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Abstract

An ultra-compact hybrid plasmonic grating based transverse electric (TE) pass polarizer
using SOI platform is proposed and analyzed. The reported structure utilizes bi-metallic
grating of noble metals; thodium (Rh) and silver (Ag) as plasmonic materials to get benefit
from their attractive properties. The rhodium is a corrosion-free, nonoxidizing, and chemi-
cally inert against aggressive chemicals noble metal. In conjunction with the use of Ag,
Rh ensures better plasmonic response. The bi-metallic combination Ag/Rh exhibits large
coupling between the quasi transverse magnetic mode confined in the silicon core and the
surface plasmon mode constructed at the dielectric/metal interface, while the TE-mode
can propagate with minimal losses. The modal characteristics of the proposed device are
numerically investigated using full vectorial finite difference method, while the propaga-
tion analysis is performed using finite difference time domain method via Lumerical soft-
ware package. The numerical results show that the TE-pass polarizer of a compact device
length (L) =3.5 pm offers an extinction ratio (ER) of 36.6 dB and an insertion loss (IL)
of about 0.8 dB at A=1.55 pm. Additionally, the reported polarizer is robust to fabrication
errors keeping the ER larger than 20 dB and the IL less than 1 dB despite changing the
geometrical parameters by+10% in the wavelength range of 1.4 to 1.7 pm.

Keywords Silicon photonics - Optical polarizers - Rhodium (Rh) - Hybrid plasmonic
grating (HPG) - Polarization

1 Introduction

Photonic integrated circuits (PICs) (Dai et al. 2012) have recently become the most promis-
ing technology in designing high dense integrated chips since electronic integrated circuits
have reached their maximum integration capacity. PICs exhibit attractive features such as,
low thermal effects, large-scale integrated capacity, and high speed. In addition, a variety
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of complex functions can be achieved using PICs with low-cost manufacturing processes.
Silicon-on-insulator (SOI) technology is a prevailing platform that has been employed in
designing both electronic and photonic components (Dai et al. 2012; Ye and Xiong 2013).
The feature of SOI fabrication compatibility with mature CMOS technology permits inte-
grating photonic and electronic devices on the same chip with high performance, low
loss, and low cost. In SOI waveguides, the large index contrast between the silicon (Si)
core and glass cladding (SiO,, Si;N,, air, etc.) ensures strong light confinement enabling
small device footprint. Further, SOI platform reduces parasitic capacitances that yield
in improving the performance and reducing power consumption in the device. However,
both geometrical birefringence and polarization dependence SOI devices are the two criti-
cal problems in SOI based nanophotonic waveguides and PICs. One solution is utilizing
a polarization diversity scheme (Barwicz et al. 2007; Liu et al. 2011) where polarization
controlling devices such as polarization splitters (Xu and Xiao 2016; Guan et al. 2014),
polarization combiners and polarization rotators (Azzam et al. 2014a; Hameed et al. 2017a;
Gao et al. 2013) have been presented to obtain polarization transparent PICs. However, a
polarization diversity scheme, in which a beam of light is split at the input of the SOI chip
and each polarization state is processed separately, is quite complex and increases the sys-
tem size especially for simple applications. A polarizer can be used to pass the light wave
of a specific polarization state through with minimal losses, while the other polarization
state is highly suppressed. Because over half of the power is lost in single polarization sys-
tems, polarizers are obviously less efficient than polarization diversity systems. However,
in devices that naturally rely on one polarization state, such as devices based on surface
plasmons (Chen et al. 2008), a polarizer can be much simpler and more effective option. In
this regard, a variety of optical polarizers have been proposed. All-dielectric optical polar-
izers (Dai et al. 2010; Saitoh et al. 2013; Wang and Ho 2010; Azzam et al. 2014b; Xu et al.
2020) have been introduced with minimal insertion losses (ILs) and high extinction ratios
(ERs). However, the comparatively long device lengths, narrow bandwidths, and high sen-
sitivity to fabrication errors of such structures are frequently a problem (Dai et al. 2010;
Saitoh et al. 2013; Wang and Ho 2010; Azzam et al. 2014b; Xu et al. 2020).

Diffraction limit of light in dielectric media is a problem in which nanoscale regions far
smaller than the wavelength of light are not supportive to electromagnetic waves locali-
zation in the material (Gramotnev and Bozhevolnyi 2010). Consequently, PICs may have
considerable obstruction with miniaturization levels growth. On the other hand, plasmonic
polarizers offer more compact and efficient designs because of its tendency to restrict light
below the limit of diffraction (Sharma et al. 2011). However, high IL and fabrication dif-
ficulties limit the efficiency of plasmonic based devices. Metal-insulator-metal (MIM)
designs (Ng et al. 2012; Huang et al. 2013) have been proposed with compact sizes and
high ILs. In recent years, hybrid plasmonic waveguides (HPW) and hybrid plasmonic grat-
ing (HPG), or grating structures based on HPW have attracted a lot of interest for designing
compact and highly efficient polarizers. In these structures, the two fundamental quasi-TE
and -TM modes are guided in two different regions and by properly choosing the wave-
guide dimensions and material properties, their properties can be affected in different man-
ners. In principle, HPW utilize the coupling between the dielectric/metal induced surface
plasmon (SP) and one of the fundamental core-guided modes to eliminate the undesired
mode. Thus, one of the polarization states propagates in a very confined manner with mini-
mal losses, while the other one suffers high propagation loss. The coupling of dielectric/
metal induced surface plasmon (SP) and one of the fundamental core-guided modes results
in a supermode (Alam et al. 2011). This supermode, in case of the TE-pass polarizer, is
mainly concentrated in the low index spacer region and in close vicinity of metal which
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in turn attenuates the power of the fundamental quasi-TM mode in the hybrid guide. Fur-
ther, in HPG-based structures, the plasmonic grating acts as a periodic perturbation for the
effective refractive index of the medium in which this supermode propagates. Therefore, it
will be highly reflected through N grating periods of the HPG section. Additionally, more
SP modes are stimulated by the reflected light and more parts of energy is transferred to
the SP modes from the reflected light (Bai et al. 2017). In this regard, an SOI-based hybrid
plasmonic TM-pass polarizer has been reported with 18 um device length (L) and an IL
of more than 3 dB (Alam et al. 2011). However, this design which uses a silver layer as a
metallic clade, has a CMOS incompatibility issue. Additionally, another TE-pass polarizer
(Alam et al. 2012) that used chromium as a plasmonic material is proposed to serve com-
patibility with CMOS technology. Thus, it achieved a relatively high IL of 1 dB with along
L of 17 um. The experimental demonstration of the device reported in Alam et al. (2012)
has been presented in Sun et al. (2012) showing an IL of 2-3 dB in the wavelength range
of 1.52-1.58 pm with a very long L, of 30 um. Further, a CMOS compatible TE-pass
polarizer has been fabricated with an Lp=1 pm, 16 dB ER and 2.2 dB IL in Huang et al.
(2013). Furthermore, a compact 0.8 um long TE-pass polarizer has been reported by Ying
et al. in (2014) achieving an ER of 19 dB. Nevertheless, it is a CMOS incompatible device
with a slightly high IL of 1 dB. Xu et al. (2016) have proposed a Ge,Sb,Tes (GST) based
active TE- and TM- pass polarizers with ILs of 2.6 dB and 0.8 dB for the TE and TM pass
polarizations, respectively with an Ly =1 pm. Additionally, ultracompact TE- and TM-pass
polarizers have been reported in Abd-Elkader et al. (2019) based on aluminum doped zinc
oxide (AZO). The 3.5 pm long TE-pass polarizer achieved ER of 20.6 dB and IL of 0.21 dB
(Abd-Elkader et al. 2019). While, at an L, of 1 pm, the TM-pass polarizer achieved an ER
of 22 dB and an IL of 0.11 dB (Abd-Elkader et al. 2019). Moreover, Kandeel et al. (2019)
have reported bi-metallic TE/TM-pass polarizers with an ER of 32.7 dB and 0.13 dB IL
with an L, of 1.5 pm. Another TM-pass polarizer has been proposed in Kandeel et al.
(2019) with ER of 31.5 dB, IL of 0.17 dB and an L, of 2 pm. In addition to the afore-
mentioned devices in literature (Alam et al. 2011, 2012; Sun et al. 2012; Ying et al. 2014;
Xu et al. 2016; Abd-Elkader et al. 2019; Kandeel et al. 2019), a variety of other hybrid
plasmonic-based designs have been introduced in Azzam and Obayya (2015), Sun et al.
(2016), Hameed et al. (2017b), Song and Xu (2018), Wu et al. (2020). Additionally, hybrid
plasmonic grating (HPG) based structures have been proposed in Gaun et al. (2014), Zhang
et al. (2014), Ni and Xiao (2019), Zafar et al. (2019), Wang et al. (2019), Hao et al. (2021),
Xie et al. (2022). Further, Bai et al. (2017) have presented a compact HPG-based TM-pass
polarizer that achieved an ER of 25 dB and IL of 0.088 dB at L,=2.5 um. However, the
reported structure in Bai et al. (2017) is incompatible with CMOS technology. Another
CMOS compatible multi-band TE-pass polarizer has been reported in Abadia et al. (2018)
based on a HPG waveguide with a segmented metallic cladding. The polarizer can diffract
the TM-mode and allow the propagation of the TE-mode achieving an ER of 20 dB and an
IL of1.7 dB with an L, of 5.5 um (Abadia et al. 2018). Moreover, a compact lithium nio-
bate on insulator (LNOI) HPG TM-pass polarizer (Yu et al. 2019) with an L, of 23 pm has
been introduced with an ER of 20 dB and a relatively high IL of 2.5 dB. Bai et al. (2019)
have experimentally presented a 6 pm-long HPG TE-pass polarizer with 24-33.7 dB ER
and 2.8-4.9 dB IL in the wavelength range of 1.52 to 1.58 um. Additionally, TiO,-based
TM-pass polarizer (Zhao et al. 2020) has been introduced with ER of 27 dB and 2.64 pm
long device. Another HPG TE-pass polarizer based on LNOI platform has been proposed
by Dai et al. (2020) showing a 20 dB ER, and a relatively high IL of 2.3 dB with an L, of
9 pm. It is worth mentioning that plasmonic waveguide-based polarizers suffer relatively
low ERs, high ILs and fabrication difficulties using planar integrated technology. Although
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HP waveguide-based structures have been introduced to enhance the performance, mostly
obtained ILs are still unneglectable. Further, silver and gold, the conventional metals that
are mostly used in hybrid plasmonic-based polarizers, are well-known with their incompat-
ibility with current CMOS technologies.

In the growing field of nanoscale photonic devices, researchers have traditionally used
many different plasmonic materials such as the noble metals (Ag and Au), copper (Cu),
aluminum (Al) and chromium (Ch) due to their optimal plasmonic performance in visible
and near-infrared (NIR) applications. Despite of the superior plasmonic response of Ag,
chemical instability, and oxide formation upon exposure to air limit its effectiveness. While
Au agglomerates and can’t be formed in a thin uniform film, copper, aluminum, and chro-
mium are affected by oxidization which tarnishes its performance upon exposure to air.

Rhodium (Rh) is a silvery-white, corrosion free, chemically inert and is not attacked by
most acids noble metal (Homola et al. 1999). It is rarely used in plasmonic applications
because it is a heavily lossy metal that can’t be utilized in bulk. However, high absolute
value of its permittivity real part may promise to be very fruitful for plasmonic applications
when using a very thin layer of it (Kurihara and Suzuki 2002). Recently, theoretical stud-
ies have proved that fabrication of Rh nanoparticles smaller than 10 nm is possible (Zettsu
et al. 2006). Moreover, Rh is routinely used in a wide variety of applications (Shelef and
Graham 1994; Goto et al. 2014). Rhodium is routinely added to platinum (Pt) and palla-
dium (Pd) alloys to make them harder and lose weight much slower than pure platinum at
high temperature. Such alloys usage is dominated in the three-way catalytic converters to
reduce nitrogen oxide in exhaust emissions. In the chemical industry, rhodium is also used
as a catalytic agent for nitric acid production and hydrogenation reactions of organic com-
pounds. Its high reflectivity for light (Coblentz and Stair 1939), makes Rh a good candidate
for reflecting surfaces in optical instruments. Rhodium is a non-oxidizing that doesn’t nor-
mally form oxides even when heated and has a high melting point that can’t be tarnished
by the atmosphere at room temperature (Ahmadivand et al. 2016). So, it is usually plated
onto white gold to improve its appearance and silver is frequently plated by a thin layer of
rhodium to resist tarnishes. Rh has proved to be a viable candidate for plasmonic based
sensing applications (Ahmadivand et al. 2016; Mishra and Mishra 2016; Mishra et al.
2020) because of the high real part of its permittivity. On the other side, Rh has not very
sharp resonance feature due to the high imaginary part of its permittivity that causes non-
negligible material losses. Therefore, a very thin Rh layer is considered in collaboration
with an Ag layer in different sensing applications to enhance the resonance sharpness. A
bi-metallic layer of Rh/Ag based Magnesium Fluoride (MgF,) prism-coupled gas sensor in
the visible region has been proposed in Mishra and Mishra (2016). Furthermore, another
aqueous samples highly sensitive sensing probe based on bimetallic plasmonic of Rh/Ag in
the visible region has been presented in Mishra et al. (2020).

In this paper, a bi-metallic (Rhodium—Silver) grating structure based on SOI platform
is used in designing a compact TE-pass polarizer. By optimally choosing the geometri-
cal parameters, the TM mode is highly attenuated by the plasmonic grating, while the
TE mode passes through the dielectric core with low loss. Full vectorial finite difference
method (FVFDM) is employed to perform the modal analysis of the proposed polarizer.
Furthermore, the 3D finite difference time domain (3D-FDTD) method (www.lumerical.
com/tcadproducts/fdtd/.e) is utilized to investigate the propagation characteristics of the
proposed structure. The simulation results indicate that the proposed polarizer achieves
36.6 dB ER and about 0.8 dB IL with L of 3.5 pm. Thus, the reported HPG polarizer
exhibits higher ER than the previously reported in Dai et al. (2010), Wang and Ho (2010),
Azzam et al. (2014b), Xu et al. 2020), Sharma et al. (2011), Ng et al. (2012), Huang et al.
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(2013), Ying et al. (2014), Abd-Elkader et al. (2019), Kandeel et al. (2019), Azzam and
Obayya (2015), Sun et al. (2016), Hameed et al. (2017b), Song and Xu (2018), Wu et al.
(2020), Gaun et al. (2014), Zhang et al. (2014), Zafar et al. (2019), Wang et al. (2019), Hao
et al. (2021), Bai et al. (2017), Abadia et al. (2018), Yu et al. (2019), Bai et al. 2019), Zhao
et al. (2020), Dai et al. (2020) and lower IL than those of the previously demonstrated HP
polarizers based on SOI (Huang et al. 2013; Alam et al. 2011, 2012; Sun et al. 2012; Ying
et al. 2014; Xu et al. 2016; Gaun et al. 2014; Zhang et al. 2014; Wang et al. 2019; Abadia
et al. 2018; Bai et al. 2019) and those based on LNOI platform (Yu et al. 2019; Dai et al.
2020).

2 Design consideration

The proposed device consists of a HPG structure in which the polarizer section is sand-
wiched between two identical input and output single mode Si waveguides as may be seen
in the 3D view depicted in Fig. 1. The proposed HPG polarizer consists of a high-index
Si core that is separated from a bi-metallic grating of noble metals (Ag and Rh) through a
low-index spacer of silicon nitride (SizN,). The reported design is based on the well-known
SOI platform where the refractive indices of Si, SiO,, Si;N, Ag, and Rh at A=1.55 pm are
1.46, 3.48, 2.17 (Steinlechner et al. 2017), 0.145+ 11.438i (Johnson and Christy 1972),
and 3.63+10.31 (Adachi 2012), respectively. To design a TE-pass polarizer, the quasi-TE
mode should be well-confined in the core region with very small propagation loss, while
the quasi-TM mode should suffer high propagation loss.

As may be seen in Fig. 1, the bi-metallic grating is set in the vertical direction (z-axis)
to enhance the coupling between the surface plasmon mode (SPM) guided by the Si;N,/bi-
metallic interface and quasi-TM mode supported by the Si core. In contrast, the quasi-TE
mode is well confined in the Si core throughout the whole propagation length.

The input and output waveguides are standard low-loss single mode Si waveguides
(hy =220nm and w, = 500nm) to couple the light smoothly in and out from the HPG
section. The spacer layer has the same width w, of the Si core with a different height of
h,. The bi-metallic grating width alters periodically between w,,; and w,,,, with depths of
d,; and d,,, respectively and a thickness of &; for each plasmonic layer, as may be seen in

m

Fig. 1.

Fig.1 3D schematic configura- w\)\
tion of the proposed SOI based 0%
TE-pass polarizer
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3 Analysis and numerical results

The modal analysis of the proposed HPG waveguide is performed using the full-vectorial
finite difference method (FVFDM) via Lumerical software package (www.lumerical.com/
tcadproducts/fdtd/.e). It is worth mentioning that a perfectly matched layer (PML) bound-
ary conditions and grid size of Ay = Az = 0.005 pm, and Ax = 0.03 pm are applied in this
study. Figure 2 shows how the conventional 220 nm thick Si waveguide deals with different
polarizations of light at A=1.55 pm. For the TE-polarized light, most of the electric field
intensity is concentrated in the core region. However, the TM-polarized one has large leak-
age outside the Si core. Therefore, the quasi-TM mode can make strong coupling with the
SPM unlike the quasi-TE polarized mode. Therefore, by adding the plasmonic layers, the
TM-polarized light will be strongly attenuated because of the strong power coupling with
the SPM as may be seen in Fig. 2d. In contrast, the quasi-TE mode is still confined in the Si
core even after adding the plasmonic layers, Fig. 2b. It is worth mentioning that in Fig. 2b,
d, the HPWG has a 140 nm thick spacer of SiO, followed by bimetallic plasmonic layer of
Ag/Rh with h; = 10 nm and w,,,; = 500 nm.

To study the effect of the structure geometrical parameters on the coupling between
the two modes supported by the input DW and HPWG, coupling coefficient (the reflec-
tion intensity per unit length) calculated by (k =2An,;/(n4A) (Bai et al. 2017) is
considered, where n.;, An. and A are the mode effective index, mode effective index
difference (ng; ypw — Merr pw)> and grating period, respectively. Accordingly, to pre-
vent high loss for the TE fnode, An; (TE) must be as small as possible. However, the

r ¥ 8.68x107°
1.4 Km

Vim
A 241

IIO
'8

¥ 1.13x107°

1 1.2 1.4 Um 1 1.2 1.4 Hm

Fig.2 Normalized electric field plots of a the quasi-TE mode, and ¢ the quasi-TM mode, of the dielec-
tric waveguide (DW) at A=1.55 pm, b the quasi-TE mode, and d the quasi-TM mode, of the HPW at
A=1.55 pm. Here, a 140 nm thick layer of SiO, and Ag/Rh bi-metallic structure of #; = 10 nm and w,,; =
500 nm is used
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TM-mode should have large An.y. To further clarify this concept, the impact of chang-
ing the spacer thickness (h,) on the amount of reflection intensity is studied for both
polarizations. It is worth mentioning that the spacer layer is initially assumed to be
silica (SiO,). The absolute value of real Angy, the difference of the real parts of the
effective indices correspond to the quasi-TE and quasi-TM modes of the DW and HPW,
for the two polarizations is calculated as function of %,, considering a plasmonic layer
of Rh for the HPWG with /; = 10 nm and w,,; = 500 nm and the results are depicted in
Fig. 3.

As it may be seen in Fig. 3, An for quasi-TM mode increases distinctly by reducing
the SiO, thickness. Thus, it is expected that the quasi-TM mode will suffer high cou-
pling losses towards the plasmonic grating over several periods at small values of h,.
However, for the quasi-TE mode, although Ang; decreases slowly by increasing the
spacer thickness, it is relatively insensitive to h, variations especially over the range h,
= 120-170 nm. For a good TE-pass polarizer, the TE-polarized light should propagate
throughout the whole device with very low losses. Thus,h; =140 nm is an optimum
value at which A|Real[neﬂ]| for the quasi-TE mode is 0.0018, while it is 0.3 for the

quasi-TM mode as revealed by Fig. 3. When the TM polarized light is launched from
the input DW, the quasi-TM mode will be highly reflected through N grating periods of
the HPG section. However, the launched TE-polarized light will be almost unaffected.
The thickness of the metal layers also influences the polarizer’s performance as shown
in Fig. 4, where h; and w,,; are fixed to 140 nm and 500 nm, respectively.

First, the case of using a single layer of Rh is studied to distinguish its impact on
the propagation of the two polarizations. Figure 4a shows that the quasi-TM mode cou-
pling becomes stronger when the thickness of Rh layer is less than 20 nm. However,
the quasi-TE mode is almost unaffected by h; variations. Additionally, the same results
are obtained for an Ag layer instead of Rh as shown in Fig. 4b. So, ;=10 nm is the
most suitable option to achieve strong coupling for the quasi-TM-mode alongside fitting
manufacturing requirements limitations.

The well-known FDTD method via Lumerical software package (www.lumerical.
com/tcadproducts/fdtd/.e) is utilized to perform the 3D simulations to investigate the
propagation characteristics of the proposed TE-pass polarizer. In this study, the ER and
IL are calculated from Eqgs. (1)-(3).

Fig.3 The calculated difference
of the real parts of the effective 1.2 4
indices correspond to the quasi- —TM
TE and quasi-TM modes of the 1 4 =i TE
DW and HPW as a function of -
the SiO, spacer thickness, using S 0.8
single Rh plasmonic layer of 4; S
=10 nm and w,,; =500 nm at = 06 4
A=1.55pm g

o 04

0.2 i« _
0 —— S e

10 30 50 70 90 110 130 150 170
h;(nm)
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Fig.4 The calculated difference of the real parts of the effective indices correspond to the quasi-TE and
quasi-TM modes of the DW and HPW when the plasmonic material is a single layer of a Rh, and b Ag as

a function of the metallic layer thickness (h;) while w,

ml =

=500 nm and A, is fixed to 140 nm at A=1.55 pm

W P
ER(dB) = 10 log, <P— X ot (1)
TE ™
Pout
ILg(dB) = 10 logy, IqE ) @)
PTE
out
IL 1y, (dB) = 10 log,, (P;M ) 3)

™

where P73 and PiT”E are the powers of the quasi-TE mode at the output and input ports of
the polarizer, respectively. Further, P} and PY, are the powers of the undesired quasi-TM-
mode at the output and input ports of the polarizer, respectively.

For high performance TE-pass polarizer, a very high ER and low IL;g should be
achieved. Thus, the grating duty cycle (n)=d,,;/A, should be properly chosen to enlarge
the quasi-TM mode reflection and insignificantly affect the quasi-TE mode propagation
process. In this study, the cases of 1=0.5, 0.6 and 0.7 are studied in detail. Since the spacer
and plasmonic grating material properties are very influential to be considered, a detailed
numerical study is also carried out to investigate material properties of the spacer and plas-
monic gratings at which the highest ER and the lowest IL are possible.

The effect of variation in d,,; on the proposed TE-pass polarizer’s performance is studied
in terms of ER and IL. First, the case of w,,, = 0 is studied with w,,; = 500 nm, hi=10 nm
and number of periods (N) =5 where the SiO, spacer thickness is fixed to 140 nm. In this
study, single metallic grating of Ag and Rh are investigated. Further, the bi-metallic grat-
ing of Ag/Rh is considered where the Ag is the lower grating. As it should be noticed
from Fig. 5Sa—f, Ag plasmonic grating mostly acquires the best ER values with the lowest
IL1g. However, for the same circumstances but using a 140 nm thick Si;N,spacer (instead
of Si0,), Rh plasmonic grating can exhibit better results. In this context, the obtained ER
in case of using a single metallic grating of Rh surpasses that of Ag in more than one
place especially at large values of duty cycle as may be seen in Fig. 6a—c. It is worth
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Fig.5 Variation of a—c extinction ratio (ER) and d—f insertion loss (ILyg) with the metallic depth d,;; using
different plasmonic materials and different duty cycles a, d n=0.5, b, e n=0.6, and ¢, f n=0.7 with a
140 nm thick SiO, spacer, w,,; =500 nm, w,, =0, hi=10 nm and N=5
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Fig.6 Variation of a—¢ ER and d—f IL;y with the metallic depth d,,; using different plasmonic materials
and different duty cycles a, d n=0.5, b, e n=0.6, and ¢, f n=0.7 with a 140 nm thick Si;N, spacer, w,,; =
500 nm, w,,,=0, hi=10 nm and N=5
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mentioning that h;=10 nm, N=35 and a Si;N, spacer of 140 nm are considered for subse-
quent simulations.

Using bi-metallic structures is expected to enhance the operation of the proposed polar-
izer in terms of ER. Indium tin oxide (ITO) is one of the transparent conducting oxides
(TCOs) that also can replace the conventional plasmonic materials owing to their unique
properties such as design flexibility, compatibility with CMOS fabrication technology,
epsilon-near-zero (ENZ) effect in the near infrared and electrically tunable permittiv-
ity (Babicheva et al. 2015). Thus, ITO has been widely employed in different passive and
active devices. The feature of tunable optical properties of ITO depends on modifying its
carrier concentration by heavily doping, electrical gating, or post deposition rapid thermal
annealing processes. This feature allows a flexible tuning to ITO’s complex refractive indi-
ces that are linked to the carrier concentration (Lee et al. 2014; Capretti et al. 2015). At low
carrier concentration, ITO has a dielectric-like optical property with low absorption. How-
ever, the high concentration of carriers in ITO significantly affects its permittivity.

Within our investigations, the tunable permittivity of ITO material and the operat-
ing condition of its ENZ effect are also tested. The tunable permittivity of ITO can be
described by Drude model (Huang 2016) with different carrier concentrations as,

o> 2
gw) =g, — ———, 0’ = ne , €]
o+iy) 7 e m*

where €, is the high frequency permittivity, w is the angular frequency, , is the plasma
frequency, 7y is the electron scattering rate,m*=0.35 m, is the effective mass (m, =9.1 X
1073 kg is the rest mass of electron), n is the carrier concentration of ITO under different
doping level, and e is the electron charge. For ITO, e, =39, 7= 18X 10 rad/s, and
with a certain electron concentration (~6.47 X 10% cm™3). It is worth mentioning that the
real part of ITO permittivity approaches zero at the wavelength of 1.55 pm, while the cor-
responding imaginary part increases to ~0.5774 (Huang 2016) producing high absorption
loss. In this context, a bi-metallic grating of a 10 nm thick Ag layer and 10 nm thick Rh
layer and another bi-metallic grating of 10 nm ITO and 10 nm Rh layers are tested, and the
results are shown in Fig. 6.

It may be seen from Fig. 6a that with a duty cycle of 0.5 and d,,; = 600 nm, the obtained
ER of using a single Rh grating is 24.79 dB. However, ERs of about 22.6 dB, 24.1 dB, and
22.8 dB are obtained when using single Ag grating, bi-metallic grating of Ag/Rh, and bi-
metallic grating of ITO/Rh, respectively. For duty cycles of 0.6 and 0.7, single Rh grating
could achieve better ER than that of the bi-metallic grating of Ag/Rh and the bi-metallic
grating of ITO/Rh along all the d,,, range, Fig. 6b, c. Additionally, the single Rh grating
could obtain higher ER values than that of the single 10 nm thick Ag grating after d,,; =
450 nm range, Fig. 6¢c. Furthermore, the bi-metallic grating of ITO/Rh could exhibit a pref-
erable ER that is compared to that of single Ag grating, i.e., at N=0.7 and d_,; =550 nm,
Fig. 6¢. The obtained ER in case of using bi-metallic grating of ITO/Rh is higher than
17.5 dB, while that of the single Ag grating is less than 12 dB with the same duty cycle.
Figure 6d—f show the effect of the depth (d,;) of the plasmonic gratings on IL;; mode
using different plasmonic materials and different duty cycles. It is also evident that Ag
plasmonic grating offers the lowest IL; along most of the studied d,,, range when n=0.5
and 0.6 and along the whole studied d,,; range when n=0.7. However, bi-metallic grating
of ITO/Rh achieves much lower IL than that of Ag grating at n=0.6 when d,,; = 550 nm.
As it is shown in Fig. 6e, when d,,, is fixed to 550 nm, the IL in case of using Ag grating
is — 1.08 dB, but for the bi-metallic grating of ITO/Rh it is about — 1.04 dB. Moreover, at
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Fig.7 Variation of a—¢ ER and d-f IL;y with the metallic width w, using different plasmonic materi-
als and different duty cycles a, d n=0.5 and d,,; =500 nm, b, e n=0.6 and d;; =550 nm, ¢, f n=0.7 and
d,; =500 nm, with a 140 nm thick Si;N, spacer, w,,; = 500 nm, hi=10 nm and N=35. It is worth noting
that the case of HPW is attained with w,, = 0.5 pm

n=0.5 and d,,; = 600 nm, about — 0.86 dB IL is obtained in the two studied cases of the
bi-metallic grating (Ag/Rh and ITO/Rh) and an IL of — 1.2 dB is achieved when using sin-
gle grating (Ag or Rh), Fig. 6d.

On the other hand, another investigation is performed for the case of w,, # 0. The
impact of the variation in w,,, on the proposed TE-pass polarizer’s performance is studied
in terms of ER and IL. Considering N=35, Si;N, thickness of 140 nm and w,,; = 500 nm,
the cases of d,,; = 500 nm at n=0.5, d,,, =550 nm at n=0.6 and d,,; =500 nm at n=0.7 are
studied and the results are shown in Fig. 7.

As it may be seen in Fig. 7a, c, both single Rh grating and ITO/Rh bi-metallic grat-
ing possess the highest ER over the whole considered range of w,, especially at w,, =
0.125 pm. When n=0.5 and w,,= 0.125 pm, ERs of 33.7 dB and 27 dB are achieved when
using single Rh grating and ITO/Rh bi-metallic grating, respectively as shown in Fig. 7a.
Additionally, ERs of about 29.2 dB, and about 29.4 dB are obtained when using single Rh
grating and the ITO/Rh bi-metallic grating at n=0.7 and w,,, = 0.125 pm, respectively,
Fig. 7c. However, it should be noted from Fig. 7b that at n=0.6 and w,,, = 0.25 pm, the
bi-metallic grating of Ag/Rh achieves the highest ER of 36.6 dB superior to those of the
reported polarizers introduced in mentioned (Dai et al. 2010, 2020; Wang and Ho 2010;
Azzam et al. 2014b; Xu et al. 2020; Sharma et al. 2011; Ng et al. 2012; Huang et al. 2013;
Ying et al. 2014; Abd-Elkader et al. 2019; Kandeel et al. 2019; Azzam and Obayya 2015;
Sun et al. 2016; Hameed et al. 2017b; Song and Xu 2018; Wu et al. 2020; Gaun et al. 2014;
Zhang et al. 2014; Zafar et al. 2019; Wang et al. 2019; Hao et al. 2021; Bai et al. 2017,
2019; Abadia et al. 2018; Yu et al. 2019; Zhao et al. 2020) .

Figure 7d—f depict the variations of the width (w,,) of the plasmonic gratings and the
induced effect on IL using different plasmonic materials and different duty cycles. It is
evident from Fig. 7d—f that in case of single Ag grating or bi-metallic grating of Ag/Rh, the
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Table 1 The optimal dimensions for the proposed quasi-TE pass polarizer

Dimension w,(nm) h (nm) h,; (nm) w,,(um) w,, (um) #h; (for Ag) h; (for Rh) d,; (nm) n
(nm) (nm)

Value 500 220 140 0.5 0.25 10 10 550 0.6

IL decreases with the increment of w,,,. Additionally, using the bi-metallic grating of Ag/
Rh, IL of about — 0.8 dB is obtained when n=0.6 and w,,= 0.25 pm, as shown in Fig. 7e.
Furthermore, single Rh grating and bi-metallic grating of ITO/Rh achieve their lowest IL
values (about — 0.9 dB and about — 0.8 dB), respectively, at n=0.7 and w,,, = 0.375 pm,
as shown in Fig. 7f. It is worth mentioning that at w,,; =w,,, =0.5 pum, the proposed design
acts as an HPW that achieves ER of 11.3 dB and IL of 0.4 dB, as shown in Fig. 7b, e,
respectively. Although the HPG design results in 0.8 dB which is more than that obtained
by similar HPW, the 0.8 dB is still in the acceptable range (less than 1 dB). However,
the ER of the HPG-based structure (36.6 dB) is much higher than that of the HPW. It is
worth noting that Table 1 depicts the optimum dimensions of the presented HPG polarizer
while Table 2 provides a comparison between the dimensions used for the proposed HPG
and HPW designs and obtained results.

The effect of the variation in plasmonic grating width (w,,;) on the ER and IL of the
quasi-TE pass polarizer is then investigated. Firstly, the case of w,,, =0, d,; = 600 nm
and using Rh single plasmonic grating at n=0.5 is considered and the obtained results
are shown in Fig. 8a. It may be noted from Fig. 8a that ER curve reaches its highest value
of about 27.1 dB with — 1.03 dB IL at w,,; = 0.4 um. However, the lowest IL of — 0.2 dB
is obtained with an ER of 16.4 dB at w,,;= 0.1 um and an L, of 4.4 um. Further, the case
of w,,= 0.25 um, d,,;= 550 nm when using bi-metallic gratings of Ag/Rh at n=0.6 is
also considered and the obtained results are shown in Fig. 8b. As it can be observed from

Table2 Comparison between the proposed HPG and HPW designs in terms of dimensions and obtained
ER and IL, reflection and transmission coefficients

Design HPG HPW
Dimensions hy 140 nm 140 nm
h; 10 nm 10 nm
Wil 0.5 ym 0.5 pm
Wy 0.25 um 0.5 um
n 0.6 -
doy 550 nm -
N 5 -
Device length 3.5 um 3.5 pm
Obtained ER - 36.6 dB 11.3dB
Obtained IL - 0.8 dB 0.4 dB
Reflection coefficient Quasi-TE mode 0.0057 (— 22.4 dB) 0.0046 (— 23.4 dB)
Quasi-TM mode 0.035 (- 14.6 dB) 0.0033 (— 24.8 dB)
Transmission coefficient Quasi-TE mode 0.83 (- 0.81 dB) 0.9 (— 0.46 dB)
Quasi-TM mode 0.00018 (— 37.4 dB) 0.067 (— 11.74 dB)
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Fig. 8 Extinction ratio (ER) and Insertion loss (IL) variations of the quasi-TE pass polarizer with the metal-
lic width w,,,; using a spacer layer of 140 nm thick SisN,, h;=10 nm and N =35 in case of a 0.5 duty cycle,
d,; =600 and w,, =0, using Rh single plasmonic grating and b 0.6 duty cycle, d ;=550 and w,,, =
0.25 pum, using Ag/Rh bi-metallic grating

Fig. 8b, at w,,; = 0.5 um, an ER of 36.6 dB and an IL of — 0.8 dB are obtained at a dense
length of 3.2 pm. Further, the metallic width (w,,;) variations have a slight effect on IL
results. It is worth mentioning that the IL values lie between — 0.6 dB and — 0.8 dB with
the w,,; variations from 0.1 to 0.55 um are obtained.

In this study, as a trade-off between the obtained ER and IL results, using Si;N, layer as
a spacer and Ag/Rh bi-metallic grating, a compact L, of 3.2 um is chosen that offers an ER
of 36.6 dB and IL of about — 0.8 dB while utilizing the geometrical dimensions depicted
in Table 1.

The fabrication tolerance of different geometrical parameters of the proposed polar-
izer has also been investigated. In this study, the effect of varying the thickness of the
Si;N, spacer layer (h,;), the thickness and the widths of the Ag/Rh bi-metallic grating
(hy), (W,,1, W,0), TEspectively, by & 10 nm around their optimal values is studied. Table 3
depicts the obtained ER and IL of the reported device according to these variations.
It can be noted from Table 3 that some geometrical parameters have stronger impact
on the performance of the quasi-TE-pass polarizer than others. However, the reported
polarizer achieves acceptable performance, where ER is always better than 20 dB with
IL less than 1 dB. Moreover, the quasi-TE pass polarizer offers an ER which is better
than 27 dB with IL < 1 dB when the thickness (%;) of both Ag and Rh gratings is varied

Table 3 Calculated ER and

G trical paramet ER (dB IL (dB
IL due to fabrication tolerance cometrical parameter (nm) @B) B)
of + 10% for different geometrical hy+ 10% 20.9 0.7
parameters of the proposed
quasi-TE pass polarizer hy — 10% 21 1
h; + 10% (for Ag thickness) 27.4 0.7
h; — 10% (for Ag thickness) 27.5 0.96
h; + 10% (for Rh thickness) 36.9 0.8
h; — 10% (for Rh thickness) 27.5 0.96
Wy + 10% 30.6 0.8
Wy — 10% 28 0.8
W,n + 10% 28.9 0.7
W, — 10% 31.7 0.97
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Fig.9 Light propagation through the suggested TE-pass polarizer excited by a TE polarized mode and b
TM polarized mode. Here, a 140 nm thick layer of Si;N, and Ag/Rh bi-metallic structure of #; = 10 nm,
w,,; = 500 nm, w,,, =250 nm and N=5 are used in case of d,,;= 550 nm and n=0.6

Fig. 10 Extinction ratio (ER) and
Insertion loss (IL) variations of
the quasi-TE pass polarizer with
the wavelength Here, a 140 nm
thick layer of Si;N, and Ag/

Rh bi-metallic structure of h;
=10nm, w,; =500 nm, w , =
250 nm and N =5 are used in
case of d,,;= 550 nm and n=0.6

1.5 1.6
Wavelength A (um)

by + 10 nm around their optimal values. Further, an ER values that are > 28 dB with IL
< 1 dB are achieved when varying the widths (w,,;,w,,,) of the Ag/Rh bi-metallic grat-
ing by + 10 nm around their optimal values. Thus, it is revealed that the reported quasi-
TE pass polarizer has good robustness to fabrication imperfections.

To investigate the propagation characteristics of the reported quasi-TE pass polarizer,
3D FDTD simulations are performed via Lumerical software package (www.lumerical.
com/tcadproducts/fdtd/.e) with mesh size of Ay = Az = 0.005 pm, and Ax = 0.03 pm.
Figure 9 shows the propagation of the light through the proposed polarizer when excited
with quasi-TE and TM modes using the structural parameters mentioned in Table 1. As
it can be seen from Fig. 9a, the input TE mode is well-propagated through the polarizer
section with low losses. However, the input quasi-TM mode is a highly attenuated due to
the coupling with the SP mode, as shown in Fig. 9b.

The operating bandwidth of the reported TE-pass polarizer is also investigated where
the wavelength-dependent ER and IL variations are calculated as shown in Fig. 10. The
results show that the presented TE-pass polarizer offers relatively broad bandwidth
of operation. It is revealed from Fig. 10 that the proposed TE-pass polarizer achieves
ER>20 dB and IL <1 dB through the wavelength range of 1.4—1.7 pm with bandwidth
of 300 nm. It may be also noted from Fig. 10 that ER curve reaches its highest value of
about 36.6 dB with 0.8 dB IL at A=1.55 pm. However, through the wavelength range
before A=1.4 pm and after A=1.7 pm, the ER curve drops to <20 dB. Additionally,
the IL of the reported TE-pass polarizer achieves values <1 dB through the wavelength
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range of 1.3-1.7 pm, however, it exceeds 1 dB after A=1.7 pm. Therefore, the wave-
length has a good tolerance of 1.55 pum + 0.15 pm where the ER >20 dB and IL <1 dB.

The wavelength dependence reflection of the proposed TE-pass polarizer is also inves-
tigated through the wavelength range of 1.4 —1.7 pm. Figure 11 shows the variation of
the reflection losses of the quasi-TE and quasi-TM modes of the reported design with the
wavelength. In this study, the reflection loss is given by:

P
Reflection loss = 10 log;, <Fr> (5)

1

where P, is the reflected power and P; is the input power. It may be seen from Fig. 11 that
the reflection is unavoidable for both the quasi-TE mode and the quasi-TM mode. However,
the reflection of the quasi-TM mode is higher than that of the quasi-TE mode through the
wavelength range of 1.4—1.6 um. It is also evident from Figs. 10 and 11 that at A=1.55 pm,
the obtained ER of the proposed polarizer is 36.6 dB while the calculated reflection losses
for the quasi-TE and quasi-TM modes are — 22.4 dB and — 14.5 dB, respectively. Thus, the
quasi-TE mode has smaller reflection loss than that of the quasi-TM mode which enhances
the operation of the proposed TE pass polarizer in terms of ER. Further, the quasi-TE
mode has a reflection coefficient of 0.0057 (— 22.4 dB) and transmission coefficient of 0.83
(— 0.81 dB). However, the quasi-TM mode has a reflection coefficient of 0.035 (— 14.6 dB)
and transmission coefficient of 0.00018 (— 37.4 dB). It is worth mentioning that the reflec-
tion losses in the bimetallic rhodium—silver HPG structure is higher than that of the bime-
tallic rhodium—silver HPW design, as shown in Table 2.

Table 4 presents a comparison between our suggested device and those reported in the
literature in terms of the study type i.e., theoretical, or experimental, TE- or TM-pass, the
utilized platform, L, ER, IL and bandwidth. It may be seen that our suggested polarizer
has a shorter L, than those demonstrated in Xu et al. (2020), Abadia et al. (2018), Yu et al.
(2019), Bai et al. (2019), Dai et al. (2020). In addition, the suggested polarizer has a better
ER than those presented in Xu et al. (2020), Ying et al. (2014), Abd-Elkader et al. (2019),
Kandeel et al. (2019), Bai et al. (2017), Abadia et al. (2018), Yu et al. (2019), Bai et al.
(2019), Zhao et al. (2020), Dai et al. (2020). Moreover, the IL of the proposed design is
lower than those reported in Ying et al. (2014), Yu et al. (2019), Bai et al. (2019), Dai et al.
(2020).

Fig. 11 The calculated reflec- ~ -35

tion losses of the quasi-TE and arf e --=-quasi-TE
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SO —quasi-TM

TE-pass polarizer with the
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metallic structure of h;=10 nm,
W =500 nm, w,, =250 nm
and N =35 are used in case of
d,;= 550 nm and n=0.6
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The fabrication process of the proposed structure can be carried out as follows: the sili-
con core can be deposited on a silica wafer using electron beam lithography. The Si;N,
layer can be defined using plasma-enhanced chemical vapor deposition (PECVD) or low-
pressure chemical vapor deposition (LPCVD) (Huang 2016). PECVD is a technique that
depends on applying a plasma to produce some of the energy necessary for the deposition
reaction to occur. Compared to purely thermal processing techniques like LPCVD, it has
the advantage of processing at lower temperatures. In PECVD, the co-reaction of a mixture
of silane, nitrogen, and ammonia gas is the most effective way to deposit Si;N, (Joshi et al.
2000). In LPCVD technique, the Si;N, films are deposited by the chemical reactions in gas
phase of ammonia and dichlorosilane at high temperature (700-800 °C) (Joshi et al. 2000).
The LPCVD is a slow deposition technique, while the PECVD has a higher deposition rate
and relatively low temperatures (200-400 °C) (Joshi et al. 2000). Then, the plasmonic lay-
ers can be deposited by sputtering and using a proper lift-off process, the bimetallic grating
can be fabricated.

4 Conclusion

In summary, we have proposed and investigated a compact and broadband quasi-TE pass
polarizer using hybrid plasmonic grating (HPG) structure based on SOI platform. A com-
prehensive simulation study is accomplished to analyze the suggested structure for opti-
mal performance. The simulation has shown that the (Ag / Rh) metal structures introduce
significant coupling losses towards the plasmonic grating over several periods for the TM
mode while the influence on the TE mode is very small. The suggested polarizer of 3.5 pm
device length can achieve high extinction ratio of 36.6 dB and about — 0.8 dB IL at an
operating wavelength of 1.55 pm.
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