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Polarization management plays a key role in various applications, such as optical communications,
imaging, and sensing. It not only mitigates detrimental effects (e.g., polarization mode dispersion in
optical communication) but also enables advanced functionalities, such as polarization multiplexing
and optical isolation. Herein, we review the state-of-the-art approaches for on-chip polarization
management. Additionally, we discuss strategies for developing non-reciprocal photonic devices and
the challenges associated with monolithic integration in photonics circuits.

Silicon photonics is one of the most promising integration platforms for
photonics. It is versatile, economical, and present in many cutting-edge
technology areas. The origin of silicon photonics can be traced back to the
late 1980s and early 1990s to the works of Soref and Petermann'”. Since
then, silicon photonics has been developed into waveguide technologies that
realize photonic integrated circuits (PICs) with both passive and active
functions. While “silicon photonics” traditionally referred to waveguides
with a silicon core, it now also covers other waveguide materials on silicon
wafers (such as silicon nitride and other integrated hybrid materials). The
main focus of this paper is on silicon-on-insulator (SOI) waveguides. An
early breakthrough in silicon photonics was the finding of a shape-
dependent and almost size-independent single-mode (SM) condition for rib
waveguides. This allowed us to design and fabricate few-micrometer thick
silicon waveguides with low loss and SM operation’. However, due to higher
integration density and better compatibility with standard silicon micro-
electronics processing, most silicon photonics research later shifted to
submicron-scale waveguides®. That offers size-based SM operation, few
micrometer bending radii, and fast optical modulation. On the other hand,
with rib-strip converters’ and Euler bends®, the micron-scale waveguides
now offer similar integration density, significantly low losses, and bire-
fringence, although less compatibility with advanced microelectronics
processes.

Polarization is crucial in both the above mentioned platforms and PICs
in general. Waveguide birefringence is the main cause of polarization
dependence properties in silicon photonics, and it can be typically split into
geometrical and stress-induced birefringence. The geometrical birefrin-
gence is particularly strong in submicron silicon waveguides. More speci-
fically, the asymmetric mode field in these waveguides extends enormously
over the core-cladding interfaces where the refractive index changes radi-
cally. Therefore, these submicron SOI waveguide circuits typically use only
one polarization during operation. The stress of the materials in the core and

cladding areas can cause additional birefringence in the waveguides. The
resulting waveguide birefringence causes polarization mode dispersion
during light propagation, which introduces polarization-dependent optical
properties, such as polarization-dependent frequency shifts in the peak
positions of optical resonators and polarization-dependent losses
(PDL)*"". Engineering waveguide dimensions (e.g, non-birefringent
waveguides'') and stress'> can control the polarization dependence in the
waveguides. In theory, designing a zero-birefringence waveguide for sub-
micron silicon-on-insulator (SOI) waveguides is feasible. However, even
minor variations in the fabrication process can result in significant bire-
fringence. Conversely, micron-scale waveguides have much more relaxed
tolerances, making them less susceptible to these issues.

Polarization sensitivity of components can be a problem for some
practical applications which can be tackled by using a polarization diversity
scheme”, It uses a polarization splitter-rotator (PSR) to separate (or com-
bine) the optical components in the two polarization modes and to have all
other polarization-dependent components operating at the same polariza-
tion. In general, polarization diversity is mandatory for sub-micron-SOI
compared to micron-SOI due to strict fabrication tolerances and more
susceptibility towards PDL. For polarization diversity scheme, we need
Faraday rotators, and polarization splitters. Faraday rotators would be
handy building blocks for polarization management in PICs, which would
help cope with the sensitivity of many light sources to back-reflections.
However, they have proven to be quite challenging to fabricate in silicon
photonics due to the difficulty of breaking Lorentz reciprocity in linear
waveguides, especially if low losses and broadband operation are needed'”.

Monolithic integration of all these basic building blocks can help scale
down the integrated photonic circuits, advancing Moore’s law in
photonics'’. As long as PICs remain simple, the isolators and circulators can
be discrete components placed outside the PIC. However, as the PICs
become increasingly complex, monolithic integration of these components
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becomes essential. This approach is the only viable solution for incorpor-
ating numerous elements into a single PIC while managing the accumula-
tion of back-reflections within the circuit. Currently, the absence of
monolithic isolators and circulators is a significant barrier, hindering the use
of PICs in many applications where managing back-reflections is critical.

In this review, our focus primarily on polarization management in
submicron-scale and micron-scale SOI platforms. We will discuss the ori-
gins of birefringence in different waveguide designs and provide a com-
prehensive analysis of various polarization-related devices (such as
polarization splitters (PSs), Faraday rotators, polarization rotators (PRs),
isolators, and circulators). Following this discussion, we will also share our
perspective on on-chip polarization management and also investigate new
applications. The overview of polarization management components in
silicon photonics platform is shown in Fig. 1.

Fundamentals of polarization management in silicon
photonics

Understanding the relevant physical phenomena is important for gaining
insight into polarization-managing devices. This section introduces wave-
guide modes', birefringence'”, non-reciprocal phenomena'*", and Faraday
rotation'®". Their physics is briefly discussed to highlight how these phe-
nomena can be used to modify polarization managing devices. Figure 2
shows the basic simulations for geometric birefringence, polarization state
representation, and non-reciprocal phenomena.

Waveguide modes

Here, we concentrate on optical waveguides fabricated on the planar silicon
substrates. Such waveguides generally consist of the substrate, bottom
cladding, core, and top cladding. They are designed so that the refractive
indices of the cladding materials are lower than that of the core, and the
bottom cladding is typically thick enough to isolate the core from the sub-
strate optically. This design confines light and thus supports light propa-
gation inside the waveguide. Light propagation is characterized by modes,
which typically depend on the wavelength of the light, the dimensions, and
the refractive index of the waveguide.'*”.

Waveguide that can propagate in a waveguide can be broadly classified
into two types: transverse electric (TE) and transverse magnetic (TM)
modes. The TE modes have their electric field primarily oriented in the
x-direction (along the wafer surface and perpendicular to the propagation
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Fig. 1 | Polarization management components and applications in silicon pho-
tonics. Overview schematic of polarization management components in silicon
photonics and their applications'***'*7%~%2,

direction z). In contrast, TM modes have their electric field mainly in the
y-direction (normal to the wafer surface). TE and TM modes typically
propagate in the birefringent waveguides with different velocities. If their
velocities are different, the phase of the two modes can be determined by
using the following simplified equations:

¢rg = 2m/Mned 1

¢rm = 2/ Vnpyd ()

where A is the wavelength, 1 and n1y; are the refractive indices of TE and
TM modes, d is the length or the thickness of the material in which light is
propagating, and ¢y and ¢ty are the accumulated phase shifts introduced
due to the difference in refractive indices and length.

Birefringence

Birefringence refers to the optical property of some materials that exhibit a
difference in refractive index depending on the polarization direction of
light passing through them®. There are two main sources of modal bire-
fringence for planar optical waveguides: the waveguide geometry (as dis-
cussed earlier)*'*** and stress-induced effects'>”. The requirement of
polarization-insensitive components for telecommunication applications is
the primary reason for birefringence control research. Thus, delicate engi-
neering of the waveguide dimensions and stress effects is especially
important in polarization management. Note that the intrinsic birefringence
of the core and cladding materials is negligible, and the waveguide bire-
fringence only comes from the material boundaries and the stress.

Geometry-induced birefringence. Geometry-induced birefringence
(Ange,) originates from material geometry. In SOI waveguides, the light is
strongly confined, and the waveguide cross-section has the largest
influence on the effective index. The common cross-section geometries
are slab and ridge waveguides. To accurately control the birefringence
and achieve zero birefringence condition™, some design parameters need
to be optimized. For example, the width of ridge waveguides (W) is
usually chosen to make sure only one mode can propagate. The Ang,
depends on etch depth (D) of waveguides, means for the given W, Ange,—o
is only achieved with specific value of D. Besides D, the sidewall angle also
affects the Ange,. A small change in sidewall angle or etch depth can have
significant impact on waveguide birefringence. The sidewall angle of > 85°
is generally required for less demanding fabrication requirements.
Another important design parameter is core size of waveguides”™. The
performance of the submicron SOI waveguide platform is more sensitive
to fabrication errors due to smaller core size. Nowadays, the best fabri-
cation facilities can control waveguide width and height with ~ 1 nm
accuracy, but this is non-ideal for the submicron SOI waveguide plat-
form. Despite high birefringence in submicron silicon waveguides, it is
possible to achieve zero birefringence with a specific aspect ratio. Micron-
scale waveguides have optical modes mostly confined inside the core that
lead to low propagation losses and small polarization dependence com-
pared to the submicron waveguide platform'. Figure 2a represents a
geometry-induced birefringence calculation for a micron-scale strip
waveguide. The results show that strip waveguides have low birefringence
athigher widths and that the birefringence becomes almost zero when the
waveguide width is ~ 3 um. Figure 2b represents a geometry-induced
birefringence calculation for a submicron strip waveguide. Simulations
show thatif not designed properly, zero birefringence cannot be achieved.

Stress-induced birefringence. Unlike geometry-induced birefrin-
gence, stress-induced birefringence (A#ngy.ss) in waveguides comes from
the stress distribution over the entire waveguide cross-sections. It influ-
ences the mode field in the waveguide and is not limited to the material
boundaries. Stress-based birefringence in waveguides has been exten-
sively mapped'>*’. Stress can be caused by various factors such as tem-
perature changes, mechanical strains, or manufacturing defects. It is very

npj Nanophotonics| (2024)1:35



https://doi.org/10.1038/s44310-024-00033-6

Review

Fig. 2 | Fundamentals of polarization manage- a ' ' ' b ' ' '
ment. a Geometrical birefringence in a 3 ym SOI c 0.00 - i c 0.0 i
platform. b Geometrical birefringence in a sub- < < 5o |
micron SOI waveguide (220 nm thickness). 8 _0.011 L g -
¢ Generic representation of polarization states on 5 & .04 L
Poincaré sphere. Linear polarization states are on S1 E’ E’ ’
axis, LCP and RCP are on S3. d Poincaré repre- ‘E -0.02+ i ﬁ -0.6 L
sentation of Faraday rotation in silicon waveguides. m o
Red lines present the Euler bends, and green lines -0.03 + - -0.8- L
present the non-birefringent sections in SOI : : : : : :
platform. 1 2 3 4 1 2 3 4
Width (um) Width (um)
[

Polarization state

N

Bias

(r

-
A

J

Non-
birefringent
section

Birefringent
section

hard to avoid stress completely in real fabrication processes, where the
wafers are heated and cooled during deposition and etching. Stress-
induced birefringence can have positive and negative impacts on wave-
guide performance. So it is challenging either to remove unwanted- stress
or induce the stress to tune birefringence in waveguides. Stress can arise
in waveguides due to two main factors: intrinsic stress, which occurs due
to the physical properties of the waveguide materials (e.g., the lattice
mismatch between adjacent layers), and thermal stress, which is gener-
ated during the material growth process and typically negligible in SOI
waveguides.

Stress can be controlled and adjust in silicon waveguides using thermal
expansion” and Laser trimming™™ can help to adjust the waveguide
birefringence. Among the most studied thermal stress mechanisms in
waveguides is their oxide cladding-induced stress. More specifically, bire-
fringence is induced by a thermal layer mismatch influenced by the
deposition technique and material composition. The current waveguide
fabrication methods typically lead to biaxial stress in the cladding layer,
resulting in a change in the refractive index of silicon and the birefringence
through the photoelastic effect. The refractive index changes for both
polarization states of light due to the photoelastic effect are represented in
Equations (3) and (4):

Ang = n, —ny = —Cy0, — Cy(0y, + 0,,)

(€)

An, =n

y y — o = _Clgyy - CZ(Uxx + Uzz)

(4)

where C; and C, are the stress-optical constants, 7 is the refractive index
without stress,oy, 0y, and o, are the stress along %, y, and z directions,
respectively.

Varying the thickness or deposition techniques can adjust the
cladding-induced stress. Hence, waveguide birefringence can be controlled
by modifying the cladding thickness, which changes the material’s stress.
For example, the cladding thickness can be precisely control during the
fabrication process. Here cladding term is referred to upper cladding stress
as thickness of buried oxide does not have significant effect on waveguide
effective index. The stress has a direct relation with D and sidewall angle, but
is in inverse relation with W. Hence depending on Ang,, value, Anigyeqs value
can be adjusted to achieve zero or any required birefringence value. In laser

trimming technique, the refractive index of silicon waveguides can be
modified either e-beam or UV illuminations™. This can be useful for many
applications e.g., adjusting the phase difference in optical ring resonators or
Mach-Zehnder multi/demultiplexer.

Reciprocal and non-reciprocal phenomena

In a very generic way, the principle of reciprocity states that the response of
an optical system or component will remain unchanged even if we change
the direction of light propagation. In particular, the principle of reciprocity
states that the transfer between optical components input and output waves
remains the same, regardless of the polarization or coherence of the
incoming light. There are many reciprocity theorems based on their
applications. In optics, the most used theorems to explain the phenomena
are the Helmholtz reciprocity and Lorentz reciprocity theorem™. For reci-
procal devices, the Lorentz reciprocity holds. Examples of reciprocal com-
ponents are polarization splitters and rotators. In contrast to reciprocity,
non-reciprocal phenomena defy Lorentz’s reciprocity theorem'. The the-
orem holds if the permittivity tensor e in Equation (5) is asymmetric instead
of symmetric, as the off-diagonal elements contribute to non-reciprocal
phenomena, such as Faraday rotation®. In Equation (5), €xy 18 the off-
diagonal element of the dielectric tensor, whereas diagonal components (€,
€yy» €,) are squares of refractive indices (11, = 1y, = 1, = ).

€ leg 0
e=| —tey €, O (5)
0 0 ¢,

In practice, the permittivity can be made asymmetric by, for example,
breaking the time-invariance of the medium by introducing nonlinearity

into the system™ and using magneto-optic materials™”.

Faraday rotation

Faraday rotation is an example of a nonreciprocal phenomenon. Linearly
polarized light is a superposition of left and right circular polarized light. In
the presence of a magnetic field, the difference in velocities of these com-
ponents rotates the plane of polarization, which leads to Faraday rotation.
Circularly polarized modes are eigenmodes for Faraday rotation, just like the
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TE and TM modes are eigenmodes for waveguide polarization evolution. To
achieve Faraday rotation in waveguides, coupling between two orthogonal
modes is essential. Faraday rotation is associated with the €, term of the
permittivity tensor:

exy = 2”0/k09f7 Qf = VB (6)

where 0is related to the verdet constant V, n,, is the refractive index and k,, is
the vacuum wavenumber. B is the magnetic field and [ is the length of the
medium where light will transfer. Using silicon waveguides as Faraday
rotators for optical isolators has been investigated. The demonstrated all-
silicon Faraday rotator exhibited 1 dB isolation only, due to the effect of
birefringence in a straight section of the silicon waveguide'’. A 6 cm long
silicon waveguide is required to achieve Faraday rotation. As reported
earlier, a folded waveguide design can be used for the compact design. This
type of structure consists of a straight waveguide section and 180 degree
Euler bends. The Faraday rotation will accumulate in a straight section, and
light will stay linearly polarized, whereas U-bends will add 180 degree phase
shift. If any phase shift is added due to the birefringence waveguide section, it
will degrade the device’s performance. Thus, it is important to design the
structure to minimize the effect of birefringence.

The polarization of light can be explained in terms of different systems
e.g., Jones vector, polarization ellipse, and Stokes vectors. It is easy to explain
Faraday rotation with the help of the Poincaré sphere, which is often used to
represent the polarization states of light graphically. The Poincaré sphere is
then linked with Stokes polarization parameters S;, S,, S3, where S; repre-
sents the linear horizontal/ vertical polarized light, S, represents the
linear + 45" polarized light, and S; represents the left and right circular
polarized light”**”’. Linearly polarized states lie on the equator, while the left
and right circular polarized light lies on the north and south poles of the
Poincaré sphere. Elliptically polarized light is represented anywhere else on
the sphere. The Poincaré representation of different polarization states
rotation is presented in Fig. 2c. The orientation angle () and ellipticity angle
() can be used to define the longitude (2y) and latitude (2y) coordinates on
the surface of a Poincaré sphere. Figure 2d (left panel) shows the Poincere
representation of Faraday rotation in silicon waveguides (right panel). The
green lines in the figure indicate the straight waveguide section with zero
birefringences and Euler bends for phase shifts. If the light stays linearly
polarized over the whole propagation distance, eventually, we will get 45°
Faraday rotation, as indicated in Fig. 2d.

On-chip polarization beam splitters

Polarization beam splitters (PBSs) are a key component in a photonic
integration system. PBS’s primary function is to differentiate between
orthogonally polarized components of a propagating optical beam. On-chip
PBSs are typically based on mode evolution®” and mode coupling
techniques*”*’. Mode-evolution technique allows the guided mode to evolve
along the waveguide length. Mode-evolution-based devices require to
suppress mode-coupling conditions which in turn permits relaxed fabri-
cation tolerances and broadband wavelengths but at the expense of large
footprints. The mode-coupling technique involves the transfer of energy
between the modes. The mode-coupling-based PBSs require phase-
matching conditions, inherent fabrication sensitivity, and more wave-
length dependency. Their advantage is a small footprint compared to mode-
evolution ones. The small footprint of mode-coupling technique provide
ease of integration and they can be easily incorporate into existing photonics
systems without requiring significant design changes. The most common
mode-coupling techniques are multimode interferometer (MMI)**,
directional coupler (DC)**, photonic crystal (PC) structure***, and Mach-
Zehnder interferometer (MZI)*'. The PBSs are usually characterized based
on their insertion losses, extinction ratios, bandwidth, and footprint. A
comparative analysis of these parameters and design configurations is
presented in Table 1.

Multimode-interferometer-based PBSs

MMIs have been considered a promising structure for on-chip PBSs due to
its compact size, wide bandwidth, and large fabrication tolerances. Several
MMI structural strategies, including symmetric, asymmetric, and cascaded
MMIs****, have been demonstrated as viable methods for compact PBS.
Figure 3a, b shows the schematics of symmetric and cascaded MMI-based
PBSs, respectively. Asymmetric MMI devices can be designed by making
minor structural adjustments and dramatically changing optical fields.
resulting in a dramatic change in optical fields. Introducing asymmetry in
the waveguide length or width manipulates the optical modes’ behavior. The
length of the MMI coupler has to be multiple of the first self-imaging lengths
for both polarization states of light, which is generally difficult to achieve.
The advantage of asymmetric MMI-based PBS is that we can achieve any
arbitrary power-splitting ratio. They are often cascaded to enhance the

extinction ratio with a slight increment in insertion losses™”".

Directional-coupler-based PBSs

On-chip DC-based PBSs can be divided into two categories: symmetric and
asymmetric types. Like symmetric MMIs, these structures are typically
designed long enough to satisfy the phase-matching conditions. The
robustness of symmetric DC is limited by its wavelength-dependent beha-
vior for both polarizations, whereas asymmetric DC exhibits better per-
formance and fabrication tolerance. A proof-of-concept device with low
insertion losses (less than 1dB) and high extinction ratio has been
developed'®*’. Figure 3c shows a schematic of two parallel bent wave-
guides on a submicron SOI platform with different core widths to satisfy
phase-matching conditions for TM polarization, whereas the phase-
matching condition for TE is not configured”. Here, W, and W, are the
widths of wide and narrow waveguides, whereas W, is the coupling gap
between the two bent waveguides having radius R; and R,, respectively.
Figure 3d shows the schematic of DC-based PBS™. By choosing the
appropriate coupling length of the coupling region, TM is coupled to the
cross port. In this way, TE and TM are separated within a very short length.

Photonic-crystal-based polarization beam splitter

Researchers also demonstrated the PC-based PBS on submicron SOI where
internal PC possesses a photonic gap for one polarization only, reflecting
one polarization and transmitting the other polarization state of light.
Figure 3e shows the schematic of PC-based PBS™®. In this type of design, one
can eliminate standard multiple requirements and allow independent
optimization for each polarization individually.

Mach-Zehnder-interferometer-based polarization beam splitter
The MZI structure is another compact and simple technique™ for integrated
PBSs, which can be designed without submicron gaps and fabricated via
general lithography processes”. In general, MZI-based PBS consists of a
power divider/combiner and phase shift sections. They have been developed
on submicron and micron SOI platforms using MMI couplers. The sche-
matic of MZI-based PBS is presented in Fig. 3f. The input signal is coupled
into MMI with width w, and then split into two arms of equal length L but
different widths (w; and w,). Due to the birefringent waveguide section
(with narrow waveguide width w;) in one arm, a phase shift is introduced.
The 2 x2 MMI coupler is then used to combine beams via two arms. The
interference between fields with different phases causes one polarization
mode to show up at one output, whereas the other polarization mode
appears at the other output of MZI. The MZI-based PBSs using form
birefringence have been reported on micron SOI platforms®'. Hence, MZI is
a good candidate for PBSs with an acceptable length even when the silicon
waveguide has a small birefringence'" as discussed in Section 2. Another PBS
based on the micron scale SOI platform has been proposed using Brewster
angles® with a footprint of 30 x 30 um’ only. Overall, a large extinction ratio,
broad operation bandwidth, and fabrication tolerance are key indicators of
well-designed PBSs.

Although all the above-mentioned techniques hold great potential
applications in the compact integration of the PICs. However, they have
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Table 1 | Comparative parameters of PBSs using different geometric structures

Methods Extinction Ratio (ER (dB)) Bandwidth (nm) Insertion losses (dB) Length (um)
MMI 15-20'"%, 17-25"" 35'73,40' 1< 1034'7
Cascaded MMI 16 60> 0.1 dB for TM 0.7 dB for TE® 82.1%
Photonic crystal 20", 30% 7774 111% <27 < 3% 77'74,119.5%
DC 15, 25 (TM) and 36 (TE)** 72 <37 14%7

MZI 15'7 35'7 <1 1700'°

Fig. 3 | Schematic of on-chip PBSs. a The schematic of symmetric MMI-based PBS,
where Wy is the width of the output port and Wy is the width of the MMI
waveguide'”’. b The schematic of a cascaded MMI-based PBS, where Wy, and
Wi are the widths of the first and second MMI, respectively, whereas Ly and
Ly are the lengths of the first and second MMLI. In this configuration, TM mode is
separated at the output port of the first MMI coupler and TE mode at the second

coupler. This type of structure enhances the extinction ratio of the device™. ¢ Two

parallel bent waveguides designed to satisfy phase matching conditions. d DC-based
PBS: where TE and TM are received at bar and cross ports, respectively™. e PC-based
PBS: where TE is reflected back, and TM is transmitted through the output port of
MMI™. f MZI-based polarization splitter in 3 um SOI platform*®'.

their own advantages and dis- advantages. For instance, MMIs are known
for their greater fabrication tolerance and simple fabrication process, though
they suffer from significant excess loss and imbalance between arms.
Compared to MMIs, DCs have short device lengths but they have low
tolerance to fabrication errors and need precise gap control between two
arms. PCs are compact and efficient but come with complex fabrication,
sensitivity to defects, and are limited to specific wavelength ranges. MZIs
offer broadband devices with high extinction ratios and are versatile for
modulation and switching applications, though they have a large footprint,
are sensitive to temperature and require precise phase control. MMI-based
PBS are used in broadband wavelength division multiplexers and
demultiplexers”. DCs and PCs are used in optical sensing, and atomic
quantum systems*. PCs are in general famous for their nonlinear
applications®.

On-chip polarization rotators

A PR is a component that rotates the polarization of linearly polarized
light to a given angle. Like PBS, on-chip PR normally comes in two
different types: mode-evolution® and mode-coupling”. The basic
operating principle of mode-evolution and mode-coupling techniques
have already been discussed in section 3. PRs, along with PBSs, have been
developed on SOI platforms.””. Like PBS, PRs have also mostly

developed on submicron SOI platforms due to the inherent difficulty of
introducing sufficient asymmetry and birefringence in micron-scale SOI
platforms.

Mode-evolution-based PRs

Recent demonstrations show that most PRs are based on the mode-
evolution technique””. In mode-evolution-based PR, TE mode is the
ground mode of a “horizontal” waveguide core, whereas the TM mode is the
ground mode of a “vertical” waveguide core. In this type of PR, the gradual
rotation of the core is involved, so breaking the symmetry is required. A slow
twist in a waveguide structure will induce polarization rotation, given that
the waveguide structure has a large aspect ratio. The upper part of Fig. 4a
shows an adiabatic structure design, in which TE or TM is launched, and the
lower core is widened gradually’®. In contrast, the upper layer is designed as a
tapered structure. Mode-evolution-based PRs were first described in HIC
submicron waveguides®, in which a pair of waveguide core layers is suffi-
cient to induce polarization rotation. The proposed designs showed no
significant wavelength sensitivity over the wavelength span from 1.45 to
1.75 um. Figure 4b, ¢ shows the schematics of mode-evolution-based PRs
with polarization coupling and twisted waveguide, respectively’””*. In
Fig. 4b, the input waveguide has a width of W, and is tapered down to W,
which has ground TE mode.
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Fig. 4 | Schematic of on-chip polarization rotators. a Generic schematics for mode-evolution (upper part) and mode coupling-based rotators (bottom part)’®. b Mode-
evolution-based polarization coupling”’. ¢ Twisted waveguide based on adiabatic mode conversion’. d Polarization rotators based on sub-wavelength gratings®’.

Table 2 | Comparative analysis of different state-of-the-art techniques for polarization rotation

Methods Extinction Ratio (ER (dB)) Bandwidth (nm) losses (dB) Length (um)
Mode-evolution based PR 20'7¢, 2217, 2577 50'"¢, 80", 100""" <1'76,1,57%7 2177 5x 17", 50'""
Mode-coupling based PR 14.3 (TM) and 29 (TE)'"® 95'78 <1'® 5.5'"%, 10"

Mode-coupling based polarization rotators

In mode-coupling-based PR, the TE and TM modes are coupled into the
waveguide, in which two orthogonal modes have 50/50 mixed polarization
states. Again, for polarization rotation, one needs to break the symmetry for
which various approaches have been proposed™®. One method is to par-
tially etch the waveguide, due to the asymmetry and length of the waveguide,
TM mode can be converted into TE and vice versa. These components offer
high polarization conversion efficiencies and low insertion losses up to 1 dB
only but are sensitive to fabrication errors. As mode-coupling-based PRs
offer small rotation lengths of up to 10 um beat length, they are an ideal
option for compact devices’". The bottom part of Fig. 4a’’, where due to
asymmetric core TM is rotated into TE mode, shows the schematic of mode-
coupling-based PR. Another example of a PR based on sub-wavelength
gratings (SWGs) is shown in Fig. 4d”. This geometry is robust to the
thickness variation of input and output waveguides and sensitive to a
deviation of the SWG duty cycle. This type of mode-coupling-based PR
offers, a relatively higher bandwidth than the conventional ones. The
comparative analysis of some of the state of art PRs has been presented in
Table 2.

However, optimization of polarization management devices is
required to achieve better polarization conversion efficiencies, extinction
ratios, low losses, and bandwidth. For example, polarization rotators need to
have a single guided mode for each polarization to achieve low-loss, high
polarization conversion efficiencies. Therefore, during the design optimi-
zation process the aspect ratio need to be carefully considered. Moreover, the
performance of polarization rotators is often limited by fabrication toler-
ances specially in mode-coupling based PRs. Using better fabrication
methods with 0.05 um resolution, possibly involving nanotechnology could
lead to ultrashort polarization rotators that have conversion
efficiency > 96%”". In mode-evolution techniques, adiabatic conditions

need to be optimized for compact and miniature devices’'. Mode-coupling
based PSs are often cascaded to enhance performance e.g., in some design
optimizations, DCs are cascaded in two-stage manners which doubles the
extinction ratio from 15 dB to 34.3 dB*. PS often need high birefringent
waveguides specially in thick SOI platform, these waveguides need to be
carefully designed as birefringence can significantly vary with wave-
guide width.

On-chip non-reciprocal optical components

On-chip non-reciprocal components work on the non-reciprocity phe-
nomena, as discussed in Section 2. Many proposed non-reciprocal com-
ponents rely on non-reciprocal phase shift (NRPS) and non-reciprocal
mode conversion (NRMC) phenomena. NRPS induces phase shift on TM
modes using a transverse magnetic field and is the difference between for-
ward and backward propagation constants*** using MZI and ring resonator
geometries. Previously, passive non-reciprocal devices based on NRPS were
believed to work only for TM polarization®**. Some attempts have been
made to operate in TE mode®, but these devices include full or half reci-
procal mode conversion. This means that the first TE mode is converted into
TM, enabling NRPS, and then again to TE mode. On the other hand, NRMC
is the waveguide equivalent of Faraday rotation. First-ever demonstration of
passive TE-mode SOl-integrated isolators with a uniform longitudinal
magnetization causing Faraday Rotation achieved isolation up to 11 dB*.
Both NRPS and NRMC provide ways of achieving waveguide-based inte-
grated optical isolators and circulators to avoid back reflections due to on-
chip lasers. The most important goal is to enable the monolithic integration
of non-reciprocal components with existing foundry processes. Optical
isolators and circulators are divided into two major categories: magneto-
optical-based (MO) and magnetic-free nonreciprocal components. In the
interferometric NRPS design, a magnetic field is applied transverse to the

npj Nanophotonics| (2024)1:35



https://doi.org/10.1038/s44310-024-00033-6

Review

Fig. 5 | On-chip non-reciprocal components. a Mach-Zehnder interferometer
based polarization-independent isolator/circulator'”’. b Integrated Ce: YIG-based
isolators on silicon®. ¢ Structure of the waveguide optical isolator based on direct
bonding of Ce: YIG on a silicon waveguide and magnetized using an external
magnetic field"*". d A schematic of the acoustic optic isolator. AIN piezoelectric

Driving

signal

actuators are integrated on top of silicon nitride microring resonators'”’. e On-chip
optical isolator and nonreciprocal parity-time symmetry empowered by simulated
Brillouin scattering with whispering-gallery-mode silica microtoroid resonators'*.

f Schematic of optomechanically induced nonreciprocity'”.

waveguide arms, and the phase difference between the two waveguide arms
results in constructive interference in the forward direction and destructive
interference in the backward direction.

Optical isolators

Optical isolators allow light propagation in one direction and block it in the
opposite direction. The optical isolator has great importance, especially in
many systems where one has to avoid back reflections. Figure 5 shows the
state of art techniques for on-chip optical isolators.

Magneto-optical based optical isolators. Conventionally, optical non-
reciprocity is achieved using magneto-optic (MO) materials*’~'. MO
materials are rare-earth garnets of formula R;FesO;,, where R is the rare-
earth element. These materials are favoured due to their low optical
absorption and strong first-order MO effect. These characteristics make
MO materials ideal for developing non-reciprocal devices for near-
infrared applications (1300 nm to 1550 nm).

The most common MO materials for the development of non-
reciprocal components are yttrium iron garnet (YIG), terbium iron garnet
(TbIG)”, Bismuth substituted YIG (Bi: YIG) and cerium-substituted (Ce:
YIG). The epitaxial growth of these materials on top of a silicon waveguide is
difficult due to lattice mismatch and differences in thermal expansion
coefficients. For example, the lattice constant of YIG is 1.238 nm, whereas
silicon is 0.543nm. The thermal expansion coefficient of silicon is
2.33x 107° K", whereas YIG is 10.6 x 10 *K™' *. To evaluate the perfor-
mance of MO materials, the figure of merit (FoM) must be considered for
the Faraday rotation over the loss. For example, FoM of Ce: YIG on Si is
21.8°dB ", YIG/BigsYIG/Si is 397 ‘dB ", Bi, sYIG/YIG/Si is 769 °dB ',
Big.03TbIG is 720°dB™" *°. Although YIG crystallizes readily on the non-
garnet substrate, it has low Faraday rotation (approximately 100 ‘cm™ at
1550 nm™) compared to TbIG which has Faraday rotation up to
6200 ‘cm™' %,

Despite of their strong Faraday rotation effect, the main challenge for
waveguide integrated MO devices resides in hybrid integration of MO

materials on silicon with existing CMOS compatible technologies. Other
than lattice mismatch and thermal mismatch problems, material defects
also influence the MO effect and optical losses'>”. Two technologies have
been developed for hybrid integration of MO materials on silicon 1)
deposition techniques” ™' 2) wafer bonding'”™'". In deposition method,
heterogeneous growth of MO films is done on silicon using chemical vapour
phase deposition (CVD)'*, sputtering'”'® or using pulsed laser
deposition'”. This method has advantage of being scalable, cost effective
and compatible with multiple platforms but it has the drawback of process
integration issues with many silicon PIC platforms. In wafer bonding
method, the MO films are grown on single crystalline garnet or obtained via
mechanical lift off techniques'’ and then bonded on silicon waveguides.
Compared to the deposition technique, the bonding technique is more
advantageous because single-crystalline layers processed in separate pro-
cesses can be used. We still need tight contact between the materials to have
sufficient interaction between the light waves and MO material in bonding
techniques. To have tight and uniform contact a direct bonding method was
developed and contacted films were annealed'"'. The propagation loss of
64 dB/cm was estimated, this shows that smoothness of bonding material
interface is of critical importance in this method. Another technique in
wafer bonding is adhesive bonding which requires the precise control of
adhesive polymer thickness otherwise it will affect the NRPS in MO
materials' . In conclusion, despite the progresses, several challenges remain

in hybrid integration of MO materials on silicon waveguides'".

Magnet-free optical isolators. Magnetic-free isolators have been
demonstrated to break Lorentz reciprocity and time-reversal symmetry
to overcome the bottlenecks of magneto-optic materials. So far, it has
been achieved through optical nonlinearities''*"", optomechanically
induced transparency'”'", synthetic magnetic field"*'"*, stimulated
Brillouin scattering'*'"'*, and spatio-temporal modulation'**'*. Each of
these types has some advantages and challenges. For example,
nonlinearity-based isolators can work without active modulation, but in
the case of strong forward signals, the isolator cannot suppress the
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Table 3 | On-chip optical isolators

Type Scheme structure Mode Performance (dB) Footprint
Isolation loss
with magnet Mzl TEand TM'® 30 5-6 (TM), 9 (TE)'® 0.87 x 0.34 mmZ(TE), 0.94 x 0.33 mm?Z(TM)'®
Ring resonator TMBEe4 19.5%, 32%¢ 10%¢ 0.15 x 0.07 mm?%¢
Phase shifter TE/TM™ 20" 3.2'% 1.5x 1.5 mm?™*
with magnet Non-linear N/A™™® 20", 2377 1.3"°, 4.6 N/AT™®
Synthetic magnetic field N/A™2° 13'%° 1120 N/A™20

transmission of arbitrarily generated noise in the backward direction, and
the device becomes reciprocal. Hence, the device performance is limited
by dynamic reciprocity'*’. A recent study demonstrated the integrated
passive non-linear isolator. The cross-phase modulation contributes to
the refractive index change twice that of the self-phase modulation, and
the difference between the two leads to intrinsic non-reciprocity'”’. The
optomechanical non-reciprocal devices offer unique advantages of all-
optical switching, non-reciprocal frequency conversion, and creating a
synthetic magnetic field. Still, they have challenges of limited mechanical
resonance and integration with PICs (due to the need for air-cladded,
isolated microtoroids). The temporal modulation method has the
advantage of being reconfigurable but needs electrical, optical, or acoustic
pumping. The stimulated Brillouin scattering approach (an effect due to
the nonlinearity of a medium) is known to be non-reciprocal. It involves
the resonant coupling of optical waves and propagating acoustic waves to
achieve non-reciprocal delays. Further, the advantage of these devices is
their bandwidth, which is not limited by the optoacoustic interactions
and can be made broader (reaching GHz regimes). A comparative ana-
lysis of magnet-based and magnet-free isolators using NRPS and NRMC
schemes is shown in Table 3.

Optical circulators

An optical circulator is a device based on the bidirectional transmission of
light. Circulators allow the signals to pass in a uni-rotational fashion
between their ports and can separate opposite signal flows. In recent years,
an integrated platform containing optical circulators based on a silicon
platform has been getting attention. Like optical isolators, optical circulators
have been achieved by both magnetic and magnet-free techniques. A
waveguide optical circulator, composed of a MZI, is investigated'**'”.
Researchers also investigated the optical circulator based on the direct
bonding technique. This type of optical circulator utilizes a nonreciprocal
phase shift with a silicon waveguide. In this work, the magneto-optic
material is bonded on a silicon layer'*. An on-chip optical circulator based
on an engineered waveguide array is reported””’. A magneto-optic non-
reciprocity is introduced to operate the oscillation modes in the forward and
backward propagation directions'”'. Also, polarization rotation was used to
build waveguide optical circulators'*'*,

Figure 5 shows the schematics of isolators and circulators discussed in
this section. Figure 5a shows the schematic of the MZI optical isolator/
circulator. It consists of two MMIs on both sides. It forms a four-port
circulator and isolator when considering the port pairs on opposite sides.
The polarization converters (PCs) are used to rotate eigenmodes. On top of
MZI arms, CE: YIG is adhesively bonded. An NRPS will happen for TM
mode. For TE input light, after passing through PC1, the mode is converted
into TM mode. NRPS is effective on this TM mode in the upper branch
(covered with MO material), in the external transverse magnetic field. Then,
after passing through PC2, it will again be converted into TE mode. TE
mode is not affected by the NRPS effect in the lower branch. In contrast, PC3
and PC4 are to compensate for the imbalance losses due to PC1 and PC2'*".

Figure 5b is another example of an optical isolator based on MO
materials. The device is composed of a microring all-pass filter. Ce: YIG is
bonded on SOI and critically coupled to a straight bus waveguide. The
propagating constants of clockwise (CW) and counterclockwise (CCW)

TM modes are differentiated, and the resulting NRPS splits the resonances
of CW and CCW TM modes, achieving the isolation for TM mode. (Ca, Mg,
Zr)-substituted gadolinium gallium garnet (SGGG) is used on top of silicon
as a substrate for the lattice mismatch®.

Figure 5 c is the schematic of the optical isolator with the two tapered
TE-TM mode converters (works as a 3 dB power divider and as a combiner
of TE and TM modes, facilitated by higher TE modes) and MO phase shifter.
The whole operating principle of this device is based on the interference
between TE and TM mode propagating in the MO phase shifter. This
provides one-way propagation using NRPS for TM mode. The advantage of
this type of geometry is a small footprint compared to MZI, which allows
denser integration'*.

Figure 5d represents the schematic example of a magnet-free optical
isolator. The reciprocity is broken by the spatio-temporal modulation of
ring resonators with acoustic wave resonators. The acoustic wave generates
the two co-propagating modes, leading to an indirect interband transition in
one direction only"”. Figure 5e shows a schematic of nonreciprocal parity-
time with two toroids coupled together, and the active one is then coupled
with fiber. This type of device works on the principle of stimulated Brillion
scattering'*. Figure 5f shows the schematic of optomechanically induced
non-reciprocity. It consists of a microring resonator evanescently coupled
with tapered fiber. Light interacts with mechanical vibrations and breaks the
symmetry between the forward- and back-propagating waves. Such devices
typically consist of optical components coupled with mechanical resonators.
The mechanical resonators can be membranes or micromirrors, whereas

optical components are waveguides or microcavities'”.

Future perspective

Polarization management is an indispensable technique for the realization
of on-chip device performance, not only because the increasing on-chip
demand for the handling of birefringence caused polarization-dependent
operations (e.g., loss, mode dispersion, wavelength) but also because they
can enable new functions for applications. Great efforts and progress have
been made in developing on-chip polarization management technologies.
These were implemented with several critical functional devices to acquire
polarization beam splitting, polarization rotation, optical isolation, and
circulation. Various ongoing developments promise to further enhance on-
chip polarization management; these will be discussed in the following sub-
sections.

New material platforms

Among the existing SOI platforms, the trade-off with efficiency, footprint,
fabrication complexity, and polarization sensitivity is always a significant
consideration in a realistic component. Although SOI has gained attention
and promises low-cost and high-volume production, indium phosphide
(InP) continues to be a popular and advanced PIC platform'”’ for polar-
ization management applications'**"*’ as shown in Fig. 6a. Silicon nitride
(SiN) has also received significant attention as a low-loss passive waveguide
PIC platform with optical loss (< 0.01 dB/cm at 700 nm). There are few
reports on the SiN platform for polarization applications due to low index
contrast between SiN and SiO, and limited device layer thickness below
1 um due to film stress'*'"'*’. Some successful attempts are based on mode
evolution techniques, and most of them target TM,-TE; mode
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Fig. 6 | Other conventional material platforms and new avenues for polarization
management application. a InP platform for polarization management application.
A schematic of polarization control application on InP chip (upper panel) with cross
sesction image (bottom panel)'*’. b The schematic of polarization splitter and rotator
using 2 x 2 Mach-Zehnder interferometer (MZI), composed of two electro-optic
(EO) phase shifters (upper panel).The measured transmissions of the device
(including the off-chip coupling loss) (bottom panel) on Lithium niobate
platform'*. ¢ Illustration of the composite SiN-WS, waveguide with ionic liquid
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cladding'”. d Schematic of conventional polarization control based on a cascaded
linear polarizer and birefringent single-meta-atom metasurface (left panel). Sche-
matic of the proposed all-in-one polarizer (right panel)”'. Schematic of the aniso-
tropic metal-insulator-metal meta-atom (bottom panel)'*’. e 3D and cross-section of
graphene terahertz isolator"™ (upper panel). Schematic of Faraday effect in a 2D
monolayer semiconductor'”” (bottom panel) (f) Schematic of Weyl fermions' (left
panel). Weyl semimetals for inverse Faraday rotation'** (right panel).

conversations instead of TEy-TM, mode(or vice versa)'*. A recent work on
2D monolayer materials with SiN platforms can open plethora of applica-
tion to enable larger scale PICs'“. A schematic of WS, and SiN waveguide is
shown in Fig. 6b. Lithium niobate (LN) has a strong polarization depen-
dence, which has been used to develop various ridge waveguide-based
polarization splitters and rotators'* as shown in Fig. 6c. However, the state-
of-the-art shallow-etch technique is a challenge in the LN platform'*'**. A
recent study demonstrated a large bandwidth (47 nm) on the strip wave-
guide on an X-cut LN platform'*, showing promise for polarization man-
agement applications.

Other than these conventional material platforms, exotic materials
(e.g., metamaterials, low-dimensional materials including one-dimensional,
two-dimensional (2D) and mixed-dimensional materials, topological
materials, etc.) can develop polarization splitters, rotators, and isolators. For
instance, metamaterial-based waveplates have been extensively studied"*""*".
An example of conventional metasurface for polarization management
application and their integration with silicon is shown in Fig. 6d. Their
integration with integrated photonics components can open vast oppor-
tunities to achieve broadband and efficient polarization rotation'*>'*. The
rectangular lattice of cylindrical silicon Mie resonators was used to effi-
ciently reflect one polarization state and transmit another, hence working as
a polarization splitter'™. This can be used with silicon photonics to minia-
turize the polarization splitter designs. 2D materials (e.g., graphene, black
phosphorus) have been used to achieve Faraday rotation and
waveplates'™*’. An example of graphene-based terahertz isolator device is
presented in Fig. 6e'*. Incorporating other 2D materials into silicon can
significantly reduce footprint size'”. Further, 2D materials and their het-
erostructures can be used to miniaturize on-chip spectrometers by diver-
sifying the device’s tunability with silicon photonics and minimizing the

optical elements'®. Topological materials (e.g., Weyl semimetals'®', Dirac

semimetals) can be used to achieve inverse Faraday rotation due to their
non-trivial topology, which has various potential applications (e.g., quan-
tum computing)'*"'** as shown in Fig. 6f. Integrating these exotic materials
with conventional CMOS-compatible platforms is still in the early stages of
research. Still, they can potentially revolutionize the polarization manage-
ment field in silicon photonics.

Currently, there is still a need to develop miniature devices and
monolithic broadband integration of the aforementioned components
when it comes to fully functional PICs in applications where polarization
diversity plays a significant role. In addition to the utilization of the SOI
platform, the emerging two-dimensional materials with intrinsic in-plane
anisotropy and large light-matter interaction along its atomic layer have
created a new degree of freedom for the transmission, modulation, detec-
tion, and polarization management of light. For instance, tri-layer black
phosphorus has been demonstrated as a reconfigurable polarization con-
verter by electrical control, which finds the potential solution for the
development of CMOS-compatible polarizers and isolators'”’. Another
approach for ultracompact on-chip devices relies on the strong plasmon
resonance enhancement in graphene, which enables strong subwavelength
confinement and low loss. Combining graphene with resonator resonance
provides a new way to realize nonreciprocal high-contrast light isolation'®.
Despite a long way to compete with the well-developed technologies and
materials based on traditional SOI platforms, the exciting photonic prop-
erties and huge potential in two-dimensional materials have created a new
pathway to obtaining on-chip devices with improved indicators, such as
performance, footprint, cost, and CMOS compatibility. All these efforts will
make the silicon-based PIC more viable for future applications in coherent
receivers, polarization multiplexing transmission systems, and sensing.
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New approaches towards polarization management

Current on-chip polarization management methods have advantages and
disadvantages. For example, an MMI-based beam splitter is easy to fabricate
but has limited bandwidth. A complementary method of using a long MMI
is a simple way to improve, but it makes the device miniaturization
impossible. Further investigations focus on designing more efficient
polarization-independent MMI structures. On the other hand, beam split-
ters based on directional couplers are usually sensitive to polarization due to
the large birefringence in their asymmetric sub-micron waveguides. How-
ever, intensive fabrication is crucial to optimize the phase match, as cross-
coupling needs to be avoided. In comparison, the MZI structure shows
potential in the balance of performances, which has been demonstrated as
another optional solution for beam splitters with flexible design, easy fab-
rication, and compactness. The perspective view of a high-quality beam
splitter should consider extinction ratio, broadband operation, and fabri-
cation tolerance, pointing out that the interferometric structure is not an
optimal selection when bandwidth is a prior application scenario. An
alternative would be a short adiabatic coupler.

Along with the PBSs, PRs, and isolators provide key functionalities for
controlling mode polarization and sustaining unidirectional light propa-
gation in the photonics system. Present mode evolution rotators using
adiabatic structures generally need a longer size for orthogonal mode cou-
pling, which is not an optimal option for an integrated photonic system.
New strategies such as polarization-sensitive plasmonics and mode-
interference-based PRs find availability for higher on-chip integration. In
addition, techniques such as'” demonstrates the combination of beam
splitting and polarization rotation in one component to obtain arbitrary
control of polarization mode, which uses a TM,-TE; mode converter based
on an adiabatic bi-level taper and extends the concept to a polarization
splitter-rotator. High polarization extinction ratio, less complicated fabri-
cation, and good compatibility with silicon photonics platforms are the
benefits of this method.

Generating a full system function in the integrated photonics circuit
also requires unidirectional or bidirectional light propagation, usually rea-
lized by optical isolators or circulators. MO materials (such as YIG film)
showing a strong Faraday effect or other materials which is capable of
suppressing back propagation mode are in the core investigation stage for
the current state-of-the-art performance of optical isolators. Although
modified epitaxy growth approaches have been demonstrated for Faraday
rotation materials, new efforts are made to find low-loss replacements when
low energy consumption is vital for practical devices. New proposals should
focus on utilizing magnet-free elements in isolators (such as silicon, silicon
nitride, and iron garnets). As a counterpart element, an optical circulator
becomes more important in silicon-based PIC systems due to the need for
bidirectional light transmission. Integration with an MZI interferometer,
direct bonding with magneto-optical material, and coupling with a photonic
crystal cavity or ring resonator have shown perspectives in silicon
waveguide-based on-chip solutions. One of the best solutions is to achieve
an all-silicon-based Faraday rotator that does not need any bulk materials.

Novel applications

On-chip polarization management applications have mainly focused on
optical coherent systems, sensors, and quantum photonics. However, its
potential extends beyond conventional applications. By exploring diverse
applications in silicon photonics, we can harness the benefits of on-chip light
manipulation in shaping the future of various technological realms. For
instance, one can take advantage of polarization states of light for optical
cryptography and polarization-based quantum cryptography. The
researchers already demonstrated the chromo-encrypted technique using
silver-nanostructured and polarized light'. We can combine polarization
management applications with bio-photonics, using spectroscopic techni-
ques to detect various diseases and viruses. A recent example of this appli-
cation is the use of anisotropy of fluorescence light to do the rapid detection of
the SARS-CoV-2 RNA'”. On-chip polarization management components
(0,45, and 90" PRs) can make a compact optical detector for military

170

applications . Along with medical, military, and quantum applications, light
polarization can be used to enhance data storage density and computing
performance. The recent advancements in machine learning and artificial
intelligence (AI) demand specialized hardware with more storage and
computing speed. For example, researchers demonstrated the techniques to
improve data storage density and computing power using nanowires'”".
Based on the above discussion, we can expect numerous applications of on-
chip polarization components to be reported in the future.

To conclude, high-performance on-chip silicon photonics PICs have
made significant progress in the last decade. Polarization management plays
a vital role in achieving these optical systems. The development of state-of-
the-art PBSs, PRs, and non-reciprocal components opens a pathway for
scaling PICs following Moore$ law in photonics. Advancement in mono-
lithic integration of isolators and circulators will help to maximize the
scalability of PICs. However, there are still fundamental challenges to
developing magnetless-nonreciprocal components. We expect a bright
future due to the existence of novel methods and materials to achieve on-
chip polarization splitting, rotation, and Faraday rotation for various
applications.
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