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Compact and broadband silicon TE-pass polarizer
based on tapered directional coupler
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We demonstrate a novel TE-pass polarizer, to the best of our
knowledge, on a silicon-on-insulator (SOI) platform. The
device’s working principle is based on the phase-matched
coupling of the unwanted TM0 mode in an input waveguide
to the TM1 mode in a tapered directional coupler (DC),
which is then guided through a low-loss bend (180-degree)
and scattered in a terminator section with low back reflec-
tions. However, the input TE0 mode is routed through the
tapered section uncoupled with negligible loss. An S-bend is
added before the output for filtering any residual TM0 mode
present in the input waveguide. Tapering the DC helps main-
tain phase matching for broadband operation and increases
the tolerance toward fabrication errors. The measurement
shows low insertion loss (IL < 0.44 dB), high extinction ratio
(ER > 15 dB), and wide bandwidth (BW= 80 nm). The over-
all device length is only 13 µm. A high performing TE-pass
polarizer (IL < 0.89, ER > 30, and BW= 100 nm) is also
demonstrated by cascading two proposed polarizers.
© 2022 Optica Publishing Group under the terms of the Optica Open
Access Publishing Agreement
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A silicon-on-insulator (SOI) platform for implementing pho-
tonic integrated circuits (PICs) is popular due to its compatibility
with complementary metal-oxide semiconductor (CMOS) pro-
cesses [1], which facilitate low-cost high-volume fabrication.
The SOI platform offers a large refractive index contrast which
causes strong optical confinement in the silicon waveguide and
thus facilitates ultra-compact devices and circuits. However, due
to the same reason, the polarization dispersion is also significant
in the silicon waveguides [2]. In most planar waveguide cross
sections, the fundamental modes (TE and TM) have different
effective and group indices, mode profiles, and confinement
factors. Therefore, it is challenging to design silicon photonic
devices that can function for both TE and TM fundamental
modes. Any fractions of unwanted cross-polarization may cause
severe performance degradations in silicon photonic devices and
circuits [3].

A single-mode fiber supports both the fundamental TE and
TM modes and can introduce cross-polarization into the circuit.
Such a situation occurs when light is coupled into the silicon
chip using edge coupler (nano inverse taper) based spot-size

converters. An edge coupler based on inverse taper couples both
the polarization states of the fiber. Therefore, cross-polarization
can be introduced to the chip. Efficient external control of
polarization is required to block an unwanted polarization state.
The efficiency of polarization control is not a concern when fiber
grating couplers are used to couple the light. Grating couplers
independently act as polarizers allowing only one state of light
to couple to the chip. However, grating couplers have limited
bandwidth and cannot be used universally with PICs. In addi-
tion to fiber coupling with edge couplers, cross-polarization can
also occur in polarization diversity devices such as polarization
rotators and polarization beam splitters with imperfect rotation
[4–7]. In both cases, an on-chip polarizer is greatly desired to
block cross-polarization, thus improving the performance.

The key features in a high-performing polarizer are low
insertion loss (IL), high extinction ratio (ER), fabrication robust-
ness, and compact footprint. Since CMOS compatibility is a
key merit of silicon photonics, it is highly advantageous that
polarizers are designed using CMOS compatible materials and
processes. In the literature, many different TE-pass and TM-pass
polarizers are demonstrated using the concepts of the subwave-
length grating (SWG) [8], photonic crystal [9,10], hybrid silicon
plasmonic [11,12], graphene [13], and asymmetric directional
coupler (ADC) [14]. However, the fabrication of SWG structures
and photonic crystals is challenging. The minimum feature size
required by SWGs is not compatible with 193-nm deep ultra-
violet (DUV) lithography. Due to scattering in the grating, the
polarizers with SWG structures have high IL. Similarly, pho-
tonic crystal-based polarizers are reported to suffer from high
losses. With a plasmonic waveguide, polarizers can be realized
in a compact footprint. Nevertheless, the IL is still significant,
and plasmonic structures require specific metals. Though the
fabrication of ADC-based polarizers is simple, it has limited
bandwidth (∼30 nm) due to the wavelength sensitivity of the con-
ventional directional coupler (DC). Furthermore, any fabrication
error introduces phase mismatching, resulting in deviations in
the designed coupling wavelength.

A tapered DC is an efficient design that relaxes fabrication
tolerance and bandwidth limitation of conventional DCs and
has been implemented in devices such as polarization splitters
and rotators, mode multiplexers, and 3-dB couplers [15–19].
In this work, we demonstrate the first TE-pass polarizer based
on a tapered DC. Furthermore, we have added a combination
of S-bend and 180-degree bend for improving the ER. Overall,
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Fig. 1. (a) 3D view of TE-pass polarizer (top oxide not shown).
(b) Cross section of silicon waveguide. (c) 2D schematic of TE-pass
polarizer with key design parameters.

the proposed device has state-of-the-art performance consider-
ing fabrication robustness and CMOS compatibility on active
platforms (it does not require air cladding or sub wavelength
gating/photonic crystal structures). A high-performing polar-
izer is also demonstrated by cascading two tapered TE-pass
polarizers.

The proposed TE-pass polarizer is depicted in Fig. 1. As
shown in Fig. 1(b), the design is based on an SOI platform with
silicon waveguide thickness of 220 nm, box oxide of 2 µm, and
top cladding oxide of 2.2 µm. The TE-pass polarizer consists
of an input waveguide (W0 width) and a multimode waveguide
tapered from Wa1 to Wb1. The coupling gap and length are Wg

and Lc, respectively. A 180-degree bend follows the multimode
waveguide (radius R) and is terminated with a linear taper (length
Lt). The linear taper is referred to as the ‘terminator’ in the rest
of the manuscript. In contrast, the input waveguide is followed
by an S-bend with radius r, routing the TE0 mode to the output
port.

The operation of the proposed TE-pass polarizer relies on
the phase-matching principle of the DC coupler. The unwanted
TM0 mode in the input waveguide is coupled to the TM1
mode in the multimode waveguide. Such TM0–TM1 coupling
is based on satisfying the phase-matching condition between the
waveguides in a conventional DC. However, fabrication errors
and wavelength deviations can easily destroy this condition. A
fabrication-induced width deviation error of ∆w will result in
a more significant effective refractive index deviation ∆neff , as
shown in Fig. 2(a). A larger slope difference of ∆neff will make
it easier for the phase-matching condition to be destroyed. To
overcome the limitations of fabrication and wavelength sensitiv-
ity, the width of the wide waveguide is tapered in the proposed
design. Tapering the multimode waveguide from Wa1 to Wb1 will
result in a width deviation tolerance of the narrow waveguide
between Wa0 and Wb0 [Fig. 2(a)] . Hence, a phase-matching posi-
tion can always be established along the tapered section of the
DC.

Consequently, tapering the multimode waveguide will also
increase the wavelength window for which the phase-matching
condition is satisfied. The excited TM1 mode is channeled away

Fig. 2. (a) Calculated effective refractive indices (neff ) of eigen
modes versus waveguide width. (b) Bending loss as a function of
radius R. (c) Reflectance versus terminator length Lt.

from the input waveguide using a low-loss 180-degree bend and
scattered in the terminator section. Furthermore, an S-bend is
added to the input waveguide after the coupling region which
offers some filtering (∼10%) for any uncoupled TM0 mode and
mainly prevents any back coupling to the bar waveguide. How-
ever, the launched TE0 mode will pass through the coupling
section uncoupled to the tapered waveguide due to phase mis-
match. The S-bend is lossless for the TE0 mode. In this way, the
proposed device acts as a TE-pass polarizer allowing only the
TE0 mode and blocking the unwanted TM0 mode.

Figure 2(a) shows the calculated effective indices (neff ) of the
eigenmodes in the SOI waveguide as a function of the waveguide
width. The width of the input single-mode waveguide is cho-
sen to be W0 = 400 nm. The width of the multimode waveguide
is then determined as W1= 1075 nm according to the phase-
matching condition. In our proposed design, the multimode
waveguide is tapered from Wa1= 980 nm to Wb1 = 1170 nm. The
±95 nm width variation around 1075 nm ensures tolerance to any
deviation in width. The resulting coupling length is Lc = 5 µm.

The transmission of the TM1 mode is turned using a 180°
bend and finally converted to radiation modes in the terminator
section. The loss calculation with respect to the radius (R) is
shown in Fig. 2(b). The bending region is very close to the
input waveguide, and selecting a very sharp bend can excite
higher order modes which might phase match and couple (cross
coupling) to the narrow waveguide. To avoid this problem, the
TM1 mode is radiated far away from the narrow waveguide in
the terminator section. Therefore, a radius R= 6 µm is selected,
which gives the best trade-off between loss and footprint. The
terminator length is optimized to minimize reflection, and a
length Lt = 8 µm is selected [Fig. 2(c)]. For the guided TE0
mode, an S-bend with radius r= 5 µm and length SL = 7 µm is
added in the propagating section of the device. This further
enhances the ER by filtering any residual TM0 mode present in
the input waveguide. The total length of the designed structure
is Ltotal=Lc+ SL= 13 µm.

Finite-difference time-domain 3D simulations (3D FDTD)
were performed to obtain beam profiles of the proposed device.
The simulations are done at a central wavelength of 1550 nm.
Figure 3(a) shows that the input TE0 mode passes through
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Fig. 3. (a) Beam propagation profiles with TE0 input. (b) Beam
propagation profiles with TM0 input. (c) Normalized transmission
spectra for TE and TM polarizations.

Fig. 4. Simulated transmission for TE and TM polarization input
as a function of width variation.

the coupling region uncoupled and is collected at the output
with negligible loss. In contrast, the input TM0 mode is effi-
ciently coupled with the TM1 mode in the tapered multimode
waveguide and scattered in the terminator region through a 180-
degree bend [Fig. 3(b)]. The broadband transmission spectra are
calculated using 3D FDTD and shown in Fig. 3(c). The IL for
the TE mode is IL < 0.1 dB, and the ER between TE and TM
modes is better than 15 dB over a wide wavelength range from
1520 nm to 1600 nm. The ER is 23 dB at the central wavelength
(1550 nm).

The fabrication tolerance is also analyzed by using the 3D-
FDTD simulation method. To study the effect of fabrication
variability, we have considered three cases. In the first case, the
width of the narrow waveguide is changed (W0 ± ∆w), while in
the second case, the width of the wide waveguide is varied (Wa1±

∆w to Wb1± ∆w). In the third case, both the narrow and wide
waveguide widths are changed, where ∆w is the width devi-
ation due to fabrication error. The simulations are performed
assuming a maximum process deviation in the range of ±10 nm.
Figure 4 shows the calculated performance of the proposed TE-
pass polarizer as a function of width deviation (∆w). For all three
cases, the polarization ER is still >20 dB at the central wave-
length. We have considered a constant center-to-center distance
between the narrow and wide waveguides. Therefore, the gap
width (Wg) between the two waveguides changes accordingly
with changes in the waveguide width.

The performance can be further improved by cascading two of
the proposed TE-pass polarizers. By cascading, the transmission
bands of the polarizers are multiplied. The beam propaga-
tion profiles [Figs. 5(a), 5(b)] and the transmission response
[Fig. 5(c)] for the cascaded polarizer (2-stage) are calculated

Fig. 5. (a) Beam profile of cascaded design with TE0 input
(1550 nm). (b) Beam profile of cascaded design with TM0 input
(1550 nm). (c) Normalized transmission spectra for the cascaded
structure.

Fig. 6. SEM images of the fabricated TE-pass polarizers.

using 3D FDTD. The ER is greatly enhanced as the residual TM
mode is successfully filtered out. The ER at central wavelength is
ER= 43.5 dB for the 2-stage structure. Furthermore, over a 100-
nm bandwidth covering the1520–1620-nm wavelength range, an
ER > 30 dB and IL < 0.26 dB are achieved.

The designed TE-pass polarizers are fabricated using the
NanoSOI fabrication process by Applied Nanotools Inc., based
on direct-write 100-keV electron beam lithography technology.
Scanning electron microscopy (SEM) micrographs of the fabri-
cated device are shown in Fig. 6. A Keysight 81600B tunable
laser was used as a source, and an external polarization con-
troller was used for switching between TE0 and TM0 modes.
The light was edge coupled from a lensed fiber into the sili-
con chip, through an inverse taper-based spot size converter. A
Keysight N7744A optical detector sensor measured the device
wavelength response.

Figure 7 shows the measured normalized transmission spectra
for the polarizers. The transmission spectra in Fig. 7 are normal-
ized with respect to a straight waveguide without any devices
to account for input/output coupling loss of the edge couplers.
From the spectra, the measured IL and ER at 1550 nm are IL =
0.2 dB, ER = 20 dB for the 1-stage device, respectively. The cor-
responding values for a 2-stage device are IL = 0.52 dB and ER
= 33 dB. For the 1-stage polarizer, over a bandwidth of 80 nm
from 1520 to 1600 nm, the IL is less than 0.44 dB with an ER
better than 15 dB. In comparison, the 2-stage polarizer has a
bandwidth of 100 nm with IL< 0.89 dB and ER > 30 dB.

The increase in IL for both the polarizers is due to fabrication
imperfections and the accuracy of the measurement setup. Here
we are reporting the peak value (maximum) of IL in a broad
wavelength range. As the IL is wavelength dependent, the fabri-
cation imperfection may cause the peak loss to shift. In addition,
measurement setup errors are more pronounced when reporting
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Fig. 7. Measured normalized transmission spectra of the pro-
posed TE-pass polarizer: (a) 1-stage; (b) 2-stage.

Table 1. Comparison of On-chip Polarizers

Waveguide
Structure

Footprint/
µm

IL/dB ER/dB BW/nm

SWG [8] 9 <1 20 60
Photonic
crystals [9]

4 1 >30 >50

Nano
plasmonic
[11]

1 2.2 16 80

Hybrid
plasmonic
[12]

30 2–3 23–28 60

Graphene [13] 4000 9 27 >80
ADC [14] 29.39 1.04 15 >80
Tapered ADC
[This work]

13 <0.45 >15 >80

2-stage
tapered ADC
[This work]

29 <0.89 >30 >100

the peak value. The sidewall roughness will have a minimal
impact on increasing the loss profile due to scattering. Further-
more, dimensional variations in the waveguide width cause the
ER to be lower, which matches our tolerance simulation. In the
case of the 2-stage polarizer, the difference is higher due to the
limited polarization ER of our setup [∼35 dB].

The device length is only 13 and 29 for the 1-stage and
2-stage polarizer structures, respectively. Table 1 summarizes

performance matrices of reported on-chip polarizers. As shown
in the comparison of Table 1, our demonstrated tapered DC-
based polarizers exhibit low losses, wideband operation, and a
high ER with compact footprints. The minimum feature size
(200 nm) is fully compatible with 193-nm DUV.

We have demonstrated high-performance, fabrication toler-
ant, and novel TE-pass polarizers using a tapered DC on an SOI
platform. The single-stage polarizer is measured to have an IL
< 0.44 dB and an ER > 15 dB over a 1520–1600 nm wavelength
range. An ER > 30 dB with IL < 0.89 dB over a bandwidth >
100 nm is experimentally achieved by cascading two proposed
polarizers. The footprint of the 2-stage polarizer is still compact
(∼29 µm) compared to most of the reported devices.
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