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ABSTRACT We propose a transverse magnetic (TM) pass polarizer based on a periodic waveguide on
a silicon-on-insulator platform. The design is implemented on a 500nm-thick silicon layer surrounded by
SiO2. The polarizer operates in the mid-infrared (MIR) wavelength range of 3.1µm to 3.6µm, a crucial
band for chemical and biological sensing, as well as environmental monitoring. While there is extensive
documentation on polarizers in the near-infrared (NIR), there is a significant scarcity of research reports
on polarizers in the MIR. This proposed polarizer demonstrates outstanding performance, characterized by
ultra-low loss for the transmitted TM mode, minimal reflections of the undesired transverse electric (TE)
mode, and exceptionally high loss for the transmitted TE mode. The TM insertion loss remains below
0.5dB over a wavelength range of 3.2µm to 3.6 µm, as the TM mode operates in the subwavelength and
low-loss radiation regimes. The transmitted TE power is remarkably small, falling below −30dB over a
300nm wavelength range. This is attributed to the TE mode operating in the high-loss radiation regime and
the band gap region of the dispersion diagram. Furthermore, the reflected power of the undesired TE mode
is significantly reduced (below −20dB) by incorporating the periodic waveguide in a directional coupler
setup. The footprint of the polarizer is compact, measuring just 30µm × 7 µm.

INDEX TERMS Mid infrared silicon photonics, semiconductor optoelectronic devices, nanoscale
engineering, subwavelength gratings.

I. INTRODUCTION
Photonic integrated circuits (PICs) leverage silicon-on-
insulator (SOI) as a key technological platform [1], which has
been pioneered for over thirty years as an optical waveguide
platform in data centers. This approach overcomes the
limitations of electronic integrated circuits that have reached
their maximum integration capacity [2], [3], positioning it
as the most promising technology for designing high-density
integrated chips [4], [5]. Recently, the MIR spectral region,
extending beyond optical communication wavelengths, has
garnered global research attention for its promising applica-
tions in diverse fields such as chemical and biological sens-
ing, environmental monitoring, gas-trace detection, quantum

The associate editor coordinating the review of this manuscript and

approving it for publication was Weiren Zhu .

photonics, lidar, CBRN detection, thermophotovoltaics and
water quality monitoring applications [6], [7], [8], [9], [10].
The availability of efficient MIR Quantum Cascade Lasers
(QCLs) sources, further fuels the interest in this range
[11], [12]. However, despite its wealth of potential appli-
cations, the on-chip mid-IR photonics platform required to
access these opportunities is still in a relatively immature
stage. The minimal absorption loss in silicon material
persists into the mid-infrared region (approximately 2µm
to 7µm) [13], [14], encompassing sensing wavelengths
relevant to gases like CO, CO2, NO, NH3, CH4, and
OCS, highlighting that the influence of silicon photonics
extends beyond the NIR wavelength range. Among various
platforms such as SOI, germanium-on-silicon andGe-on-SOI
[15], [16], aluminum nitride-on-insulator [17], sapphire-on-
silicon (SOS) [18], Chalcogenide Waveguides [19], SOI
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stands out as the most widely favored material due to
its ease of fabrication, established maturity, and stability.
Prior research has affirmed that SOI continues to be a
viable option up to 3.8µm, owing to the substantial optical
mode confinement facilitated by the significant refractive
index contrast between Si and SiO2 [20], [21]. In large
refractive index contrast silicon waveguides, TE and TM
modes exhibit varying profiles, confinement factors, and
indices. Consequently, silicon photonic devices are typically
optimized for one polarization to prevent performance degra-
dation caused by undesired polarization. The introduction
of unwanted polarization can occur through optical fibers
lacking polarization control. While fiber-to-chip grating
couplers serve as effective polarizers, edge couplers based
on inverse tapers allow polarization-independent coupling,
permitting any polarization into the waveguide. Moreover,
imperfect operation of on-chip components like polarization
splitters and rotators also introduces undesired polarization.
Therefore, to avoid these undesired polarization fractions,
on-chip polarizers can effectively mitigate crosstalk by
removing these components [3]. As stated earlier in this
section, the silicon material is a promising candidate for
sensing applications in the mid-infrared spectrum, spanning
approximately from 2µm to 7µm. Given that the TM mode
exhibits lesser confinement within the waveguide and greater
interaction with the surrounding medium, it inherently offers
heightened sensitivity. Therefore, the utilization of the pure
TMmode, characterized by low insertion loss, high extinction
ratio, and minimal reflection, is highly desirable.

Light polarization control plays an important role in
photonics, from the THz to the Ultraviolet range [22], [23].
Photonic integrated circuits are developed and optimized for
a single polarization, requiring rigorous selection of the TE
and TM modes. The on-chip polarization selection using
polarization splitters, rotators, and polarizers has been exten-
sively investigated in telecommunication bands [24], [25],
[26], [27], [28], [29], [30], [31], [32], [33]. However, previous
studies lack reporting on polarization control devices in the
MIR wavelength range. The works cited in references [34],
[35], [36] represent initial reports on polarization splitters and
rotators in the MIR range, implemented on the SOI platform.
On the other hand, polarization rotators have been reported
on various platforms, including Germanium on silicon [37],
silicon on sapphire [38], silicon-on-calcium-fluoride [39],
and on InGaAs-InP [40]. These devices cover wavelength
ranges of 9 µm to 11 µm, 4.55 µm, 4.29 µm to 4.65 µm, and
6.15µm, respectively. Moreover, a polarization splitter on a
GaAs nanowires has been reported in [41] at the operating
wavelength of 3.5µm.
Additionally, although polarizers are extensively docu-

mented in the NIR, enabling the desired mode to propagate
with low insertion loss (IL) and blocking undesired modes
with a high extinction ratio (ER), there are very few reports
on their research in the MIR. For example, in [50], [51],
and [52], TM-pass and TE-pass polarizers were discussed
on a silicon-on-sapphire and SOI platforms at a wavelength

of 2 µm. However, all other studies focus on NIR bands,
encompassing plasmonic, bent, and periodic waveguides.
Ultra-compact plasmonic polarizers show high IL and require
additional metallization steps [53], while polarizers with low
IL and small footprints can be achieved through bent silicon
waveguides [27], [29]. On the other hand, a sophisticated
method involves manipulating the effective index of a waveg-
uide through the utilization of grating structures (periodic
structures). In previous studies, various on-chip polarization
control methods employing grating structures have been
investigated. The majority of these methods are designed for
the NIR wavelength ranges [28], [42], [43], [44], [45], [46],
[47], [48], [49], [54], with the exception of [50], which is
based on periodic structures and operates at a wavelength
of 2µm. Many of these suggested periodic configurations
encounter issues with Bragg reflections. In order to prevent
interference with other photonic components and lasers, it is
essential to mitigate undesired reflections, which is the focus
of efforts in References [28], [46], [47] to minimize their
occurrence. In [47], the authors use a multimode waveguide
as a Bragg grating, reflecting and converting TE light
into higher-order modes, removing them through a tapered
transition, reducing reflection loss by about 12 dB.Moreover,
the grating mentioned in reference [46] reflects TE-polarized
light in S, C, and L-bands, and tapered gratings extend
operational bandwidth by diffracting TE light in O-band.
In [28], the periodicity of the grating structure is manipulated
to minimize reflection, effectively placing the undesired TE
mode in the high-loss radiation regime instead of the bandgap
regime. It was optimized for the L band using a 220 nm-
thick silicon layer, resulting in a reflection loss of 13 dB
(in the present design, we aim to further reduce reflections
by incorporating the periodic waveguide into a directional
coupler arrangement). Moreover, The MIR grating-based
polarizer at [50], designedwith a coupler arrangement at 2µm
wavelength, exhibits minimal reflection loss for the undesired
mode. The design includes additional layers of SiN and metal
depositions to absorb the undesired mode, adding complexity
to its fabrication.

In this study, we have designed a periodic waveguide
TM-pass polarizer for mid-infrared wavelengths beyond
3 µm. To the best of our knowledge, there is currently no
reported polarizer for wavelengths greater than 3µm on SOI
platform. The design is implemented on an SOI platform,
without the use of additional metal layers, ensuring complete
CMOS compatibility. This configuration effectively mini-
mizes TE back reflections in a directional coupler setup.
A detailed performance comparison of this grating-based
polarizer with those implemented on the SOI platform is
documented in Table. 1.

II. POLARIZER DESIGN, OPERATION, AND FABRICATION
FEASIBILITY
Fig. 1(a) and Figs. 1(b, g) show the 3D view and top
views of the proposed grating-based transverse magnetic
mode polarizer, along with cross-sections and the critical
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TABLE 1. Performance Comparison of the proposed grating-based polarizer with the literature, showing reflection loss, insertion loss (IL), extinction ratio
(ER), wavelengths, and footprints.

FIGURE 1. (a) Schematic illustration of the proposed TM-pass polarizer, (b) magnified view of the periodic waveguide, (c) dispersion relation
illustrating TM mode in the periodic waveguide, with top view of TM light propagation in the inset at 3.2µm wavelength, (d) dispersion relation for TE
mode with top view of TE light propagation in the inset, (e) normalized transmitted and reflected TM powers, (f) normalized transmitted and reflected
TE powers, where reflected powers are calculated at the input port, (g) top view of the proposed polarizer with mode profiles in the input and output
cross sections, (h) top view illustrating TE mode propagation through the polarizer, demonstrating the absence of reflected light and no light reaching
the output, (i) top view of TM mode propagation through the polarizer, allowing the light to propagate through. (j) normalized TE powers transmitted
and reflected through the polarizer in the directional coupler arrangement, (k) normalized TM powers transmitted and reflected through the polarizer
in the directional coupler arrangement.

parameters of the design. The main element of this design
comprises a periodic waveguide. The waveguide exhibits
a periodicity of 3 = 1 µm and a fill factor of 50%.

The propagation of light within this periodic waveguide is
intricately explained by the dispersion diagram, leading to
various operational regimes [55], namely subwavelength,
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Bragg reflection (photonic bandgap), and radiation. The
functionality of the specified waveguide is meticulously
optimized to facilitate the propagation of the desired mode
without any loss, while concurrently ensuring that the unde-
sired mode radiates outside the waveguide. This optimization
is contingent upon factors such as the polarization state of
the incident light, structural dimensions, and the free-space
wavelength (λ). The proposed polarizer is defined on a
500 nm-thick silicon layer on a SOI platform, with a 2-micron
buried oxide (BOX) and covered with SiO2 from the top.
One of the periodic waveguide unit cells is 1µm wide, while
the other unit cell is 1.5µm wide, with a 300 nm slot in the
center. These dimensionswere optimized using the Lumerical
3D Finite-Difference Time-Domain (FDTD) computational
method with refractive indices of 3.43 and 1.41 for Si and
SiO2, respectively, at a wavelength of 3.3µm. The operating
regime of the periodic waveguide (the magnified view of
the waveguide is shown in Fig. 1(b)) can be determined
from the dispersion diagrams plotted in Figures Fig. 1(c) and
Fig. 1(d) for the TM and TE modes. The periodic waveguide
dimensions are fine-tuned to minimize propagation loss for
the TM mode while maximizing propagation loss for the TE
mode. The dispersion diagrams exhibit horizontal blue lines
corresponding to wavelengths of 3.2µm and 3.6 µm. In terms
of the TM mode (see Fig. 1(c) for TM dispersion diagram),
the subwavelength condition (3 < λ/(2 × nef f ), where
nef f = 1.62) is met for the 3.6µm wavelength, resulting in
negligible TM mode loss due to the mode not perceiving
the waveguide’s periodicity at this wavelength. Conversely,
at 3.2µm wavelength, the subwavelength condition is not
satisfied, causing the TM mode to enter a low-loss radiation
regime. This observation is further observed by the TM
transmission and reflection curves depicted in Fig. 1(e).
The blue curve of TM transmission reveals insertion losses
below 0.5 dB for wavelengths within the subwavelength
regime. However, wavelengths in the low-loss transmission
regime exhibit slightly higher insertion losses, approximately
0.8 dB at a wavelength of 3.2µm, as depicted in the inset of
Fig. 1(e). Additionally, the inset of Fig. 1(c) illustrates TM
light propagation at 3.2µm wavelength, clearly highlighting
the occurrence of ultra-small radiations as anticipated from
the dispersion diagram.

Additionally, the dispersion diagram for TE mode is illus-
trated in Fig. 1(d), revealing that the investigated wavelength
range lies just above the first band gap. Fig. 1(d) highlights
that the wavelength of 3.6µm resides in the upper edge
of the first band gap, suggesting the anticipation of Bragg
reflections. Conversely, shorter wavelengths surpass the first
band gap, resulting in the expectation of minimal reflections
and high radiation loss. This observation is confirmed by
Fig. 1(f), which illustrates low reflections at the shorter
wavelengths, approximately −10dB. However, noticeable
TE-reflected light is observed at the 3.5µm to 3.6µm
wavelength range. Concurrently, the periodic waveguide
effectively obstructs the undesired TE mode, as depicted by
the blue curve in Fig. 1(f). This finding is further confirmed

by the inset of Fig. 1(d), affirming the absence of TE light
reaching the output.

The periodic waveguide effectively blocks the TE mode,
resulting in negligible light reaching the output. However,
approximately 10dB reflection loss is observed at the input
port within the wavelength range of 3.1µm to 3.4 µm,
accompanied by strong reflections at wavelengths above
3.5 µm. Typically, minimizing back reflections from indi-
vidual photonic components is crucial, as they may disrupt
the operation and efficiency of other components, such as
lasers. Utilizing this periodic waveguide in a directional
coupler arrangement further reduces the occurrence of these
reflections. In the directional coupler configuration, the
input light is directed towards the conventional straight
waveguide rather than the periodic waveguide (drop port).
When utilizing the desired TM mode, the light efficiently
coupleswith the periodicwaveguide, resulting in a substantial
power output from the periodic waveguide. Conversely, in the
case of the undesired TE mode, a small fraction of the
input TE power couples with the periodic waveguide, where
it disperses without returning to the input waveguide. The
remaining TE power disperses from the sharp bend of the
input waveguide, further diminishing reflections at the input
port (see Figs. 1(h) and (i). Fig. 1(g) illustrates the top view
of the periodic waveguide, depicting mode profiles at the
input and output of the polarizer. This coupler arrangement
enables the TM mode to couple with the periodic waveguide
from the input waveguide. The periodic waveguide allows
the TM mode to propagate and reach the output. In contrast,
the TE mode cannot couple with the periodic waveguide
from the input waveguide due to phase mismatch. Only a
small fraction of the coupled TE light is observed, which
cannot reach the output due to the periodic waveguide
blocking the TE mode. As a result, the extinction of the
TE mode is enhanced in a coupled waveguide arrangement,
remaining below−32 dB over a wavelength range of 300 nm.
Furthermore, in this coupled waveguide arrangement, only
the small amount of undesired TE-coupled light directed
to the periodic waveguide is reflected back. A mixed TE
and TM mode is launched at the input, but only the TM
mode is achieved at the output. This is clearly observed
in Fig. 1(h) and Fig. 1(i), showing the propagation of TE
and TM modes through the polarizer, respectively. The TE
mode is effectively blocked, resulting in negligible light at the
output. Additionally, minimal reflected light is observed at
the input, and most fraction of the undesired TE light radiates
and scatters at the sharp 1µm bend. The 1 µm bend is too
sharp for the mode at these wavelengths, where two closely
spaced waveguides have also been implemented to enhance
the scattering and suppression of the undesired light. Fig. 1(j)
further confirms these observations, clearly indicating that
the TE reflected power is below -20dB in the wavelength
range of 3.1µm to 3.4µm. However, wavelengths above
3.5 µm only show a slight improvement in the reduction of
reflected TE light. This is due to the longer wavelengths
in the input waveguide having a better mode overlap with

VOLUME 12, 2024 48297



H. Zafar, M. F. Pereira: Novel Mid-Infrared TM Mode Pass Periodic Waveguide Polarizer

FIGURE 2. Dispersion relations illustrating TM and TE modes in the periodic waveguide with the slot widths of (a) 200 nm, (b) 300 nm, and
(c) 400 nm.

the periodic waveguide, thereby increasing the likelihood
of coupling to the periodic waveguide. As a result, this
fraction of TE mode is observed at the input. To reduce
these reflections at wavelengths above 3.5µm, the width of
the input waveguide must be increased, or the coupling gap
should be widened. However, such adjustments will impact
the performance for shorter wavelengths.

In the meantime, the input TM mode effectively couples
to the periodic waveguide, with the maximum fraction
of light observed at the output. This is clearly depicted
in Fig. 1(e) and Fig. 1(k), which show TM transmitted
and reflected powers in the single periodic waveguide and
coupled waveguide arrangement, respectively. These figures
indicate that there is no significant difference in the reflected
and transmitted powers as expected. Hence, the suggested
polarizer exhibits a broad performance range spanning
500 nanometers in wavelength. To expand this bandwidth
further, it is necessary to optimize the structural parameters
of the periodic waveguide to achieve the desired performance
within the intended wavelength range.

The proposed design consists of a single-etch silicon
waveguide on an SOI platform. Single-etch waveguides can
be readily fabricated using optical lithography [29] and
electron beam lithography [31]. A crucial factor influenc-
ing the performance of this polarizer is the slot width.
We investigate the fabrication tolerance of the polarizer and
its performance dependence on this critical parameter. The
minimum feature size of the other parameters of this polarizer
is highly flexible and can be achieved as designed using
a standard and well-established CMOS fabrication facility.
The influence of slot width on performance is examined
using dispersion diagrams. Fig. 2 illustrates the calculated
dispersion relations for slot widths of 200 nm, 300 nm, and
400 nm. The optimized results in Fig. 1 are obtained for a
slot width of 300 nm. We also computed dispersion diagrams
for slot widths of 200 nm and 400 nm. It is observed that as
the slot width increases, longer wavelengths of the TE mode
enter the stop band, while shorter wavelengths remain in
the high-loss radiation regime. Conversely, reducing the slot
width keeps all wavelengths in the radiation regime, resulting
in weak reflections of the TE mode. Generally, there is a

slight shift in the bandswith changes in slot width, confirming
that the TE mode remains highly lossy. Similarly, the TM
mode stays in the subwavelength propagation regime and
low-loss radiation regime for longer and shorter wavelengths,
respectively. Overall, a change in slot width by ±100nm
shows no impact on the performance of the polarizer, making
it highly fabrication-friendly. The footprint of the polarizer
is only 30µm×7µm, making it suitable for highly dense
integrated circuits.

III. CONCLUSION
In summary, our proposed TM pass polarizer, implemented
on a silicon-on-insulator platform with a periodic waveg-
uide, excels in the critical mid-infrared wavelength range
(3.1 µm to 3.6µm). While there is abundant documentation
regarding polarizers in the NIR, there is a notable lack of
research reports addressing polarizers in the MIR spectrum.
This polarizer showcases exceptional performance, ensuring
ultra-low loss for the TM mode and minimizing reflections
of the undesired TE mode. The mid-infrared spectral range,
which goes beyond the wavelengths used in optical com-
munication, has attracted worldwide research interest due
to its promising applications in various fields like chemical
and biological sensing, environmental monitoring, gas-trace
detection, quantum photonics, and lidar applications. Despite
the numerous potential applications, the on-chip mid-IR
photonics platform needed to exploit these opportunities
is still in a relatively early stage of development. The
polarizer proposed for MIR in the provided wavelength range
represents the first report of its kind.
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