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Photonic crystal fibers (PCFs) have been extensively used in literature for designing polarization handling devices.
Further, the Si material has advantages in terms of low loss transmission with a high refractive index. In this paper,
a novel design of transverse-electric (TE) pass polarizer based on Si-core photonic crystal fiber (SC-PCF) is
reported and studied using full vectorial finite element method. The suggested PCF has a SiO2 cladding
background and is selectively filled with gold nanorods. Further, an elliptical Si-core is used to increase the
birefringence between the two polarizing modes. Therefore, the surface plasmon modes around the gold nanorods
are highly coupled with the quasi-transverse-magnetic (TM) core modes while no coupling occurs with the quasi-
TE core mode. Consequently, high and low confinement losses are achieved for the quasi-TM and quasi-TE core
modes, respectively. Accordingly, a TE-pass polarizer is realized with an insertion loss of −0.000108 dB.
Additionally, a good extinction ratio of −13.18 dB is obtained at a short device length of 29 μm. © 2018

Optical Society of America

OCIS codes: (230.7370) Waveguides; (240.6680) Surface plasmons; (130.5296) Photonic crystal waveguides; (250.5403)

Plasmonics.

https://doi.org/10.1364/JOSAB.35.000980

1. INTRODUCTION

The capacity of systems has been increased by the use of multi-
plexing techniques [1,2]. Mode-division multiplexing (MDM)
has been shown to be more suitable for photonic integrated
circuits (PIC) [3,4]. However, power transfer between the
two orthogonal modes may occur in MDM systems, which
is a major problem in communications and sensing systems
[5]. Accordingly, there is a serious need for polarization han-
dling devices, which include polarization beam splitters, polari-
zation rotators, and polarizers. The conventional polarizer is
based on bulk birefringent crystals. Therefore, it is mandatory
to design compact polarizers that can be integrated on PIC.
This gave rise to silicon-on-insulator (SOI) polarizers [6].
SOI devices have advantages in terms of low cost and high com-
patibility with CMOS as well as silicon sources and detectors
[7]. Many SOI-based transverse electric (TE)/transverse mag-
netic (TM)-pass polarizers are available in literature. Dai et al.

have proposed a TE-pass polarizer with a device length of 1 mm
[6]. Alam et al. have introduced a compact hybrid TM-pass
polarizer for SOI platforms [8]. Hyuang et al. demonstrated
a CMOS-compatible SOI horizontal nanoplasmonic slot
waveguides TE-pass polarizer [9]. Sun et al. have reported
experimentally compact hybrid TE-pass polarizer [10] with
an insertion loss (IL) less than 0.04 dB [11]. Furthermore,
Azzam et al. investigated compact SOI-based TE/TM-pass po-
larizers based on resonant tunneling process [12]. Additionally,
CMOS-compatible TE/TM-pass polarizers based on titanium
nitride have been reported with an IL of 0.0635 dB [13].
Recently, Hameed et al. have proposed an ultrashort hybrid
plasmonic TE-pass polarizer for SOI platforms with IL of
0.1639 dB [14]. The exceptional electronic transport properties
of graphene [15] alongside its equally remarkable photonic
properties [16] have enabled graphene-based polarizers.
Qiaoliang et al. have demonstrated a broadband fiber polarizer
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based on graphene, an ultrathin two-dimensional carbon
material [17]. Additionally, Xiang et al. proposed and demon-
strated a novel silicon slot waveguide ultra-compact TE-pass
polarizer with graphene multilayer embedded in the slot [18].
Further, Xiang et al. have proposed and demonstrated an ultra-
broadband TE-pass polarizer using a cascade of multiple few-
layer graphene embedded silicon waveguides [19]. Tian et al.
have also utilized a graphene-based asymmetrical directional
coupler to achieve an ultra-compact polarization beam splitter
[20]. Furthermore, Ghosh et al. have reported graphene oxide
integrated on-chip tunable waveguide polarizer [21]. Photonic
crystal fibers (PCFs) are periodic micro-structures that are
known for their low loss [22,23], endlessly single-mode guid-
ance, and dispersion control. The light wave is guided through
either solid core or hollow core using total internal reflection or
photonic bandgap guidance, respectively [24]. Many PCF
polarizers are available in the literature. Lee et al. reported
polarization-dependent coupling to plasmon modes on sub-
micron gold wire in PCF [25]. Additionally, Heikal et al. pre-
sented an efficient polarization filter based on plasmonic PCF
[26]. Further, Hameed et al. reported an ultra-high tunable
liquid crystal-plasmonic PCF polarization filter with loss of
0.00751 dB/cm and 0.092 dB/cm for the x-polarized mode
and y-polarized mode, respectively [24]. Recently, Li et al. have
reported a dual-wavelength single polarizing filter based on PCF
[27]. Silicon (Si) material has a high refractive index, which
enhances light confinement through a small area. Further,
silicon has high material reliability and stability with CMOS
technology [28]. Such good characteristics of silicon have been
integrated with optical fibers to produce low-loss silicon
fibers [29] and hollow-core PCF [30]. Silicon fibers can be fab-
ricated using high-pressure microfluidic chemical deposition
techniques, which deposit silicon into silica capillaries [31].
Therefore, the combination between silicon and PCF has a great
potential for obtaining low-loss polarization handling devices.

In this paper, a compact design of PCF TE-pass polarizer is
reported and studied. The suggested PCF has a background
material of SiO2 and solid core of Si. The silicon solid core
has an elliptical shape to increase the birefringence between
the two fundamental core guided modes [32,33]. Gold nano-
rods are selectively injected into the cladding holes to control
the confinement losses of the two polarized modes. Due to the
elliptical shape of the silicon core, strong coupling occurs
between the surface plasmon (SP) modes with the quasi-TM
mode. However, the quasi-TE mode has no coupling with
low losses. Therefore, a TE-pass polarizer of compact length
of 29 μm is achieved with a very low IL of −0.000108 dB
and good extinction ratio of −13.18 dB. Simulation results
are calculated via COMSOL Multiphysics software [34] based
on the full vectorial finite element method. Furthermore, time
domain simulation is performed using finite-difference time-
domain (FDTD) method based on Lumerical software package
[35] to ensure the filtering characteristics of the proposed
polarizer.

2. DESIGN CONSIDERATIONS

The cross sections of the proposed PCF polarizer with
different numbers N of gold nanorods are shown in Fig. 1.

The suggested SC-PCF has SiO2 as a background material with
diameter d c � 2.11 μm and an elliptical Si core with a major
axis diameter W c � 0.6 μm and a minor axis diameter
hc � 0.22 μm. The core is surrounded by two successive rings
of air holes of diameter d. The air holes are arranged in a peri-
odic triangular lattice with a hole pitch of Λ � 0.74 μm. The
cladding air holes are selectively infiltrated with gold nanorods
as shown in Fig. 1. The relative permittivity of gold nanopar-
ticles is calculated using the Drude model given in [14,24,26]

εAu�ω� � ε∞ −
ω2
p

ω�ω� Iωτ�
; (1)

where ω is the angular frequency, ε∞ � 9.75 is the high-
frequency dielectric constant, ωp � 1.36 × 1016 rad∕s is the
plasma frequency, and ωτ � 1.45 × 1014 rad∕s is the damping
frequency. The relative permittivity of SiO2 is calculated using
the Sellmeier equation as given in [26,36]

n2SiO2
�λ� � 1� A1λ

2

λ2 − λ21
� A2λ

2

λ2 − λ22
� A3λ

2

λ2 − λ23
; (2)

where nSiO2
�λ� represents the wavelength-dependent refractive

index of silica, A1 � 0.6961663, A2 � 0.4079426, A3 �
0.8974794, λ1 � 0.0684043 μm, λ2 � 0.1162414 μm, and
λ3 � 9.896161 μm. Similarly, the relative permittivity of Si
is calculated at room temperature (298 K) from the following
Sellmeier equation [37]:

n2Si�λ� � ε� A
λ2

� A2ν
2

λ2 − ν2
; (3)

hc

Wc

d

dc

(a) (b)
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Fig. 1. Proposed Si-core PCF selectively infiltrated by gold nano-
rods with N rods, where (a) N � 1, (b) N � 2, (c) N � 3,
(d) N � 4. (e) Color code.
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where nSi�λ� is the wavelength-dependent refractive index
of silicon, ε � 11.6858, A � 0.939816 μm, A2 �
8.10461 × 10−3, and ν � 1.1071 μm.

3. SIMULATION RESULTS

In this investigation, full vectorial finite element method
(FVFEM) based on COMSOL 5.1Multiphysics software pack-
age [34] is used to study and analyze the reported PCF. A cir-
cular computational domain of diameter d c � 2.11 μm, with
46,366 degrees of freedom, and minimum element size of
9.66 × 10−4 μm are used. The perfect matched layer (PML)
is also used as absorbing boundary conditions. The full vectorial
eigenvalue equation is given by

�K �fHg − β2�M �fHg � f0g: (4)

The FVFEM solves Eq. (4) to obtain the magnetic field
eigenvector H and the corresponding propagation constant
eigenvalue β of the supported modes where the effective index
neff � β∕k, and k is the free-space wave number. The global
stiffness and mass matrices are denoted by �K � and �M �, respec-
tively while f0g is the null vector. The modal confinement loss
(L) is calculated from the imaginary part of the effective index
using the formula in [38],

L�dB∕μm� � 20

ln�10� :
2π

λ
:I�neff �; (5)

where λ is wavelength in micrometers (μm). The insertion losses
(ILs) and extinction ratios (ERs) of the propagating modes
through the device are calculated using 3D finite-difference
time-domain (3D-FDTD) from Lumerical software [35],

IL�dB� � 10 log10

�
PTE
out

PTE
in

�
(6)

and

ER�dB� � 10 log10

�
PTE
out

PTE
in

×
PTM
out

PTM
in

�
; (7)

where (PTE
out and PTE

in ) and (PTM
out and PTM

in ) are the output and
input powers of the quasi-TE and quasi-TMcoremodes, respec-
tively. It is aimed to design a compact TE-pass polarizer based on
the reported structure with low insertion losses and good extinc-
tion ratio. Therefore, the geometrical parameters of the Si-core
PCF are studied to get the best performance of the proposed TE-
pass polarizer. Initially, we set W c � 0.6 μm, hc � 0.22 μm,
and d � 0.1 μm with operating wavelength of λ � 1.55 μm.
Themodal characteristics of the two orthogonal polarization states
of the fundamental core modes are first calculated, taking into
account the number of gold nanorods N and the hole pitch Λ.
Figure 2 shows the variations of the neff and confinement losses
of the two polarized modes with the hole pitch at different num-
bers of gold nanorods. It is seen from Fig. 2(a) that there is high
birefringence between the effective indices of the quasi-TE and
quasi-TM fundamental core modes due to the elliptical core
region. Further, the quasi-TE core mode has a greater effective
index than the quasi-TM core mode for all studied cases as
shown in Fig. 2(a). This is due to better confinement of the
quasi-TE core mode in the high-index Si-core region. In the
same Fig. 2(a), the quasi-TE mode neff is seemingly unaffected

by the variations in the hole pitch and the number of gold nano-
rods, whereas the quasi-TM core mode neff is affected signifi-
cantly. Figure 2(b) shows that the confinement losses of the
quasi-TE core mode are far smaller (almost negligible) than that
of the quasi-TMcoremode. It is also seen from Fig. 2(b) that at a
hole pitch of Λ � 0.74 μm and N � 3, the quasi-TM core
mode has a maximum loss. Figure 3 shows the field plots
(Hy andHx) of the quasi-TE core mode, quasi-TM core mode,
SPTM mode, and SPTE mode at λ � 1.55 μm. It is evident from
Fig. 3(a) that there is very low or no coupling between the SP
mode and the quasi-TE core mode. However, the quasi-TM
core mode has large losses due to the strong coupling between
the SP mode around the gold nanorods and the quasi-TM core
modes as shown in Fig. 3(f ). Therefore, it is expected that a
TE-pass polarizer can be designed based on the suggested PCF.

Next, the effects of the cladding hole diameters d , including
the gold nanorods on the confinement loss of the two
polarized modes, are discussed at Λ � 0.74 μm, N � 3,
and λ � 1.55 μm. The variation of the confinement loss with
the cladding hole diameter d is shown in Fig. 4, where a maxi-
mum loss is obtained at d � 0.1 μm. Figure 5 shows the varia-
tion of confinement loss and effective indices of the quasi-TE,
quasi-TM, and SP modes with the wavelength. It is shown that
at λ � 1.55 μm, the effective indices of the quasi-TM mode
and the SP mode are almost equal, and hence coupling between
them occurs. It is also evident from Fig. 5(b) that the loss of the
quasi-TM mode increases rapidly between wavelength of 1.45
to 1.6 μm, where the coupling with the SP modes starts to in-
crease. At λ � 1.55 μm, the losses of the quasi-TM and quasi-
TE modes are equal to 0.4343 dB∕μm and 1 × 10−5 dB∕μm,
respectively.

The impact of the major and minor diameters of the ellip-
tical Si core is also investigated. Figures 6 and 7 show the varia-
tion of the confinement losses and effective indices of
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Fig. 2. Effect of hole pitch and number of rods (N ) on the modal
characteristics of the two polarized core modes at λ � 1.55 μm,
W c � 0.6 μm, hc � 0.22 μm, and d � 0.1 μm on the (a) effective
index neff , and (b) confinement loss in dB/μm.
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the two polarized modes with W c (at hc � 0.22 μm) and hc
(at W c � 0.6 μm), respectively. It is revealed from Figs. 6(a)
and 7(a) that high birefringence is obtained due to the elliptical
nature of the core. WhenW c is equal to hc , the birefringence is
very low while the birefringence increases significantly by in-
creasing the difference between the two axes of the elliptical
core. The loss plot of Figs. 6(b) and 7(b) show that the
quasi-TM fundamental core mode loss is maximum at W c �
0.6 μm and hc � 0.22 μm, respectively. Additionally, there
will be no significant birefringence if a circular core is used.

Therefore, an elliptical solid core is mandatory to facilitate
the filtering process of one polarized mode.

To test the filtering characteristics of the reported TE-pass
polarizer, the propagation of the quasi-TE and quasi-TM core
mode through the device is studied using Lumerical 3D finite-
difference time-domain (3D-FDTD) software. In order to cal-
culate the IL and ER, expansion mode monitor was used to
accurately measure the power of a particular mode. Figure 8
shows the variation of IL and ER with the device length L.
At λ � 1.55 μm, N � 3, d � 0.1 μm, Λ � 0.74 μm, and
L � 29 μm, a very low IL of −0.000108 dB and good ER
of −13.18 dB are reported. Further, a monitor is placed on
top of the device to calculate the electric field powers of the

Fig. 3. Field plots of (a) Hy of quasi-TE core mode, (b) Hx of
quasi-TE core mode, (c) Hy of SPTE mode, (d) Hx of SPTE mode,
(e) Hy of quasi-TM core mode, (f ) Hx of quasi-TM core mode,
(g) Hy of SPTM mode, and (h) Hx of SPTM mode at λ � 1.55 μm,
W c �0.6 μm, hc �0.22 μm, d �0.1 μm, N � 3, and Λ�0.74 μm.
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Fig. 4. Effect of the cladding air hole and gold nanorod diameters d
on the confinement loss of the quasi-TM mode.
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Fig. 5. Effect of the wavelength on the (a) neff , and (b) loss of the
two polarized modes core modes at W c � 0.6 μm, hc � 0.22 μm,
d � 0.1 μm, N � 3, and Λ � 0.74 μm. The neff of the SPTE and
SPTM are also shown in Fig. 5(a).
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quasi-TE mode and quasi-TM core mode during the propa-
gation as shown in Fig. 9. It is evident from Fig. 9(a) that
quasi-TE core mode passes through the suggested design with
negligible loss, whereas the quasi-TM core mode is attenuated
greatly. Hence, a TE-pass polarizer is achieved. It is important
to note that if the gold nanorods are removed, we would have
the electric field propagation through the device as shown in
Fig. 10. The quasi-TE and quasi-TM core modes propagation
as seen in Figs. 10(a) and 10(b), respectively, show that there is
no attenuation of any mode that ensures that the filtering is due
to the gold nanorods. In order to show the efficiency of the
suggested polarizer, the wavelength dependency of the insertion
losses and crosstalk are calculated as shown in Fig. 11. It may be
seen from this figure that the reported design has a very low
insertion loss with a good extinction ratio within a wavelength
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Fig. 6. Effect ofW c on the (a) neff , and (b) loss of the two polarized
core modes at λ � 1.55 μm, hc � 0.22 μm, d � 0.1 μm, N � 3,
and Λ � 0.74 μm.
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Fig. 7. Effect of hc on the (a) neff , and (b) loss of the two polarized
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and Λ � 0.74 μm.
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Fig. 9. Light propagation through the suggested TE-pass polarizer
of the (a) quasi-TE mode and (b) quasi-TM mode.

Fig. 10. Light propagation through the suggested TE-pass polarizer
without gold nanorods of the (a) quasi-TE mode and (b) quasi-TM
mode.
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range of 100 nm centered around 1550 nm. Table 1 shows a
comparison between the proposed device performance and the
ones provided in the literature. It is evident from this table that
the proposed design has the lowest IL of −0.000108 dB with a
good ER of −13.18 dB and compact device length of 29 μm.

The suggested design has only two rings of air holes with
elliptical core region. The cladding air holes with the same
diameter are arranged in the widely used triangular lattice struc-
ture. Therefore, the fabrication process will not be difficult
using the current PCF fabrication techniques [39]. In this con-
text, PCF with air hole diameters of typically 0.1 μm or more
can be fabricated using the fused array preform fabrication tech-
nique [40,41]. Further, the core region has an elliptical hole
filled with silicon material that can be realized as reported in
[42–44]. It is worth noting that three different triangular lattice
PCFs have been fabricated by Belardi et al. [45] with ellipticity
factors between 1.2 and 1.5. The ellipticity factor of the starting
silica cane before the drawing process was equal to 1.9 [45].
Therefore, it is believed that PCF with proper ellipticity can
be achieved by optimizing the drawing conditions (tempera-
ture, pressure, and speeds). Additionally, the suggested PCF
design has elliptical core of major and minor radii of 0.3 μm
and 0.11 μm in the same region of dimensions of the fabricated
PCFs [45]. In order to selectively infiltrate the reported PCF
with gold nanorods, the pressure filling technique can be used

[46]. Through the infiltration process, the Ti:Sa-laser-assisted
polymer gluing can selectively open or inflate the air holes with
diameter down to 500 nm. Next, the gold can be filled through
the hollow channels at its melting point by using high pressure.
A similar filling technique has been suggested to infiltrate the
central hole only in [47] with similar dimensions to our pro-
posed PCF. Furthermore, full flexibility in selective filling of
PCFs [48] can be realized using a two-photon direct-laser
writing technique. Therefore, it is believed that the suggested
design can be experimentally fulfilled.

4. CONCLUSION

A TE-pass polarizer based on Si-core PCF with very low inser-
tion losses has been proposed and characterized. At a device
length of 29 μm, a TE-pass polarizer has been achieved with
a very low insertion loss of −0.000108 dB and a good extinc-
tion ratio of −13.18 dB. This device employs the low-loss and
endless single-mode properties of PCF with the high birefrin-
gence associated with elliptical silicon core. Both FVFEM and
3D-FDTD simulations show that the TM-core mode is cut off
and attenuated rapidly along the propagation direction, unlike
the TE-core mode that propagates with very low losses.
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