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A high extinction ratio transverse magnetic (TM)-pass plasmonic waveguide polarizer has been
designed and optimized. This device exploits two parallel TiN strips embedded in a silicon dioxide
cladding to cut off the transverse electric (TE) polarization state, which is either reflected or absorbed,
while the TM mode can pass through the main silicon waveguide with significant low losses. Given
a device of 5 um length, an extinction ratio as high as 60.7 dB and an insertion loss of 2.23 dB
were achieved at the target wavelength of 1.55 um. To our knowledge, this extinction ratio is one
of the highest values ever reported. In the wavelength of 1.45-1.59 um, the proposed device pro-
vides an optical bandwidth of 140 nm for an extinction ratio more than 30 dB and an insertion loss
less than 3 dB. This device is relatively simple and is easier to be fabricated than other architectures
that are found in the literature.
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1. Introduction

Photonic integrated circuits (PICs) based on silicon attracts widespread interest for
their suitability in many applications, such as optical sensing and communication [1,2],
quantum photonics [3], and nonlinear optics [4]. This is mainly due to their compati-
bility with conventional CMOS technologies, high processing control, low cost, and
high volume manufacturing. Most of these photonic devices are based on the silicon
on insulator (SOI) technology, which exploits light confinement in a Si waveguide de-
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posited onto Si0, structure, and that is embedded in a cladding material, typically SiO,
or air [5]. The high index-contrast between the silicon core and the cladding material
enables the high-density integration of photonic components and generally introduces
significant polarization dependence [6]. This feature causes the polarization-sensitive
issues such as polarization mode dispersion (PMD), polarization dependent loss (PDL),
and polarization dependent wavelength shift (PDWS) [7], degrading their practical per-
formance, especially in the devices and systems operating with a single polarization (SP)
such as on-chip photonic building blocks [8], fiber-optic gyroscope, and electro-optic
switching arrays [9]. Any deterioration in the purity of the operating polarization may
result in significant performance degradation. Therefore, precise control of the polar-
ization state of light is necessary in these optical circuits integration. As a simple and
efficient solution, polarizers are among the most important components for realizing
high-dense PICs since their anisotropic behavior, which results in suppressing the un-
desired polarization state and making the desired one pass through.

When dealing with polarizers, the key features which must be taken into consid-
eration are low insertion loss (IL), high extinction ratio (ER), compact footprint and
ease of manufacture. So far, various types of polarizers based on different concepts have
been proposed. An example of TE-pass polarizer based on shallowly-etched SOI ridge
waveguide has been proposed by Dar ef al. [10], where an extinction ratio as high as
25 dB over a 100 nm wavelength range has been achieved with a 1 mm-long polarizer.
Also, TE and TM polarizers can be realized through sub-wavelength grating wave-
guides (SWG), where the SWG is designed to specifically support Bloch mode for one
polarization state, which can in turn propagate with low losses, while working as
a Bragg reflector for the orthogonal one, that is consequently reflected. For example,
GuaN et al. [11] fabricated and experimentally verified a TM-pass SWG of 9 um length
with measured extinction ratio of 27 dB and the less loss of 0.5 dB at the central wave-
length 1550 nm. Another SWG was reported by XIONG et al., which realizes an extinction
ratio 30 dB and an average insertion loss of 0.4 dB [12], but with a relative long device
length of 60 um. In recent years, surface plasmon polaritons (SPPs) opened up the pos-
sibility to achieve ultracompact devices. Many different designs have been proposed,
such as metal-insulator—-metal (MIM) structures [7, 13—15], directional couplers (DCs)
[16—18] and hybrid plasmonic waveguides (HPWs) [19]. Polarizers based on special
materials such as graphene [20-23], and vandium dioxide (VO,) [24] are also reported.
However, the graphene-based polarizer faced some uncertainties in the experiment, such
as the shape, size, number of layers, and purity of graphene [25]. VO, as a phase-change
material (PCM) needs a cooling process to return its insulating phase, whose phase-tran-
sition is volatile [26]. On the other hand, titanium nitride (TiN) turns out to have many
advantages, such as high thermal stability, bio-compatibility and manufacturability by
epitaxial growth on a large number of substrates [27], and it is in turn a CMOS com-
patible material; it is, indeed, already employed in HPWs. An example of TM-pass
plasmonic polarizer has been proposed by Azzam and OBAYYA [28], which provides
an insertion loss of 1 dB and an ER of 20 dB at a 2.84-um-long device. However, this
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extinction ratio is relatively low compared to previously mentioned designs. A lower
extinction ratio increases the power penalty (PP), and the 0 and 1 levels get closer dur-
ing transmission process, which degrades the bit-error ratio (BER), while the insertion
loss (IL) does not degrade the BER directly, the BER is typically impacted by the in-
sertion loss deviation (ILD) of all the optical components in a device and system. Thus,
a higher extinction ratio is urgently needed to reduce the number of errors and improve
transmission efficiency [29,30]. Moreover, this TiN-based TM-pass polarizer uses
a thin silicon dioxide layer surrounding the silicon core and uses air as cladding, which
is challenging to be manufactured.

In this work, a different design of the TM-pass hybrid plasmonic waveguide polarizer
is presented. The main contribution of this work is using two symmetrical TiN strips
covered with SiO, cladding to form the hybrid plasmonic waveguide. Such structure
allows to achieve remarkable performance in an ultra-compact device, and it is relatively
easy to be manufactured. By choosing geometrical parameters appropriately, the result-
ing device realizes an extinction ratio as high as 60.7 dB and an insertion loss of 2.23 dB
in a device length of only 5 um. To the best of our knowledge, an ER of 60.7 dB is an
outstanding value. In addition, benefiting from this design, a broad bandwidth of 140 nm
is realized for an ER more than 30 dB and an IL less than 3 dB.

2. Design and modelling

The proposed TM-pass hybrid plasmonic waveguide (HPW) polarizer and its cross- sec-
tional view along the coupling are shown in Fig. 1. A silicon waveguide of width w
and height 4 is placed on top of the 2 pm thick SiO, substrate, as in a typical SOI plat-
form. Two TiN strips of width w, height 4, and length L are placed sideways parallel
to the main waveguide and separated by a distance g. A subsequent SiO, cladding was
deposited to cover the whole structure. The two TiN strips act as the attenuation of the
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Fig. 1. Concept and cross-section view of the proposed TM-pass waveguide.
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TE-mode propagating in the silicon waveguide. Consequently, if the strips are long
enough, the TE-mode is fully absorbed. On the other hand, the TM-mode can propagate
on the Si waveguide with a small attenuation.

The optimization of this device is carried out using the Wave Optics Module of
COMSOL Multiphysics [31] via a finite element method (FEM). Both 2D and 3D sim-
ulations are performed at the target wavelength of 1.55 pm, because it provides min-
imal attenuation (<0.2 dB/km) for fiber-optic communications. The refractive index
of Si and SiO, considered in this work are 3.478 [32] and 1.444 [33], respectively.
While at the working wavelength, SiO, and Si have real refraction index, TiN has both
a real and imaginary component, retrieved by the following dielectric function [34]:

2 2
w, J107
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e(w) = g, —

where g, = 2.485, w, = 5.953 eV, w; =3.954 ¢V, Yp= 0.5142 eV, y, =2.4852 ¢V, and
f1=2.0376.

Firstly, a 2D simulation has been carried out to determine the optimal dimensions w
and /4 of the central Si waveguide without considering the lateral TiN strips. After-
wards, 3D simulations have been used for the optimization of the TiN strips dimension
h, xwy x L and their distance g from Si waveguide. The boundary conditions of 3D model
are depicted in Fig. 2, port 1 is selected for exciting waves with TE and TM modes,
and port 2 is selected as wave exit, while the remaining 4 surfaces are imposed with
a scattering boundary condition. A physics-controlled normal mesh is employed for the
whole structure, pursuing the target value of extinction ratio (ER) and insertion loss (IL)
defined as:

P
ER = 10log,, PTM 2)

TE

scattering boundary conidtion

e\

,TM port 1

Fig. 2. The boundary conditions for 3D simulations.
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PTM

IL = —10log,, 3)
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where Pry; and Ppy are the TM and TE output powers, respectively, and Py, is the
input one. An efficient TM-pass polarizer requires the TE mode to be attenuated as
much as possible while the TM mode propagates with minimal losses. Such require-
ment results in a high extinction ratio and a simultaneously low insertion loss. Assum-
ing w; set to 1 um, which is a value large enough to induce the plasmonic effect, the
3D simulation goal is to find the optimal gap g between TiN strip and Si core, the
length L of TiN strips, and the thickness /, of TiN strips. The initial work is the sweep
of L, g, and h, parameters in a larger step (see Table 1), searching for the promising
solution evaluated by the criteria: ER > 30 dB, IL < 3 dB. Then a more detailed scan
is performed in the promising areas to find the optimal solution.

Table 1. Sweeping ranges used for the optimization of structure.

Parameters Sweeping range Step
L [1,5] pm 1 pm
g [10,210] nm 20 nm
hy [10, 300] nm 5 nm

3. Results and discussion

Figure 3 reports the mode effective refractive index n.y computed for the TE and
TM polarization states varying both the Si waveguide width and height from 100 to
400 nm. Such simulations support the selection of the dimension of the Si waveguide
in order to allow the propagation of both TE and TM modes. A mode can propagate
along the waveguide if its effective refractive index is greater than that of the cladding
material, which is 1.44 for this case. In figure, TM mode is always at a cut-off when

2.84

2.64]
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Fig. 3. TE and TM effective refractive index of the Si waveguide versus width w computed for four dif-
ferent heights.
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h is 100 nm, while a height greater than 300 nm allows its propagation. Regarding the
TE mode, it propagates for all 4 values only when the waveguide width is larger than
approximately 250 nm.

A value of 220 nm is adopted in the present study, as such number is commonly used
in SOI devices because of the numerous projects carried out in wafer foundries [35].
Moreover, Azzam and OBAYYA [28] report considerable results obtained with a TiN-based
TM-pass plasmonic polarizer having the silicon waveguide width of such size. Wave-
guide height between 300 and 400 nm are also very common value in SOI devices; for
instance, some polarization beam splitters [36—38] and TM-pass polarizer [39] have been
proven to perform well with a height of 340 nm. At this height, both TM and TE prop-
agates.

Figure 4 reports the ER and the IL versus the three geometrical parameters L, g
and 4, for a fixed width and height value w = 220 nm and /# = 340 nm, respectively.
The gap g between TiN strips and Si waveguide ranges with a step of 20 nm, while the
strip height 4, ranges with a step of 10 nm. Dots refer to values obtained with sampling
step reduced to 5 nm. Different graphs correspond to the TiN strip lengths L ranging
from 2 to 5 um. For a given strip length L, the IL decreases as the gap g increases; this
behaviour can be explained considering that the TM-component propagating in the

42.0 : : 12.0 42.0 L e 12.0

38.07 (a) 3801 —r

34.0] === 100 340 N (b) [10.0

—1IL 1 - g=110 nm

30.05 8.0 ;g'g 8.0
M 26.01 i = n L R ~
m Al —— =90 nm m = m
;@22.0- 2 =110 nm 6.0 2 L6.0 1_]2
S1801ER T S = o

14.04f r4.0 4.

10.0¢ Il Y 12.0

6'0-#:;'::2:::"--.-,‘fi..—.‘.'.'. p——— 2

200760 100 140 180 530 360 300" 0060 100 140 180 330 360 300"

hy (nm) hy (nm)
42.0 : : 24.0 42,01 : : 24.0
38.01 — g=70nm (C) £22.0 38.01 (d) £22.0
I P =90 nm [ 10 £20.0

34.0 ——= g=110 nm 34.0 f’,-’l, [18.0

30.0 -+ =130 nm 300-&. ‘. [16.0
%\26.0- v %\26.0- .  —ER — gj?onm 114.02
=207 <2201 " i 1202
= 18.07 m 18.01 =150 nm loof'

14.01

10.0] oo,

(31 o e ! :

0060 100 140 180 330 360 300" 2007760 100 140 180 530 360 300"
hy (nm) h1 (nm)

Fig. 4. Extinction ratio and insertion loss versus free geometrical parameters: (a) L =2 pm, (b) L =3 pm,
(¢)L=4 pm, (d) L =5 pm, and w = 220 nm, 4 = 340 nm.
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Fig. 5. Extinction ratio and insertion loss versus free geometrical parameter in the promising areas:
L=5pum, w=220 nm, 4 =340 nm.

Si0, slightly interacts with the TiN strips and both TiN-Si strips gap g and length L
of TiN strips increase the propagation losses for TM. For given L and g values, the
IL generally increases as the /; increases, although the curve initially shows a local
maximum peak.

A different behaviour characterized the ER versus h, curve, as for a given L it shows
a global maximum for any g. The promising solution of initial work is obtained at the
peak ER of Fig. 4(d), realizing an ER 0f40.3 dB and an IL 0f2.58 dB. In Fig. 5 a more
detailed analysis around the peak ER at the g of 130 nm is reported by minimizing the
variation step of g and /%, into 1 nm (see Table 2). Finally, the optimal structure has
been selected based on the criteria: ER >30 dB, IL <3 dB (see Fig. 5), being that realizing
an ER of 60.7 dB and an IL 0of 2.23 dB with L =5 um, g = 136 nm, and 4, = 44 nm.

Table 2. Sweeping ranges used for the optimization of structure.

Promising solution Sweeping ranges
L=5pum, g=130nm, 7, =40 nm g:[110, 150] nm, A;: [30, 50] nm

Figure 6 shows the electrical field distribution of TE and TM mode for both the
dielectric waveguide (DW) and hybrid plasmonic waveguide (HPW), as well as the
TE and TM mode power transmission flow from top view. The DW is formed by em-
bedding a Si waveguide in a SiO, cladding, and the HPW is formed by implanting two
TiN strips in the DW. It is vividly shown that the optical filed of TM mode in DW is
mainly confined in silicon waveguide while in HPW it experienced a little bit loss since
the slight interaction with TiN strips. In contrast, the optical field of TE mode in DW
is mainly distributed in SiO, cladding, while in HPW it experienced a large mode dis-
tribution mismatch since the hybrid plasmonic effect, which further induces significant
reflection loss. When TM/TE mode transmission power is launched at the input port,
the TE mode is quickly eliminated while TM mode is passed with a small amount of
attenuation.
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Fig. 6. The electrical field distribution of TE and TM mode for both the DW and HPW, as well as the
TE and TM mode power transmission flow from top view, for optimal structure.

A comparison of this nominal performance with the TM-pass waveguide polarizers
experimental (E) and theoretical (T) results available in literature is summarized in
Table 3. Wu et al. [40], SABER et al. [41], and PrRAKASH ef al. [42] reported a high ex-
tinction ratio TM-pass polarizer, respectively, but their designs are very challenging
to fabricate. Moreover, WU et al. suffered from a relatively long device length (i.e.
30 um). Hu et al. [43] and YUAN et al. [44] reported a TM-pass waveguide polarizer
with an ER of40 and 45 dB, respectively; nevertheless, they are not CMOS compatible.

Table 3. Nominal performance compared with TM-pass polarizer reported in literature.

E/T ER[dB] IL [dB] Length [um] Bandwidth [nm] CMOS compatiblity

GuaN et al. [11] E 27 0.5 9 60 Yes
SANCHEZ et al. [24] T 15 3 1 60 Yes
AzzAM et al. [28)] T 20 1 2.84 Not mentioned  Yes
Bar et al. [39] T 25.6 0.088 2.5 Not mentioned  No
Wu et al. [40] T 5183 0.08 30 61 Yes
SABER et al. [41] T 454 1.7 8.8 72 Yes
PrakasH etal [42] T 45 0.6 5 120 Yes
Hu et al. [43] T 40 3 150 200 No
YUAN et al. [44] T 45 1 7.5 120 No
ZHOU et al. [45] E 40 0.4 12.9 24 Yes
XU et al. [46] T 3163 0.18 5.2 155 Yes
Rui et al. [47] T 283 0.4 10 65 No
SABER et al. [48] T 30.11 3.08 15 21.5 Yes
KM et al. [49] E 34 1 4 200 Yes
ZHANG et al. [50] T 24 0.97 12 110 Yes
ELKADER et al. [51] T 22 0.11 1 260 Yes
DHINGRA et al [S2] T 38 0.05 20 200 Yes
GUAN et al. [53] E 15.2 0.84 3.9 100 No
This work T 60.7 2.23 5 140 Yes
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ZHOU et al. [45] fabricated a TM-pass polarized with a extinction ratio of 40 dB, but
this design is based on a hyperuniform disordered photonic structure (HUDPS) in
which the fabrication process is time-consuming and probably expensive, making it
difficult to commercialize. On the contrary, this work realizes an ER as high as 60.7 dB
in a compact length of only 5 pm and it is relatively easy to realize. Thus, the proposed
structure is candidate to provide the highest ER ever reported in a very compact device.

A further feature which may be of interest is the spectral performance. The ER and
IL of the optimal structures are investigated in the wavelength region that ranges from
1.45to 1.65 um (Fig. 7). It is found that the optimal structure performs well in a broad-
band wavelength range. For example, using the criteria: ER > 30 dB and IL < 3 dB,
the wavelength guarantees this performance ranges from 1.45 to 1.59 pm, which is
over 140 nm.

In evaluating the performance of the promising structures, it is needed to consider
the challenges in manufacturing. Therefore, the tolerances of the optimal structure are
investigated. It is worth noting that strips length L is relatively easy to guarantee from
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Fig. 7. The IL and ER as a function of wavelength for optimal structure.
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present the results for optimal structure.
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the manufacturing perspective, so only the variations of g and /, are considered. ER and
IL values for changes of g and /4, within 12 nm of each nominal value are reported in
Fig. 8. It can be seen that the IL gradually decreases as both the g and /, increase, ac-
tually being more sensitive to g than 4,. The ER initially increases, peaks at a certain
value and then falls. The optimal structure realizes the largest ER of 60.7 dB and
an IL of 2.23 dB at the nominal value of g and 4,. Let’s still considering the criteria
that previously established, variations of g and 4, to the nominal value that can guar-
antee such performance are range from —12 to 12 nm and —12 to 8 nm, respectively.
The optimal structure could be fabricated on a SOI wafer and a specific fabrication
process can be described as follows: first, a photoresist layer is spin-coated on the SOI
substrate, and electron-beam lithography (EBL) [54] or 193 nm DUV lithography [55]
is used to define the waveguide pattern, followed by a plasma reactive ion etching (RIE)
process to obtain the whole silicon waveguide. Then a TiN layer is deposited by
plasma-assisted atomic layer deposition (PAALD) [56] or plasma-enhanced atomic
layer deposition (PEALD) [57] while retaining the photoresist. A subsequent layer of
photoresist is spray-coated for EBL to define TiN strip patterns. Then, an etching pro-
cess removes all the photoresists. Finally, the structure is covered with a SiO, cladding
by plasma-enhanced chemical vapor deposition (PECVD) [54]. Different SOI wafers
typically have a different non-uniformity for the silicon layer thickness. For example,
200 mm wafers have a non-uniformity with a 3¢ of £6 nm [58], but 300 mm wafers
with a 30 of £1 nm is realized [59]. The linewidth uniformity in the 193 DUV litho-
graph process is controlled with a 3¢ of £8 nm [60]. These variations significantly im-
pact the performance of the device. However, in the proposed device, all the free
parameters exhibit a tolerance over 16 nm, which enables high-quality fabrication.

4, Conclusion

In this work, a CMOS compatible TM-pass waveguide polarizer has been proposed
and optimized at the target wavelength of 1.55 pm. Both 2D simulation and 3D sim-
ulation have been taken into consideration. The nominal performance required for the
considered device is a higher extinction ratio and a lower insertion loss.

The optimal structure with the g =136 nm, 4, =44 nm, and L = 5 pm is selected,
which realized an extinction ratio as high as 60.7 dB and an insertion loss of 2.23 dB.
This extinction ratio is one of the highest values ever reported in a 5 pm device length.
The spectral performance and sensitivity of the optimal structure is also investigated.
These evaluations are based on the criteria: ER >30 dB and IL <3 dB. The wavelength
that can provide such performance ranges from 1.45 to 1.59 um. The robustness per-
formance remains acceptable when the g, /; range from —12 to 12 nm and —12 to 8 nm,
respectively.

Through analysis, this structure is relatively compact and easy to be fabricated, thus
providing a good application prospect for high-dense PLCs.
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