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Abstract. We proposed and systematically analyzed the propagation properties of periodic segmented waveguides and nanowire waveguides where the segments and nanowires have been considered to be composed of
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1 Introduction
Optical waveguides are the main components of any integrated optical circuit, and they have the ability to confine the
light by total internal reflection as occurs in usual dielectric
waveguides1,2 or by exploiting the forbidden band gaps as in
photonic crystal waveguides.3,4 Nowadays, many applications are sensitive to light polarization and require polarization maintaining components and waveguides with low
losses and high confinement of the light.5 High indexcontrast dielectric waveguides can confine the light in small
regions and reduce the radiation losses present in sharp
bends. However, they exhibit polarization sensitivity and
roughness losses.2 To reduce the roughness losses and to
control the dispersion properties of dielectric waveguides,
the periodic segmented waveguide (PSW) with subwavelength segment length as a guiding device was introduced
in Ref. 6. It has been analyzed in detail in Refs. 7–10.
Initially, PSWs were used as Bragg gratings to design filters
and resonators.11 It has been demonstrated that they can
guide light with low losses when the periodicity along the
propagating direction is much smaller than the operating
wavelength9 even in the presence of sharp bends,9 offering
a promising platform for designing high-performance waveguide network. PSWs have been considered for the design
of directional couplers,12–14 multimode interferometers,15,16
crossing with low cross talk,17 and also in the design of tapers
to match the mode of the input source with the desired mode
of conventional waveguides.18 In addition, a type of waveguide structure called nanowire waveguide (NW) has been
introduced and analyzed in detail in Ref. 19. They also
present high polarization dependence and low bending
losses.20 They have been used to design bends,20 directional
couplers,13,14 multimode interferometers,16 and electrically
tunable crystal liquid PSW.21 Consequently, PSWs and
*Address all correspondence to Vitaly F. Rodriguez-Esquerre, E-mail: vitaly
.esquerre@ufba.br
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NWs are expected to enable ultrasmall and highly functional
photonic devices to be developed.
One of the main characteristics of the PSWs and NWs
is their high polarization-dependent operation since the
dispersion curves of the transversal electric (TE) and transversal magnetic (TM) modes exhibit stop bands at different
frequencies.6–10,22 In general, PSWs and NWs can propagate
TE polarized light at higher frequencies than TM polarized
waves.6–10,22 The large polarization dependency can be an
important issue depending on the type of application, for
example, the coupling distances in directional couplers and
multimode interferometers based on PSWs and NWs are
different depending on the polarization.12–14,16
Recently, there has been an effort to obtain polarizationindependent waveguides.21,23–26 The most trivial way to create polarization-independent waveguides is to design waveguides with vertical and horizontal symmetries, i.e., optical
fibers, where the modes will become degenerated. Another
approach is to adjust the core width and the etch depth
in a rib waveguide, as presented in Refs. 21, 23, and 24.
Moreover, polarization-independent waveguiding in photonic
crystals have been also reported in Refs. 25 and 26. It is
possible to obtain degenerated modes inside the band gap by
combining two layers of photonics crystals with rods and
holes25 and also by using annular elements,26 respectively.
The birefringence has been largely explored in order to
design optical devices.27,28 Taking advantage of this effect,
silicon and liquid crystal subwavelength gratings (SWG)
waveguides have demonstrated a still better behavior,21,29
compared to dielectric waveguides. For example, compact
polarization beam splitters have been manufactured with
dimensions <100 μm,29 obtaining insertion losses about
2 dB for both polarizations covering the entire C band. In
addition, the degree of the birefringence can be tailored only
by changing SWG’s structural parameters such as the grating
0091-3286/2019/$28.00 © 2019 SPIE
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Fig. 1 (a) Proposed multilayered PSW and (b) multilayered nanorod waveguide. The segments and
nanorods consist of several layers of silicon/silica with deep-subwavelength thickness cladded by SiO2 .

2 Artificial Anisotropy
To overcome the intrinsic polarization dependence of PSWs
and NWs, we propose a new geometry of PSWs and NWs
where the segments or nanowires are composed of multilayers of dielectric materials, namely silicon and silica, as
shown in Fig. 1.
We consider this composition because of the feasibility
of fabrication with thicknesses in the order of few nanometers,31–36 which is much smaller than the operating wavelength to be considered. Because of the subwavelength size
of the thickness silicon and silica layers, the homogenization
theory37 can be applied, and consequently the equivalent
homogeneous material exhibits uniaxial negative anisotropy
(Fig. 2), with its extraordinary refractive index lower than
the ordinary one, ne < no , satisfying in this way, one of the
needed condition for the proposed polarization-independent
PSW. Conventional waveguides composed of silicon nanocrystal superlattice at visible frequencies have been investigated in Ref. 35, and it has been demonstrated that if the
core of a planar waveguide is composed of subwavelength
thickness layers that will show birefringence.35,36
According to the homogenization theory, the equivalent
permittivity can be obtained by Ref. 37.
Optical Engineering
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Fig. 2 Homogeneous equivalent anisotropic refractive indices of the
multilayer silicon/silica as a function of silicon fraction.

ε⊥ ¼ εxx ¼

EQ-TARGET;temp:intralink-;e001;326;324

ε1 ε2
;
ð1 − rÞε1 þ rε2

(1)

εjj ¼ εyy ¼ εzz ¼ ð1 − rÞε2 þ rε1 ;

(2)

EQ-TARGET;temp:intralink-;e002;326;281

where r is the ratio of silicon on the multilayered segment,
with permittivity ε1 and ε2 is the permittivity of SiO2 . The
refractive indices of silicon and silica considered in this work
are 3.476 and 1.45, respectively. For the present analysis,
the material dispersion can be neglected since the variation
of the refractive indices is small in the O-E-S-C-L-U bands
(179 to 234 THz). The ordinary and extraordinary refractive
indices of the silicon/silica multilayer can be obtained using
(1, 2) and the relation n ¼ ε1∕2 . The obtained values are
shown in Fig. 2.
By considering that the surrounding material is all
silica and also under the approximation that the height of the
segments is larger than the operating wavelength,36 a twodimensional (2-D) modal analysis can be carried out by
using the efficient frequency domain finite element approach
presented in Ref. 9, in order to obtain the dispersion curves
of the waveguide. The resulting 2-D waveguide is shown in
Fig. 3.
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period, the fill factor, and the grating depth.30 The manipulation of birefringence through modifications in the physical
parameters of the SWG allows the development of some
optical devices for the silicon-on-insulator platform as
MMI couplers and polarization beam splitters.29
In this work, we demonstrated through a comprehensive
number of numerical simulations involving modal analysis,
that the artificial uniaxial negative anisotropy introduced by a
multilayered superlattice can be used to design polarizationindependent PSWs and NWs over the entire band of optical
communication frequencies. To the best of our knowledge,
this is the first time that polarization-insensitive propagation
has been reported for PSWs and NWs.
This work is organized as follows. In Sec. 2, a brief
description of the PSW and NW and their polarization
dependence are given. Also in Sec. 2, the proposed geometry
and the uniaxial anisotropy introduced by the subwavelength
nature of the multilayer is presented. Numerical results are
presented in Sec. 3 and the main conclusions are summarized
in Sec. 4.
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Fig. 3 The 2-D approximation of the (a) PSW and (b) NW, composed of multilayered dielectric segments.
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Fig. 4 PSW’s dispersion corresponding to silicon ratios on the multilayer from 0.2 to 0.9, polarization and
the duty cycle.

3 Numerical Results Style
3.1 Periodic Segmented Waveguides
First, we considered a PSW composed of multilayers of
silicon and silica. The waveguide parameters are as follows:
period and width of 300 nm; a variable duty cycle, η ¼ l∕Λ,
of 30%, 40%, 50%, and 60%; and the ratio of silicon/silica in
the multilayered region has been swept from 0.2 to 0.9. The
computational domain corresponding to a unit cell extends
from −2 to þ2 μm and from −Λ∕2 to þΛ∕2 nm in the z and
y directions, respectively. Periodical boundary conditions of
Bloch type are applied at z ¼ Λ∕2. Considering ky the
wave propagation constant, the resulting dispersion curves
as a function of the polarization and duty cycle are shown
in Fig. 4.
It can be observed that the highest operating frequency
for the H x polarization as a function of the silicon fraction
lies in an interval wider than the ones of the Ex polarization and it also contains those frequencies. The intervals
containing the maximum operating frequencies as a function of the duty cycle r and the polarization are given in
Table 1.
Optical Engineering

In Fig. 4, it can be observed that for the proposed multilayered PSW, with duty cycles between 0.3 and 0.6, there is
always a specific value of r where the dispersion curves for
both polarizations can exhibit a good overlapping and the
Table 1 Maximum operating frequencies as functions of the polarization and the silicon ratio.

Duty cycle Polarization f min (THz) (r ¼ 0.9) f max (THz) (r ¼ 0.2)
η ¼ 30%

η ¼ 40%

η ¼ 50%

η ¼ 60%
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Fig. 5 Frequency of operation of the PSW as a function of r , considering a fixed value of k y ¼ 0.8 π∕Λ.
The value of r indicated corresponds to the condition where both polarizations exhibit the same propagation constant for a given frequency of operation.
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Fig. 6 PSW’s dispersion curves under the polarization-independent condition, corresponding to the duty
cycle and fraction of silicon.

PSW will operate under the polarization-independent
condition. To obtain the specific value of silicon fraction,
we considered, for the sake of simplicity, the frequencies
of the Hx and Ex modes for a fixed value of kx ¼ 0.8 as
a function of the duty cycle, as shown in Fig. 5. It can
be observed that for a duty cycle of 30% and 40%, the overlapping occurs when r ¼ 0.8 and r ¼ 0.78, respectively
[Figs. 5(a) and 5(b)], whereas for duty cycles of 50% and
60%, the value of r where the dispersion curves for both
polarization exhibit an overlapping with each other occurs
when r ¼ 0.77 [Figs. 5(c) and 5(d)].
The dispersion curves for both polarizations, considering
the specific value of r, where the overlapping occurs, are
shown in Fig. 6. It can be also observed that as the duty
cycle increases, the overlapping decreases slightly, mainly,
at lower frequencies, but it is still good around 200 THz.
The overlap of the dispersion curves for both polarizations
is excellent even for larger variations of the duty cyclee of the
order of 30%. The necessary ratio of silicon in the multilayer
segment changed only 3% t attend the overlapping condition,
suggesting that the length of the segment does not influence
on the desired behavior much. We also observe a shift in the
maximum operating frequencies of both curves as the duty
cycle changes.
We also analyzed the influence of the segment width
by increasing it to 330 nm for a duty cycle equal to 50%.
The results are shown in Fig. 7. Comparing Figs. 7(a) and
7(b) with Figs. 4(c) and 4(g), we can observe a reduction
in the frequency values. From Fig. 7(c), we can observe
an increment in the optimal filling fraction from 0.77
(w ¼ 300 nm) to r ¼ 0.80 (w ¼ 330 nm), considering as
reference ky ¼ 0.8 π∕Λ. We also present the dispersion
Optical Engineering

curves for both polarizations for r ¼ 0.80. The overlapping
of the curves is good for values of ky near 0.8 π∕Λ or
frequencies about 210 THz.
In addition, we analyze the influence of the filling fraction
on the propagation characteristics of the proposed PSWs by
fixing the operating frequency in 200 THz (λ ¼ 1500 nm).
The results are shown in Fig. 8. The variation of the propagation constant as a function of the filling ratio is shown in
Fig. 8(a), where the continuous and dashed lines corresponds
to Ex and H x polarization waves, respectively. The polarization-independent operation is obtained for the filling ratio
value at the intersection of the same color curves. The difference between the ky of the Ex and H x polarized modes has
been computed and they are shown in Fig. 8(b). It can be
observed from Fig. 8(b) that an increase in the filling ratio
results in higher variation of the propagation constant difference, if compared to a decrease in the filling ratio. Also, we
can observe less influence of the filling ratio on the propagation constant for low values of duty cycle.
3.2 Periodic Nanowire Waveguides
A similar analysis has been carried out for multilayer NWs.
The multilayered NW is composed of three parallel rods with
variable radii of 80 and 100 nm with their center placed at
fixed positions on the plane (y; z): (m Λ; −Λ), (m Λ; 0),
and (m Λ; þΛ), with m ¼ 0;1; 2; : : : . The period was considered fixed with Λ ¼ 300 nm (along the propagation direction y), and the ratio of silicon/silica in the multilayered
region has been swept from 0.2 to 0.9. The computational
domain corresponding to a unit cell, as depicted in Fig. 3(b),
extends from −2 to þ2 μm and from −Λ∕2 to þΛ∕2 nm
in the z and y directions, respectively. Periodical boundary
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Fig. 7 PSW’s dispersion corresponding to silicon ratios on the multilayer from 0.2 to 0.9, polarization with
w ¼ 330 nm, (a) E x polarization, (b) H x polarization, (c) frequency of operation of the PSW as a function
of r considering a fixed value of k y ¼ 0.8 π∕Λ, and (d) dispersion curves under the polarizationindependent condition.

(a)

(b)

Fig. 8 (a) Dependence of the propagation constant of the E x and H x polarized waves with the filling
ratio and (b) difference of the propagation constant of the E x and H x polarized waves as a function of
the filling ratio. Λ ¼ w ¼ 300 nm.

conditions of Bloch type are applied at z ¼ Λ∕2. The
dispersion curves of the NWs for Λ ¼ 300 nm and
a ¼ 80 nm and a ¼ 100 nm are shown in Fig. 9. It can
be observed that the highest operating frequency for the
H x polarization as a function of the silicon fraction lies in
an interval wider than the ones of the Ex polarization and
it also contains those frequencies. A similar effect has been
observed for PSWs.
As expected, there is a value of r where the dispersion
curves exhibit an overlapping and its value can be
determined considering the frequencies as a function of
Optical Engineering

r with a fixed value of ky ¼ 0.8 (π∕Λ). See Fig. 10.
It can be observed from Fig. 10(a) that for r ¼ 0.70, both
polarizations exhibit the same propagation constant for a
given frequency for a ¼ 80 nm and from Fig. 10(b) both
polarizations exhibit the same propagation constant for r ¼
0.70 when a ¼ 80 nm. The dispersion curves for both polarizations, considering the polarization-independent condition,
are presented in Fig. 11. An excellent overlapping can be
observed in all cases.
The filling ratio dependence has been also carried out
for the NWs. The results are shown in Fig. 12 and a low

097107-5

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 25 Sep 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

September 2019

•

Vol. 58(9)

de Oliveira, Rodriguez-Esquerre, and Liu: Engineering the dispersion properties of multilayered periodic segmented. . .

0.3

0.4

0.5

0.6

350

350

300

300

250

250

Frequency (THz)

Frequency (THz)

0.2

200
150
100

E x Polarization
= 80 nm

50
0
0,0

0,2

0,4

0,6

ky (

0,8

0.7

0.8

200
150
100

E x Polarization
= 100 nm

50
0
0,0

1,0

0,2

)

0,4

300

250

250

Frequency (THz)

Frequency (THz)

350

300

200
150

0
0,0

Hx Polarization
= 80 nm
0,2

0,4

0,8

1,0

)

(b)

350

50

0,6

ky (

(a)

100

0.9

0,6

ky (

0,8

200
150
100

Hx Polarization
= 100 nm

50
0
0,0

1,0

)

0,2

0,4

0,6

ky (

(c)

0,8

1,0

)

(d)

Fig. 9 NW’s dispersion curves corresponding to silicon ratios on the multilayer and polarization for
Λ ¼ 300 nm.

(a)

(b)

Fig. 10 (a) Frequency of operation of the NWs as a function of r , considering a fixed value of k y ¼ 0.8
π∕Λ. The value of r indicated corresponds to the condition where both polarizations exhibit the same
propagation constant for a given frequency of operation.

influence is observed for nanowires with radius of 100 nm
where the propagation constant difference between Ex and
H x polarized waves is about half of the difference for nanowires with radius of 80 nm. It can be observed that both kinds
of waveguides, PSWs and NWs, exhibit similar dependence
with the filling fraction.
The use of a multilayered segment or multilayered
NWs can reduce drastically or eliminate the polarization
dependence of PSWs and NWs within a certain interval of
frequencies.
Optical Engineering

The polarization-independent PSWs and NWs, which
are analyzed here, are suitable for applications in optical
communications, covering the O-E-S-C-L-U bands (179 to
234 THz) since the minimum operating wavelength observed
in our analysis is 1250 nm (η ¼ 60%) [Fig. 6(d)]. Moreover,
the proposed strategy exhibits a slight sensitivity with the
value of r. Consequently, the proposed strategy to cancel
the polarization dependence would be more efficient if we
design the waveguide considering the central frequency of
operation.
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(a)

(b)

Δ

Fig. 11 Dispersion curves of NWs with Λ ¼ 300 nm under the polarization-independent condition.

Filling fraction (r)

Filling fraction (r)

(a)

(b)

Fig. 12 (a) Dependence of the propagation constant of the E x and H x polarized waves with the filling
ratio and (b) difference of the propagation constant of the E x and H x polarized waves as a function of
the filling ratio.

4 Conclusions
As a conclusion, we have proposed and systematically analyzed PSWs and NWs based on subwavelength multilayers
with independent polarization propagation properties. We
demonstrated through a comprehensive number of numerical
simulations involving modal analysis, that the artificial uniaxial negative anisotropy introduced by the multilayered segments and nanowires can be used to engineer waveguides
with polarization-independent behavior, and we obtained the
necessary design parameters. Our results confirm that, by
using multilayered dielectrics composed of Si and SiO2 with
subwavelength thickness, it is possible to reduce drastically
or almost cancel the polarization dependence of the propagation characteristics of PSWs and NWs within a certain
interval of frequencies. We also observed that for the considered dielectric materials and parameters, the needed value of
r for PSWs is about 0.77 to 0.80, depending on the duty
cycle, whereas for NWs it is 0.70 to 0.74, depending on the
value of the nanowire radius. The proposed strategy can be
applied for the design of several polarization-independent
devices based on PSWs and NWs such as directional couplers and multimode interferometers.
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