, essentially no electric field penetrates into those
cylinders filled with the ideal ENZ medium. On the other hand, &; represents the loss property
of the material. If it is high, the impedance and index contrasts decrease greatly, and the electric
field penetrates into the cylinders. Thus, a higher &; value in the PCF structure produces worse
loss properties over longer distances.

As illustrated in the Fig. 8, KCl attains its ENZ properties in the frequency range from 6.2
to 6.3 THz, where ¢ ~ 0 and &; is reasonably small. Replacing the background material with
Topas, which has a refractive index of n=1.53 and an absorption loss of 2.0 cm™! near 6.3 THz,
the simulated birefringence, TL, and dispersion values of the resultant ENZ PCF are shown in
the Fig. 9 for different lattice periods A. Specifically selecting A to be 25 um optimizes the
trade-offs between these performance characteristics. The TL and dispersion values are 12.7
cm! and -2.3 ps/THz/cm for the X-polarized mode, and 41.3 cm™! and -10.1 ps/THz/cm for the
Y-polarized mode, respectively. 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. Since the confinement
loss is negligible in comparison to the absorption loss, the relatively high TL value, 12.7 cm™,
at 6.2 THz is due to the fact that the electric field now penetrates into the lossy ENZ holes,
increasing the overall loss.
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Fig. 8. The real and imaginary parts of the relative permittivity of 99.5 % pure KCl as functions
of the source frequency.
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Fig. 9. Simulated properties of the THz PCF designed with KCI and Topas for different lattice
periods A. (a) Birefringence. (b) TL. (c) Dispersion.

For the optical PCF, AZO was found to be suitable for C band (1530-1565 nm) operation.
AZO has & ~ 0 near 1550 nm, but & ~ 0.3, which leads to a rather high absorption loss.
Nevertheless, by choosing A as 0.95 pm, an AZO-based optical ENZ PCF still achieves a high
birefringence, e.g., 0.0703 at 1550 nm, and flat dispersion across the band from 1545 to 1555
nm with TL ~ 0.5 dB/um. The birefringence values of the optical PCF and the relative
permittivity of a recently measured low loss AZO sample [28] used to calculate them are shown
in Fig. 10.

Compared with the ideal cases, the obtained PCFs with realistic ENZ materials still achieve
a relatively high birefringence. However, the losses are much higher due to the large &; values
of the materials. At the current stage of material development, the proposed ENZ-based PCFs
may find their immediate applications in the THz range and for short distance optical
transmission applications. Clearly, the results shown in Figs. 9 and 10 are not near the idealized
results. The limitations of the realistic ENZ-based PCFs are not due to the real part, but arise
from the imaginary part of the ENZ permittivity. As long as & < 0.5, a high birefringence can
be obtained. Nonetheless, a much smaller ¢; is required to achieve low loss, especially in the
optical bands. Luckily, the development of ENZ materials is of significant current interest and
progress in improving their properties is occurring, e.g., [28]. This first step to combine ENZ
materials into PCF designs has shown quite interesting and useful performance characteristics.



We await yet the realization of lower loss ENZ materials in the bands of high interest to attempt
any realistic PFC fabrication and measurements based on our designs.
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Fig. 10. The relative permittivity of AZO and the birefringence values of the optical PCF
designed with AZO in the C band.

Practical implementations of ENZ materials into structured fibers can be accomplished with
techniques introduced to realize optical fibers with more complex material compositions [31,
32] and hybrid optical fibers [33, 34]. One could simply insert naturally occurring bulk
materials having ENZ properties directly into a structured fiber using direct thermal drawing
[35], pressure-assisted melt filling techniques [36], or chemical depositions [37-39]. Our
reported PCF designs could be achieved using the pressure-assisted melt filling technique to
insert the bulk-form of KCI [26] or semi-conductor plasmonic materials [40] into the
appropriate holes in the host silicon material for the THz PCF. Similarly, it could also be used
to insert the bulk-form of Ag or K [41] into the appropriate holes in the host silica material for
the optical version. An attractive alternative that could provide even more flexibility in the
reported designs would be to replace the bulk ENZ materials with ENZ metamaterials, i.e.,
artificial materials engineered to attain the requisite ENZ properties at specified frequencies
[42]. Methods for integrating metamaterials into structured fibers were reported in [33, 35].
Because of the strong recent interest in ENZ materials [43, 44] and their applications, it is
anticipated that many more naturally occurring and artificially realized ENZ materials and even
more advanced implementation techniques will be available in the near future, making the
realization of the reported PCFs even more practical.

7. Conclusion

This paper demonstrated a PCF design that achieves very high birefringence, low loss, and near
zero dispersion characteristics in both the THz and optical regimes. While its configuration is
essentially a simple circular hole, triangular lattice, the enhanced performance characteristics
were facilitated by introducing localized asymmetries in its geometry and material distribution.
Most importantly, it takes significant advantage of loading several circular holes next to the
core region with a material that exhibits ENZ properties in the operational band and changing
the diameter of two holes in the overall structure. Two types of PCFs with complementary
configurations were first investigated and compared. One design was selected to conduct
further studies. Parameter sweeps of its key dimensions were conducted to obtain the optimized
results and reported to provide design guidelines. From 0.71 to 1.0 THz, very high
birefringence, i.e., greater than 0.1, was achieved with low loss, i.e., less than 0.01 cm™ over
this band. This THz PCF also exhibit near zero dispersion around 0.75 THz for both the X- and



Y-polarized propagating modes. This THz PCF was scaled to the optical regime. It was
demonstrated that the resulting optical PCF has similar high birefringence and near zero
dispersion values at the telecom wavelength, 1.55 pm, but with significantly different loss
values for the X- and Y-polarized propagating modes. Hence, it realizes a very desirable SPSM
property at optical frequencies.

The ideal ENZ material in the PCF design was replaced with realistic materials for both
the THz and optical frequency regimes. Simulated performance characteristics of these realistic
THz and optical PCF models were presented and discussed. The results show that, with
currently available ENZ materials, high birefringence can still be obtained but the losses are
much higher than those of the ideal cases. The high losses are attributed to the large imaginary
part of the permittivity & of the materials. We anticipate that future realizations of ENZ
materials will become available with much lower losses in the frequency bands of high interest.
Fabrication of the corresponding PCFs based on the designs reported here and the subsequent
measurements to confirm their attractive performance characteristics await their eventual
appearance.
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