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Abstract: Integrated silicon nitride polarizers play a critical role in the design of complex
integrated devices such as filters, switches, and large Mach-Zehnder interferometer networks.
These devices require precise control of both polarizations on a single circuit. In addition,
polarizers are essential to accurately characterize these devices, primarily due to the low efficiency
and polarization extinction ratio (PER) of the surface coupling gratings used in CMOS-compatible
silicon nitride platforms for test-specific optical I/O. In this article, we present the design and
experimental performance of six prototypes of TE-reflector/TM-pass polarizers specifically
optimized for the C-band. These prototypes resemble subwavelength gratings with several
additional intricate aspects. In particular, the longer prototypes feature two distinct regions,
one representing non-intuitive tapers and the other showcasing a more distinct subwavelength
grating. We achieve a high TM transmission efficiency of −0.28 dB along with a PER of 18.2 dB.
These results are obtained with a device occupying an area as low as 11 µm × 2 µm, setting a
new performance benchmark for compact polarizers compatible with standard silicon nitride
platforms.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The strong demand for high-performance optical links, driven by the significant growth of Internet
traffic in recent years [1,2], has prompted academia and industry to explore methods to increase
their capacity [3–5]. Advanced modulation systems with coherent detection have been developed
to improve spectral efficiency [6,7]. In addition, wavelength, space, and polarization multiplexing
have been explored as means to increase transmission capacity, with polarization multiplexing
having the potential to double it [8–11]. The integration of dual-polarization circuits is not
only desirable for optical communications but it also plays a critical role in applications such as
sensors and signal processors [12,13]. Key components that enable integrated circuits to operate
with two polarizations include polarization splitters [14–16], polarization rotators [17–19], and
polarizers [20–24]. Despite significant progress in silicon photonics, developing compact chips
that can fully manage both the tranverse magnetic (TM) and transverse electric (TE) polarizations
remains a challenge [25].

In recent years, various methods were proposed to design polarizers, including techniques
relying on a single core layer, typically made of silicon, and others incorporating additional
materials such as conductive oxides [26], graphene [27] or metals [28,29]. There are two main
approaches to single-layer polarizers: material doping [30] and geometry-based designs [31].
The former tends to have high insertion loss and a more complex manufacturing process, thus
this paper focuses on the latter. Geometry-based polarizers, particularly subwavelength grating
(SWG), have received considerable attention. SWGs have a simple design and compact size,
which allows for easy adjustment of the operational wavelengths by tuning the grating parameters
[32,33]. For instance, Yufei et al. introduced a silicon TM-pass polarizer with an insertion loss of
about 1 dB and a PER exceeding 15 dB over a broad wavelength range from 1300 nm to 1600 nm
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[31]. Similarly, Xiaowei et al. demonstrated a compact silicon TM-pass polarizer having a size of
500 nm × 9 µm providing an insertion loss of 0.5 dB and a PER of 27 dB [32]. While significant
progress has been made in silicon-based polarizers, there is still a lack of high-performance
polarizers in widely used integrated photonic platforms based on silicon nitride. In this context,
Kyu J. Lee et al. demonstrated a silicon nitride polarizer with a loss of 0.2 dB and a PER of 15
dB. This polarizer was built on a 464 nm SiN thin film with an etch depth of 362 nm and an air
top-cladding [34].

In this article, we present six silicon nitride polarizers models designed using topological
optimization. We explored different lengths and widths in the optimization space, ranging
from 7 µm to 12 µm and from 0.85 µm to 3 µm, respectively. The devices were designed with a
minimum feature and space size of 200 nm and a single and complete etch of the silicon nitride
layer, facilitating their fabrication in commercial multi-project wafer (MPW) runs. One of the
TM-pass polarizers has an area of 11 µm × 2 µm and exhibits an insertion loss of 0.28 dB and
PER greater than 15 dB over the C-band. These polarizers enable the implementation of complex
silicon nitride devices, such as wavelength division multiplexing (WDM) filters, switches, and
Mach-Zehnder networks that operate with both polarizations.

2. Design

To ensure compatibility with standard CMOS manufacturing processes, we employed a silicon
nitride-on-insulator (SNOI) wafer with a 400 nm silicon nitride layer for the design of all
the couplers. Commercial software from Ansys Lumerical was used for the design process.
Gradient-based 3D topology optimization was performed using the LumOpt API, while the
Finite Difference Time Domain (FDTD) 3D module was used for verification simulations. An
optimization region of 7 µm in length and 4 µm in width was initially defined, with the input
and output waveguide widths set at 850 nm. The goal defined by the objective function was to
maximize the coupling efficiency of the fundamental mode TM into the output and the reflection
of the fundamental TE mode towards the input, using 5 wavelengths distributed over the entire C-
and L-bands.

Figure 1(a) illustrates the optimization trajectory, showing the convergence of the coupling
efficiency for both the transmitted TM mode and the reflected TE mode to values of −0.38 dB
and −0.48 dB (averaged over all wavelengths), respectively. After iteration 25, the objective
function shows minimal changes, although the geometry of the device undergoes significant
changes during these iterations due to the binarization process of the refractive index. Figure 1(a)
also includes two insets showing the refractive index distribution of the polarizer. The first inset
corresponds to iteration 2, while the second inset represents iteration 131, which is near the
end of the binarization process. It is worth noting that there is no abrupt drop in the objective
function due to the imposition of manufacturing parameters. It should also be mentioned that
several initial conditions were tested, including starting with an optimization region entirely
made of silicon nitride, silicon dioxide, or a fictitious material with a refractive index of 1.75, and
matrices with random values between the refractive index of silicon and the one of silicon dioxide.
For these particular devices, starting with an optimization region simulating silica yielded the
best initial conditions. Figure 1(b) shows a schematic of the polarizer illustrating its principle of
operation.

After each optimization, a more accurate FDTD 3D verification simulation was performed
using a finer mesh than the one used during optimization. This is because, during the optimization
process, a coarser mesh providing a trade-off between simulation time and accuracy was used.
Typically, the optimization process consists of approximately 120 iterations, with each iteration
taking about 2 to 4 minutes on a computer with 64 GB of RAM and an Intel Core i9-12900
processor. Although an optimization region width of up to 4 µm was tested, a width of 2 µm was
ultimately selected. This was based on the fact that removing the silicon nitride index outside the
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Fig. 1. Optimization process of the polarizers. a) Optimization trajectory of the 7-µm
length polarizer. The orange dots represent the coupling efficiency of the transmitted
fundamental TM mode, while the blue dots represent the reflected fundamental TE mode.
The insets illustrate the distribution of the refractive index at iterations 2 and 131, respectively.
b) Schematic showing the operating principle of the polarizer.

2 µm region did not significantly affect the performance of the polarizer in terms of transmission
efficiency or PER. In addition, it significantly reduced the time required for the optimization
process.

Figure 2 shows the simulated performance of the six optimized devices. Figure 2(a) and (b)
show the electric field magnitude of the TE and TM modes and the refractive index contour for
the 9 and 12-µm-long polarizers, respectively. It is worth noting that while the geometries of the
prototypes resemble SWGs, these incorporate more complex characteristics that enable compact
devices without compromising performance. In the larger designs, two distinct regions emerge, a
non-intuitive taper region near the waveguides and another region that mimics a conventional
SWG, as depicted in Fig. 2(a) corresponding to the 12 µm long prototype. In contrast, for the
shorter devices, these two regions are less distinguishable, as shown in Fig. 2(a) for the 9 µm
prototype. Figure 2(c) illustrates the evolution of the effective index for the fundamental TE
and TM modes at a wavelength of 1550 nm as a function of position along the 12 µm long
polarizer. This visualization confirms that the device behaves similarly to a SWG with a period
of 480 nm and a duty cycle of 0.76. Furthermore, it is evident that the TE mode experiences
a stronger index contrast compared to the TM mode. Figure 2(d) shows two distinct trends
because the initial optimizations, which were done for the shorter devices that are between 7 and
9 µm long, were performed over the C- and L-bands, resulting in a low PER. Consequently, the
optimization wavelengths were narrowed down to only the C-band for the longer devices, leading
to an increase in PER. For the three shorter devices, it can be observed that they all exhibit a
maximum TM transmission efficiency close to −0.2 dB. In addition, these devices exhibit a very
wide 3-dB bandwidth for the TM mode transmission efficiency, which extends over the entire
100 nm simulation band. However, the PER is relatively low, ranging from 8.4 to 10.4 dB for
wavelengths around 1565 nm for all three devices. Conversely, at lower wavelengths, the PER
reaches values as high as 20.2 dB for the 9-µm-long polarizer. On the other hand, the 10 to
12-µm polarizers have a PER that ranges from 14 to 20 dB over the entire C-band. It should be
noted, however, that the TM coupling efficiency decreases, especially for wavelengths below
1550 nm. Among these devices, the 12-µm polarizer shows the best simulation results with an
insertion loss of 0.36 dB and a PER of approximately 20 dB over the entire C-band.
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Fig. 2. Simulations of the polarizers. a) and b) Electric field of the reflected TE mode
and the transmitted TM mode for the 9 and 12-µm long devices, respectively. c) Evolution
of the effective index for the fundamental TE and TM modes at a wavelength of 1550 nm as
a function of position for the 12 µm long polarizer. d) Coupling efficiency for both the TE
(solid lines) and TM (dashed lines) polarization for all devices.

3. Results

The platform selected for implementing the prototypes was a SNOI wafer consisting of a 400
nm thick device layer, a 4.5 µm buried silica layer, and a 3 µm silica top cladding layer. The
polarizers were fabricated using electron-beam lithography (EBL) and full-etch patterning by
applied nanotools (ANT). A plasma-enhanced chemical vapor deposition process was used to
deposit the top silicon dioxide cladding. Although the EBL process is capable of achieving a
minimum feature size and spacing of 120 nm, a larger minimum feature size and spacing of 200
nm was chosen to ensure repeatability and compatibility with large-scale CMOS fabrication
platforms. The scanning electron microscopy (SEM) images in Figs. 3(a) and (b) show the
fabricated 11 and 12-µm polarizers along with their respective input and output waveguides. The
waveguides have a rectangular cross-section of 850 nm × 400 nm. A comparison of the SEM
image of the 12-µm long device presented in Fig. 3(b) with the schematic provided in Fig. 2(a)
shows the high degree of fidelity of the fabricated devices, which retained all the key design
features.

The polarizers were characterized by connecting the input and output waveguides to focused
grating couplers designed for a single-mode fiber supporting both polarizations. They were
laid out in a loopback (u-shape) configuration with Euler bends having a radius of 100 µm to
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Fig. 3. Fabricated devices and their performance. (a) SEM image of the 11-µm-long
polarizer. (b) SEM image of the 12-µm-long polarizer. (c) TM and TE transmission
efficiencies of the six polarizers. The solid line indicates the TM transmission efficiency
whereas the dotted line represents the TE transmission efficiency.

minimize curvature induced losses. The characterization setup consisted of an EXFO tunable
laser, a polarization-maintaining (PM) fiber connected directly to a fiber array equipped with
PM fibers for coupling to the TE mode on-chip. Additionally, a slow-to-fast axis fiber adapter
was connected between the PM fiber and the fiber array to couple to the TM mode. The 8-fiber
array was aligned to the loopback gratings at an angle of 31° for coupling to the TE mode, and
of 28° for coupling to the TM mode. The power at the output of the fiber array was measured
using an EXFO CTP440 detector. To normalize the results, the linear and coupling losses were
calculated for the loopbacks without polarizers that were in close proximity to the prototypes.
These calibration procedures yielded a transmission loss through the loopback structures without
polarizers of 12.1 dB for the TE mode and of 15.7 dB for the TM mode, including the coupling
losses of the two gratings and the propagation loss.

The results from the characterization of the transmission spectrum of the polarizers are shown
in Fig. 3(c), where the solid lines represent the transmission of the TM mode and the dashed lines
represent the transmission of the TE mode. The results obtained are in good agreement with
the simulations, and show the same two trends described above. However, there is a noticeable
shift of about 18 nm towards the lower wavelengths in all of the curves, which can be attributed
to variations in the fabrication process. For devices larger than 9 µm, the TE transmission is
below −13.5 dB, with the 12-µm-long device reaching a minimum transmission of −20.4 dB.
On the other hand, devices shorter than 10 µm show a TE mode transmission efficiency of
approximately −3 dB for wavelengths close to 1565 nm, whereas the 9-µm-long device shows
a minimum transmission of −13.9 dB. Regarding the TM transmission, all devices exceed a
minimum efficiency of −0.7 dB in the C-band, with the 10-µm-long polarizer achieving an
efficiency of −0.23 dB at 1565.7 nm.

Figure 4 shows the maximum PER within the C-band. It can be observed that the PER increases
with the size of the polarizer, reaching a value of 18.2 dB for the 11-µm-long device. However,
for the 12-µm-long polarizer, the PER is slightly lower. It can be concluded that the 11-µm-long
polarizer provides the best experimental performance among the fabricated prototypes. It has a
TM transmission efficiency of −0.28 dB, a 3-dB bandwidth for the transmission of the TM mode
of over 80 nm, and a PER that is greater than 14.3 dB throughout the C-band.

Table 1 compares the performance of the best device presented in this work with other
single-layer polarizers reported in the literature. The comparison shows that silicon polarizers
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Fig. 4. Maximum simulated and measured PER across the C-band. The dot indicates
simulations and the cross indicates measurements.

have a higher PER compared to silicon nitride polarizers. Nevertheless, both the polarizers from
Kyu et al. [34] and the 11-µm-long polarizer from this work have lower insertion losses than the
silicon polarizers. However, it is important to note that the device of Kyu et al. was built without
a top cladding, and included an intermediate etching step [34]. Additionally, the 11-µm-long
polarizer achieves a larger PER and bandwidth compared to the other silicon nitride polarizer,
making it a promising design thanks to its simpler fabrication process.

Table 1. Comparison of various reported single-layer TM-pass polarizers

Ref IL Max. PER (dB) Device length (µm) Material Operational band

Yufei et al. [21] <1 38 13.6 Silicon S-, C-, and L-bands

Xiaowei et al. [32] 0.5 27 9 Silicon C-band

Kyu et al. [34] 0.2 15 - Silicon Nitride 1580-1589 nm

This work 0.2 18.2 11 Silicon Nitride C-band

4. Conclusion

We presented the design and experimental characterization of six silicon nitride TM-pass
polarizers optimized for the C-band. These polarizers were designed using a commercial inverse
design method and are compatible with standard silicon nitride platforms. The 11 µm × 2 µm
polarizer has a maximum TM transmission efficiency of −0.28 dB and a PER that is greater than
15 dB over the entire C-band. The compact dimensions and performance of this polarizer make
it ideal for seamless integration into complex integrated photonics devices that must process each
polarization separately.
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