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Abstract: Rapid advances in high-resolution chip lithography have accelerated nanophotonic device development on the Siliconon-Insulator (SOI) platform. The ability to create sub-wavelength features in silicon has attracted research in photonic band and
dispersion engineering and consequently made available a wide array of device functionalities. By drawing on recent
demonstrations, we review how periodic, sub-wavelength structures are used for passive wave manipulation in SOI device
design. The optical response is evaluated for both orthogonal polarizations at the telecom wavelengths of 1310 nm and 1550 nm.
The results offer a versatile toolkit for the integration of these features in conventional nanophotonic device geometries.
Notable benefits include a fine control of dispersion, wavelength and polarization selectivity, and broadband performance.
1

Introduction

products by companies such as Intel, IBM, Ciena, Ericsson,
Cisco, and Elenion. These components enable the generation,
manipulation, and detection of light with improvements in
speed, size, bandwidth, and power consumption.
Si opto-electronic integrated circuits are manufactured
using deep ultraviolet lithography (DUVL). The technique
enables complex chip architectures that require metallization,
doping, heating, multi-etching, and parallel exposure for
simultaneous chip fabrication. However, the lithography
resolution is low [6] and the lead time takes several months.
These limitations present an opportunity for a quicker method
of optical device development, the results of which could
inform the large scale, complex device designs in DUVL that
include opto-electronic control infrastructure. In the research
and development phase, electron beam lithography (EBL) is
often used due to its relatively short lead time and high
lithography resolution [7, 8]. These advantages of EBL have
lowered the barrier to entry for passive photonic device
development in SOI. Moreover, its high resolution has
facilitated novel methods of photonic band engineering using
sub-wavelength features. A limitation of EBL is the
scalability of chip fabrication via serial exposure, which
restricts its application to development environments. In the
future, extreme UVL [9] might offer another option to this
predicament.
Silicon photonic (SiP) technology exploits the high
refractive index contrast and mature fabrication processes of
the SOI platform at telecommunication wavelengths.
Although the absorption of bulk Si is negligible in this
range [10], SOI waveguides still exhibit propagation losses in
wafer-level photonic circuitry [11]. Attenuation is mainly
caused by scattering due to fabrication imperfections such as
lithographic smoothing, sidewall roughness, and mask
misalignment [12]. It is compensated to some extent by the
high index contrast between Si and SiO2, which enables
smaller devices and waveguide bends, and subsequently
denser circuitry [4]. However, their size is still limited
because increasing the overlap between confined light and the
Si sidewalls contributes further to scattering as seen in Bragg

Modern technology relies on the internet for data exchange,
research, media, and correspondence. As more nodes come
online for longer each day, an increased usage of
telecommunication networks has placed commensurate
demands on the infrastructure supporting online activities.
This demand has motivated a shift to higher frequencies in
the electromagnetic spectrum. In pursuit of lower latency,
reduced propagation loss, energy efficiency, and higher
bitrates, transmission lines in the global network have been
upgraded to optical fibres [1]. At nearly every scale, from
intercontinental submarine cables to intra-datacentre links,
communication signals are transmitted at the infrared
wavelengths of 1310 nm (O-band) and 1550 nm (C-band)
corresponding to the minimum dispersion and loss
wavelengths in silica optical fibres [2]. At the transceiver
nodes, signal processing is carried out by opto-electronic
circuits that interface with electronics hardware. Recent
advances in microfabrication and full-wave simulation
techniques have boosted on-chip opto-electronic device
design using suitable materials. III-V semiconductors
including Indium Phosphide (InP), Aluminium Gallium
Arsenide (AlGaAs), and Gallium Nitride (GaN), as well as
Silicon Nitride (SiN), are heavily used in lasers, detectors,
and gain media although device fabrication is limited by price,
scalability, and compatibility. They are complemented by the
Silicon-on-Insulator (SOI) platform, which uses silicon (Si)
as the waveguiding core surrounded by a silicon dioxide
(SiO2) cladding. SOI fabrication leverages mature techniques
from the Complementary Metal-Oxide-Semiconductor
(CMOS) industry [3] to provide low-loss, cost-effective,
mass manufacturable chip production. Its CMOS
compatibility makes it highly valuable to opto-electronic
telecommunications infrastructure [4, 5]. This immediate
application has boosted transceiver development toward
increasingly complex device designs at sub-micron
resolutions with high scalability [3]. Nowadays, hybrid
photonic components comprising integrated circuits from
both platforms are routinely incorporated into opto-electronic
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group velocity 𝑣g . The group index 𝑛g scales the group
velocity to the speed of light in vacuum. The spectral
dependence of either index is the basis of dispersion.
Dispersion is a measure of the spread of a pulse in time and
space during propagation. The dispersion relation of a
material describes its optical properties and consequently, its
spectrally selective interactions with light. This implies that
frequency and wavelength are coupled when accounting for
dispersion. In conventional materials, 𝑛(𝑓) > 1 meaning the
waves travel slower and with compressed wavelengths. For a
heterogeneous mixture of materials, its optical response
depends on the spatial distribution of each refractive index.
Interestingly, an ordered, periodic distribution of refractive
indices has an unconventional optical response for certain
frequencies. The nature of this interaction is controlled by the
relationship between the optical periodicity of the material
and the effective wave vector of the wave [30].

gratings [12], slot waveguides [13], and directional
couplers [14]. In this sense, device performance is dependent
on lithography resolution. This suggests that designs
incorporating sub-wavelength features would be extremely
lossy due to the number of small etch boundaries that interact
with light. On the contrary, sub-wavelength gratings (SWG)
only weakly interact with confined light [15] and their loss
profile is comparable to bulk designs. Such structures have
been integrated in waveguides [13], surface [16-18] and edge
[19, 20] fibre-chip couplers, directional couplers [21], and
polarization [22, 23] and power splitters [24].
Sub-wavelength features that have been incorporated in
different devices exhibit similar geometries [25-28]. These
similarities allude to a set of guidelines for sub-wavelength
engineering in SiP. The transition from bulk Si to subwavelength structures is reinforced by fundamental concepts
in photonic band engineering. Hence in this work, we present
an analysis of state-of-the-art sub-wavelength-based device
designs from the perspective of their photonic band structure.
In Section 2, we explain concepts in band engineering that are
necessary to understand the influence of sub-wavelength
features on optical behaviour such as coupling, changing
momentum, and pulse distortion. In Section 3, these concepts
are applied to single-mode waveguides that employ
diffraction, reflection, and propagation as device
functionalities. These include diffraction from surface
grating couplers and zero-index metamaterials; reflection,
resonance, and slow light propagation due to periodic
corrugations and holes; and finally, propagation in the subwavelength regime directed by the anisotropic propagation
constants of SWGs [29]. We extend this analysis in Section 4
to multimode waveguides that have been applied to power
and polarization splitters. In Section 5, we investigate
instances of sub-wavelength, pseudo-periodic features that
appear in designs generated by agnostic optimization
techniques such as natural evolution, inverse design, and
machine learning. These techniques produce devices with
excellent performance, but with complex operating principles
that cannot yet be explained, which reinforces the importance
of band engineering in SiP design. Finally, we present our
concluding remarks in Section 6. Although the scope of this
review is limited to the SOI platform, the designs can be
transposed other platforms by simply modifying the materials
and dimensions appropriately [30].
2

2.1

Periodicity and Wave Vector

A wave can be described by its spatial and temporal
frequency. Its temporal frequency 𝑓 is proportional to the
angular frequency 𝜔 and its spatial frequency is the
wavenumber 𝑘 that is inversely proportional to 𝜆 . The
⃗ provides a valuable degree of
direction of the wave vector 𝑘
freedom in modifying the effective wavenumber with respect
to a surface or interface. By controlling the angle of incidence
of the wavefront, the projection of its wave vector onto the
surface can be appropriately selected [31]. This directionality
allows each frequency to be associated with a range of
wavenumbers. For example, the refractive indices of Si and
SiO2 are 3.48 and 1.44 respectively, at a frequency 𝑓 of
193.41 THz [32]. As per equation (1), a wavelength 𝜆0 of
1550 nm in vacuum or free space would be compressed to a
𝜆 of 1076.4 nm in glass and to 445.4 nm in bulk Si. This
means that 193.41 THz light propagating through the SOI
cladding layer can only be phase-matched with the same
frequency in Si if the two waves propagate at an angle of
65.56° with respect to each other. This is depicted in Fig. 1(a)
where the phases of both waves are matched, as represented
by their wavefronts. The two lowest order modes, shown in
Fig. 1(b), are typically utilized in SOI designs to maintain
high confinement with a small device footprint.

Implications of Photonic Band Structure

The colour of light is determined by the energy of its
constituent waves or photons. Both the frequency and
wavelength of a wave quantify its energy. In vacuum, the
frequency 𝑓 is inversely proportional to wavelength 𝜆0 with
the proportionality constant being the speed of light 𝑐. Inside
a material, this relationship is scaled by the refractive index,
𝑛(𝑓) ∙ 𝑣p
𝑐
𝑐
(1)
𝑓=
=
=
𝜆0 𝑛(𝑓) ∙ 𝜆
𝜆0
Here 𝑣p is the phase velocity and 𝜆 is the wavelength of
light inside a material. The spectrally dependent refractive
index 𝑛(𝑓) specifies the relative velocity of a wavefront at a
given frequency. The direction of propagation of a wavefront
⃗ , which is
is described by the direction of its wave vector 𝑘
inversely proportional to the wavelength 𝜆. The propagation
speed of the wavefront inside a pulse is given by its phase
velocity 𝑣p whereas the pulse energy envelope travels at its

Fig. 1. (a) Two waves of the same frequency in a low (blue)
and high (red) refractive index material, and at an angle of θ
with respect to each other. The wavefronts (dashed, grey)
indicate that the waves are phase-matched at this angle.
(b) Electric field distributions of the fundamental (top) and
first order (bottom) modes in a grating [30].
The relationship between frequency and wavenumber
inside a material is a function of its refractive index tensor
and therefore its orientation and geometry. Any geometric
modifications are therefore equivalent to a spatial
2
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perturbation of the refractive index. At the sub-wavelength
scale, these modifications influence the effective index 𝑛eff
experienced by propagating light. In this manner, the optical
properties of a material can be tailored simply by rearranging
its spatial distribution within its surrounding environment.
Moreover, imposing a periodicity on these modifications
produces unconventional optical behaviour for light waves of
a comparable effective wavelength. Such a structured
material is called a photonic crystal (PhC) [33, 34]. It is
specified as a grating if the periodicity is onedimensional (1D) as seen in the inset of Fig. 2. The lattice
constant (or pitch) of a periodic index perturbation
determines its spectral response. The response can be further
tuned via the filling factor (or duty cycle) and scaled by the
refractive index. These parameters control the effective
optical periodicity of the material. Its spatial frequency
thereby offers an additional degree of freedom in controlling
optical interactions, which complements the directionality of
the wave vector. Hence, in any optical interaction, the
effective wavenumber is intimately coupled with the pitch of
a material in determining the nature of the interaction. The
periodicity of the index perturbation also causes the lines in
its dispersion diagram to split into bands.

The light cone includes all (𝑘, 𝜔) combinations above a light
line. The green bands in the light cone represent modes that
can couple to light in the cladding but as a result, typically
cannot propagate inside the PhC. The blue bands describe
waves propagating as modes in the PhC that experience a
higher effective index than the cladding.

2.2

Fig. 2. Band diagram of an SOI grating for the in-plane
polarization with a pitch of 500 nm, DC of 0.5, and thickness
of 220 nm. The propagation (blue), reflection (red) and
diffraction (green) regimes are also shown.

Band Diagrams

A sub-wavelength, periodic arrangement of the refractive
index gives rise to spectrally selective behaviour that can be
modelled from Bloch-Floquet theory [30]. The periodicity in
a PhC imposes certain constraints on its interaction with light.
The behaviour of light within such a periodically arranged
structure may be succinctly described by its photonic band
diagram. This diagram describes the nature and probability of
optical interactions with the PhC in the parameter space of an
optical wave. In other words, every combination of frequency
and wave vector that can interact with the PhC is represented
as a point on the band diagram. Mathematically, each point
represents the properties of a wave that produce a real,
continuous, and differentiable solution to the dispersion
relation [35]. A set of points forms a curve, or band, which
indicates the existence of an optical eigenmode for light to
occupy during an interaction. Each band therefore contains
all possible (𝑘, 𝜔) combinations of light that exhibit the same
electromagnetic field distribution in the PhC specified by the
corresponding eigenmode of the band. These modes are
referred to as Bloch or Floquet modes since the nature of
propagation is determined by the optical periodicity of the
PhC similar to regular modes in a bulk material.
An exemplary 1D band diagram of a grating pitch of 500
nm is shown in Fig. 2. The ratio of the width of the core
material 𝑎 to the pitch Λ is defined as the filling factor or duty
cycle (DC). For a DC of 0.5 shown in Fig. 2, the core and
cladding regions contribute equally to the overall optical
impedance. Since the pitch and wavenumber are coupled in
an optical interaction, the spectral position of the gap in the
bands is controlled by the pitch. Similarly, the effect of the
DC on the band structure can be inferred as a closing of the
band gap toward the lower band for a DC > 0.5 and toward
the upper band for a DC < 0.5. Also shown in Fig. 2 are
regions in the band diagram where light is diffracted,
reflected, or propagated depending on the availability and
position of bands in its spectral range. Since a SOI device is
surrounded by SiO2 cladding, the light line mapped in this
diagram describes the propagation of light in the cladding.

The relationship between the spatial and temporal
frequency of an optical wave inside a PhC is mapped by its
band diagram. Optical frequencies in the telecommunication
range are plotted on the vertical axis. Wave vectors that can
be associated with these frequencies are plotted on the
horizontal axis as a function of their spatial frequency in
relation to the pitch of the PhC. As explained in section 2.1,
changing the angle of the wave vector relative to the PhC is
equivalent to moving horizontally along the band diagram
and selecting a wavenumber. In this context, the phase
velocity of a wave is determined simply from its (𝑘, 𝜔)
position in the band corresponding to its mode. Its group
velocity is the slope of the band at that point.
𝜔
𝑑𝜔
(2)
𝑣p = 𝑓𝜆 = ,
𝑣g =
𝑘
𝑑𝑘
The speed of light in the SiO2 cladding, for example, is
given by the slope of the light line in Fig. 2. The band diagram
of a PhC can be used to calculate its coupling efficiency to
modes, that is, the probability of light coupling to points on
the bands. It therefore indicates the density of optical states
accommodated in the PhC as well as the extent and nature of
optical interactions. For these reasons, the behaviour of
structures presented in this paper will be described in the
context of their band diagrams. The band diagrams in this
paper were mapped from 3D Finite-Difference-Time-Domain
(FDTD) simulations of infinite, planar, 2D PhCs with a Si
core thickness of 220 nm and SiO2 cladding. Spectrally
dispersive refractive indices for both materials were used [36].
The TE and TM polarizations were excited by in-plane
electric and magnetic dipoles respectively. Bloch periodic
boundary conditions were imposed on the in-plane directions
of the unit cell while perfectly matching layers were used as
the vertical boundaries. Calculations were performed on the
first Brillouin zone with the symmetry points labelled as Γ, Χ,
3
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Μ, and Κ depending on the lattice configuration [30]. The
intention behind these band diagrams is to provide an
intuition for the physical significance of band structure and
thereby explain the influence of PhCs on the performance of
SOI device designs. There are three distinct regimes of optical
interaction that are evident in any band diagram – propagation,
reflection, and diffraction.
2.2.1

this regime is called a Bragg grating. Such a PhC only
supports standing waves with zero group velocity. An
exception to this rule is Dirac-cone based metamaterials
where two bands intersect and their homogenization yields a
linear dispersion with real, finite group velocities [26].
2.2.3

The light cone of the cladding represents the diffraction or
radiation regime. Points above the light line represent light
waves that interact with but are not confined to a PhC. These
lossy modes are responsible for diffraction and coupling
between the PhC and the cladding. For example, the second
order mode of the grating in Fig. 2 crosses over the light line
resulting in only the larger wavenumbers being confined. In
this sense, the grating pitch determines the coupling angle and
bandwidth of each diffractive order. The wave vector of light
incident on a grating coupler (GC) at an angle 𝜃 can be
separated into two components – a vertical component 𝑘⊥
normal to the surface of the GC and a horizontal component
𝑘∥ along the plane of the GC. Light can couple with a GC if
the in-plane component 𝑘∥ constructively interferes with the
wave vector 𝑘eff of confined light in the GC. Mathematically,
the difference between the two wave vectors must be an
integer multiple of 2𝜋 [40],
Λ𝑘eff − Λ𝑘∥ = 2𝜋𝑚, 𝑚 = 0, ±1, ±2 …
(5)
Under this condition, the incident and confined wave
vectors are phase matched, allowing for energy to be
transferred between the two waves as depicted in Fig. 1 (a).
The above equation can also be interpreted as the grating
imparting a 2𝜋/Λ change in momentum to an incident wave.
In this sense, the periodicity of the grating allows access to
wave vectors outside the first Brillouin zone of the lattice by
translating them. When the k-vector of a scattered wave is
outside this zone, it is mathematically transformed to a vector
inside the zone by the addition or subtraction of reciprocal
lattice vectors. This can result in a k-vector with a different
direction than the original k-vector. This phenomenon of
Umklapp scattering [41] explains the unconventional effect
of PhCs on the momentum and direction of light without
which it would appear that momentum was not conserved. In
the reverse direction, confined light propagating as 𝑘eff in the
plane of a GC is diffracted at angles that permit constructive
interference between the waves radiating from the interface
discontinuity of each period in the GC. Assuming 𝑘∥ exists in
the cladding, the diffraction angle of the 𝑚th order is,
𝑚𝜆
𝑛eff −
𝑎 , 𝑚 = 0, ±1, ±2 …
(6)
sin 𝜃 =
𝑛cl
The first order 𝑚 = 1 is typically used due to its practical
accessibility and coupling efficiency. Note that the 𝑘⊥
component is directly incident on the GC at an angle of 0°
corresponding to the Γ point on the band diagram. As it does
not play a role in coupling, it exerts a force on the grating [42].
The Bloch-Floquet mode in this regime is lossy, which is a
necessity for coupling to free space due to reciprocity
considerations. In Section 3, these concepts will be further
examined in the context of single-mode waveguides and their
application to device functionalities.

Propagation

The light line of the cladding imposes an upper bound on the
conditions for light confinement. Below the light cone, light
waves are confined to the PhC as Bloch modes whose
propagation is described by the position and shape of their
corresponding bands. A straight band hosts a constant group
velocity for optical frequencies that intersect with its region
of constant slope. Within this spectral range, a pulse would
retain the shape of its energy envelope during propagation. If
the intercept of the band is zero, then the phase velocity is
equal to the group velocity. An optical pulse within this range
would be undistorted because the envelopes and wavefronts
of its frequency components would propagate at the same
velocity. This region of linear dispersion is the relatively
straight section of the lowest band near the Γ point where 𝑘 →
0. It is called the sub-wavelength regime [37] because the
periodicity of the PhC is smaller than the effective
wavelengths interacting with it. As the periodic index
perturbations of the PhC are effectively homogenized at this
scale, it can be modelled using effective medium theory [38,
39]. The birefringent effective indices n∥ and n⊥ of an
infinite, planar SWG can be approximated by Rytov’s
equations [39],
𝑎 2
𝑎 2
𝑛∥2 = ( ) 𝑛co
+ (1 − ) 𝑛cl
Λ
Λ
(3)
1
𝑎 1
𝑎 1
2 = (Λ) 𝑛2 + (1 − Λ) 2
𝑛⊥
𝑛𝑐𝑙
𝑐𝑜
Here 𝑛𝑐𝑜 and 𝑛𝑐𝑙 are the refractive index of the core and
cladding respectively. The components 𝑛∥ and 𝑛⊥ refer to
electric field polarization direction being either parallel
(propagating in the X direction in Fig. 1) or perpendicular (Z
or Y direction in Fig. 1) to the grating lines. A mode in the
sub-wavelength regime has a lowered effective index than the
core and is therefore higher than the light line of the core. As
the index is inversely proportional to velocity, steeper bands
due to a lowered group index indicate faster propagation.
Along the propagation direction, the width of a SWG can be
narrowed to form a waveguide. Sufficiently narrow SWG
waveguide widths support delocalized modes [15] since the
wavelength is much larger than the pitch. These Bloch modes
have a higher group velocity than equivalent modes in a
regular waveguide. Additionally, the spectrally insensitive
index asserts a uniform response over a broad bandwidth.
2.2.2

Diffraction

Reflection

Taking dispersion into consideration, no propagation occurs
for wavelengths that are even integer multiples of the pitch as
per the Bragg condition,
𝜆 = 2𝑚𝑛eff 𝛬, 𝑚 = 0, ±1, ±2 …
(4)
In the Bragg regime, the equivalence of the effective
wavelength with the periodicity of a PhC causes forward and
backward scattered waves to cancel each other resulting in
resonance or reflection. There are no real solutions to the
dispersion equation in this range because modes are not
supported by the PhC. A corrugated waveguide or SWG in

3

Single-Mode Devices

A periodic refractive index distribution gives rise to
unconventional optical phenomena such as slow light,
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resonance, diffraction, and lossless propagation [43-45]. We
now evaluate these phenomena from the perspective of their
influence on a fundamental building block, that is, a single
etch, single-mode waveguide in which propagation can be
analysed almost exclusively. By imposing periodic geometric,
or equivalently, index perturbations onto single-mode, strip
waveguides, we can interrogate the behaviour of confined
wave propagation almost independently of interference,
phase modulation, or absorption effects. The approach
therefore directly informs the design of surface grating
couplers and zero index metamaterials in the diffraction
regime, Bragg gratings and PhC nanocavity waveguides in
the resonance regime, and edge couplers and SWG
waveguides in the sub-wavelength regime.
3.1

SOI Waveguide with Periodic Corrugations

The SOI platform hosts Si waveguides in an SiO2 cladding
with corresponding refractive indices of 𝑛core ≈ 3.48 and
𝑛clad ≈ 1.44 respectively [12], within the telecommunication
wavelength range. Since the effective wavelength 𝜆eff for a
waveguide mode depends on the index [15], this restricts the
cross-sectional dimensions to approximately 500 nm along
the axes transverse to the propagation direction. A narrower
width would reduce modal confinement and prevent guiding,
as well as increase sidewall scattering losses. However, the
typical thickness of Si crystal growth on a buried oxide (BOX)
layer is only 220 nm [46]. This fails to confine the out-ofplane, transverse magnetic (TM) polarizations which instead
propagate through the cladding. Only the in-plane, transverse
electric (TE) modes are properly confined to the 500 nm
width albeit with different effective indices than TM. The
fundamental mode profiles for TE and TM polarized light in
a standard SiP waveguide are shown in Fig. 3. This effective
birefringence in Si waveguides highlights the need for
polarization diversity in SiP circuits [47] despite Si being
negligibly birefringent.

Fig. 4. Band diagram of a corrugated waveguide (red, and
middle inset) and grating (green, and bottom inset) with a
pitch of 210 nm and DC of 0.5. The light lines of the cladding
(black) and core (blue) are also shown.
As illustrated in the insets of Fig. 4, a strip waveguide (of
width 500 nm) has a corrugation depth of 0 nm. A depth of
125 nm is commonly used as a frequency filter, and a depth
of 250 nm completely etches the core, leaving behind
periodically spaced pillars. For long wavelengths, the latter
two cases permit light propagation as Bloch modes despite
being discontinuous with scattering boundaries. A gap
between the bands is caused when the periodicity of the index
perturbations fulfills the Bragg condition. Since the
corrugations reduce the contribution of Si to the lower index
segments of the grating, the overall effective index is lowered
causing the bands to shift upward indicating higher
propagation velocities and longer effective wavelengths.
Deepening the corrugations increases the effective index
difference between the corrugated and normal segments
thereby widening the gap further. As the energy density of
the mode corresponding to the second band is concentrated in
the corrugated, lower index region [30], as shown in Fig. 1(b),
a deeper corrugation would relatively increase the energy of
the system and consequently, its associated phase velocity. In
this way, the corrugation depth and fill factor can be used to
raise or lower the bands.
3.2

Fig. 3. Cross-sectional profiles of the magnitude of the
electric field component of the fundamental (a) TE and (b)
TM modes confined to a Si waveguide with a thickness of 220
nm and a width of 500 nm surrounded by SiO2 cladding.

Diffraction Coupling

When the pitch of a grating is larger than the effective
wavelength of confined light, scattering occurs at the
mismatched impedance boundaries. Although scattering at an
interface discontinuity is isotropic, the periodicity of the
grating exerts restrictions on scattering in the form of angles
of constructive and destructive interference. These angular
regions map out the diffraction orders of the grating, which
are the higher order modes within the light cone of the band
diagram. Normally, only the lower diffraction orders are
harnessed in surface fibre-chip GCs. The band structure of a
SOI grating pitch of 400 nm is shown in Fig. 5 where both
telecom wavelengths couple to the grating modes at different
k-vectors [16] but only the O-band is diffracted.

As the TM mode profile overlaps much less than TE with
the waveguide cross-section, it is less susceptible to
geometric perturbations or sub-wavelength features present
in the waveguide [15]. Fig. 4 shows an exemplary 1D band
diagram for a Si waveguide with periodic corrugations along
its sidewall at different depths and a pitch Λ of 210 nm. The
duty cycle was maintained at 0.5, setting the corrugation
width equal to the spacing between successive corrugations.
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polarized light is larger due to a higher overlap with the
waveguide cross-section, as depicted in Fig. 3. Such
corrugated waveguides are used as frequency filters or
contra-directional couplers [60, 61]. The depth of a Bragg
filter is determined by the number of grating periods as well
as fabrication fidelity. Resonant effects are prevalent after
only a few periods. Lithographic smoothing at the corners of
each corrugation reduce the step impedance between sections,
which manifests as a reduction in the bandwidth and isolation,
as can be seen in the dashed and dotted lines of Fig. 6(b).

Fig. 5. Band diagram of a SOI grating for TE (solid red) and
TM (dashed blue) light with a pitch of 400 nm and DC of 0.5.
The insets show a (top) profile view and (bottom) top-down
view of its implementation in a GC.
Grating couplers in the SOI platform normally have a large
pitch of around 900 nm to access modes above the light line
(upper bands in Fig. 5) from within the telecom frequency
range so that incident light can couple from free space. Due
to their large pitch requirement, and consequently large
feature sizes, GC resolutions are typically CMOS-compatible.
Most designs utilize a lower effective index difference
between the alternating sections of the grating to optimize the
coupling efficiency and bandwidth by easing the transition to
free space. This is achieved by increasing the cladding index
through partial etches or sub-wavelength structures that draw
on concepts in effective medium theory [38, 39]. Designs
using 2D PhCs [48-51] also offer polarization, mode, and
frequency selective functionalities.
Recently, the realization of on-chip, zero-index
metamaterials [52] has introduced a new regime of radiation
that is emitted transverse to the direction of propagation of a
waveguide in both the in-plane and out-of-plane directions.
Analogous to the electric band structure in graphene, this
phenomenon was made possible by a Dirac cone at the Γ (k=0)
point of a PhC [53]. A Dirac cone is a band-crossing that
exhibits linear dispersion (constant group velocity) in both
bands for frequencies near the crossing. The position of the
bands in the Brillouin zone gives rise to an infinite phase
velocity and wavelength. Using the lattice parameters of the
PhC, its spectral position can be aligned to frequencies within
the telecom wavelength range. This has recently been realized
in CMOS-compatible feature sizes on the SOI platform [54,
55]. Radiation modes can also be excited transverse to the
axis of a zero-index metamaterial waveguide resulting in farfield directional couplers [14] and other phenomena [26, 56].
3.3

Fig. 6. (a) Band diagram of a SOI Bragg grating for TE (solid
red) and TM (dashed blue) modes with a pitch of 300 nm, DC
of 0.5, width of 500 nm, and 125 nm corrugations [12]. The
insets show its implementation in (top) a Bragg grating that
(bottom) reflects 1550 nm light. (b) Simulated degradation of
its optical response (dashed and dotted lines) due to
increased lithographic smoothing [12].
In contrast to sidewall corrugations, a periodically varying
dielectric permittivity has also been incorporated in
waveguides by embedding holes along its axis as seen in Fig.
7. The holes impose a sinusoidally varying effective index
that asserts a stopband similar to the Bragg grating. Such PhC
waveguides have been used as resonant or slow light cavities
[62, 63] and as optomechanical nanobeam cavities [64, 65]
for sensing or modulation [66, 67]. In most resonant cavity
designs using corrugated sidewalls or axial holes, backreflections have been minimized by an apodization of the hole
diameters [68]. Such a gradually increasing step index
difference provides a smoother transition to the step index
profile of the resonant waveguide and consequently better
overall performance.

Bragg Reflection

Arguably the most recognizable diffraction element in guided
wave optics, Bragg gratings operate as band-stop filters [5759]. The extent of Bragg reflection can be tuned to either
reflect, transmit, or slow down light thereby inducing a
resonant effect along the length of the grating. Fig. 6 shows
the band diagram and the transmission and reflection profiles
for a Bragg grating of pitch 300 nm that has a 3-dB bandwidth
of 20 nm in the O-band [12]. Note that the band gap for TE
6
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Fig. 7. Band diagram of a SOI square lattice with a pitch of
360 nm and increasing hole diameters of 70 nm (solid), 90 nm
(dashed), 110 nm (dotted). The insets show its
implementation in (top) a PhC cavity waveguide supporting
(bottom) 1550 nm pulse propagation.

Fig. 8. Band diagram of a SOI SWG for TE (solid red) and
TM (dashed blue) polarizations with a pitch of 200 nm and
DC of 0.5. The insets show its implementation as (top) a SWG
edge coupler [19] supporting (bottom) 1550 nm pulse
propagation.

Similar to a PhC waveguide, the bandgap in a 2D PhC slab
has also been demonstrated in its capacity for waveguiding
by introducing a line defect [63, 69]. Such designs exert a
high confinement factor on light propagating through the
defect, which allows for extremely dense routing with 90°
bends [70]. However, as the defect exists within the bandgap
of the 2D PhC, the bandwidth supported by a PhC slab
waveguide is much lower than regular waveguides.
Alternatively, light can also propagate as Bloch modes
confined to a waveguide by implementing gratings designed
in the sub-wavelength regime.

A valuable property of SWGs is their linear dispersion
profile at long wavelengths, which translates to a spectrally
independent phase velocity and effective index. This property
allows SWGs to be used in highly broadband devices
covering both the O and C bands. Furthermore, it has been
recently demonstrated that such waveguides are extremely
tolerant to fabrication imperfections and can support efficient
light propagation even across missing or deformed
gratings [72]. Note that eliminating a SWG section would be
akin to doubling the periodicity at a fill factor of 0.25 albeit
for barely 1-2 periods. This effect is inconsequential because
the strength of PhC behaviour depends on the number of
periods contained by the PhC. A DC of 0.5 is typically
maintained for single-etch SWG waveguides to maximize
their fabrication tolerance, although dispersion can still be
fine-tuned by changing their width, pitch, or tilt.
The laminar, periodic structure of a SWG exhibits similar
optical behaviour to a homogeneous, uniaxial crystal [29].
Bloch modes propagating through a SWG are subjected to an
anisotropic effective index. For comparison, the effective
index of a fundamental, TE polarized Bloch-Floquet mode
propagating across a SWG (as seen in Fig. 4 and Fig. 2) is
about 2.66 using equation (3), whereas it is 1.88 when
traveling along the grating elements [29, 39]. The TM
polarization is less influenced by the grating angle because its
direction of polarization is always parallel to the interfaces
irrespective of its direction of propagation. Indeed, the
effective index of the TM mode increases slightly when
angled with respect to the grating [29]. Alternatively, it has
been shown that the grating angle itself can be tilted in a SWG
waveguide thereby modifying the effective index. In such a
case, the phase front of the modes is also tilted proportional
to the grating [73] and can be determined from their wave
vectors using the dispersion equation [29, 35]. This
manifestation of tilt in the band diagram of a SWG waveguide
requires a treatment of the grating as a periodic, laminar,
multilayer stack [30]. The effect can be seen in the 2D band
diagram of Fig. 9 for a SWG with a period of 250 nm [29]
where a tilt of 45° was demonstrated.

3.4

Sub-wavelength Propagation

If the pitch of a grating is smaller than the effective
wavelength of interacting light, then light may propagate
through the PhC as a Bloch mode. Such modes have a low
overlap with the sidewalls of the grating, which facilitates
relatively low loss, diffraction-less propagation due to
negligible scattering from any sidewall roughness [15]. A
SWG exhibits anisotropy due to its directional periodicity and
can therefore be treated as a uniaxial crystal. The effective
index experienced by modes in a SWG-based waveguide
depends on the direction of the SWG axis with respect to the
polarization direction, as shown in equation (3). In the deep
sub-wavelength regime, a SWG can be modeled using
effective medium theory [38, 39]. The maximum pitch
supported for a SOI SWG waveguide propagating the O and
C bands has been demonstrated at around 200 nm [19] as
shown in Fig. 8, beyond which the Bragg condition is
approached. Individual segments of the grating may be tuned
to regulate the mode size or match the effective index in
transitioning to a strip waveguide. These parameters have
been applied to an edge coupler design with a polarizationindependent coupling efficiency of 92% over a 100 nm
bandwidth [71]. By reducing the size of individual segments,
the effective index was lowered, and the mode size was
enlarged to match propagation to a single mode fiber.
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perturbation of the effective index. In this situation, the
fundamental mode leaks energy into higher order modes
causing multi-modal propagation. It is analogous to a charged
particle traveling across a potential drop. Waveguides that
incite and support higher order modes are referred to as multimode interferometers (MMI) due to their characteristic
interference patterns caused by the superposition of the
modes [77]. Antinodes formed at each self-imaging length in
the MMI can be extracted as a single mode, and subsequently
applied to intensity or polarization splitting. Additionally, the
integration of sub-wavelength structures such as SWGs or
PhCs in MMI-based device designs has been shown to
appreciably improve the insertion loss, extinction ratio, and
bandwidth [22, 24, 78].
4.1

A drastic change in waveguide width excites higher order
modes of which each propagates with its own propagation
constant 𝛽 = 2𝜋𝑛eff ⁄𝜆 . Their mutual interference produces
self-images of the input at beat lengths 𝐿π that depend on the
propagation constants of the first two modes 𝛽0 and 𝛽1 [77],
2
𝑝
3𝑝
𝜋
𝑝 4𝑊eff
𝐿SI,p → (3𝐿π ) =
(
)≈ (
𝑛
) (7)
2
2 𝛽0 − 𝛽1
2 𝜆0 core
A single image is formed at every even value of 𝑝 whereas
a two-fold image is formed at every odd value. The paraxial
approximation for 𝐿π is valid for MMIs with a high refractive
index contrast as in the SOI platform. In this case, the
effective width 𝑊eff can be approximated by the MMI width.
As intensity splitters, MMI-based designs have been shown
to offer an appreciable bandwidth and fabrication tolerance
due to their large cross-section and feature sizes. Additionally,
by integrating a SWG into the MMI, its effective index is
reduced, thereby shortening the beat length (as calculated
from the phase constants) and allowing for smaller
designs [78]. As explained in Section 3.4, the linear
dispersion of the mode in the sub-wavelength regime also
enhances the operating bandwidth tremendously [79]. This
point is illustrated in the band diagram of Fig. 10 that shows
a constant slope and therefore a constant, reduced effective
index across the telecom O and C bands.

Fig. 9. Band diagram for a SOI SWG for TE (solid red) and
TM (dashed blue) polarizations with a pitch of 250 nm and
DC of 0.5 [29]. The insets show its implementation in (top) a
tilted SWG waveguide supporting (bottom) 1550 nm pulse
propagation.
From this perspective, the SWG waveguide can be
interpreted as a 2D lattice with the propagation directed by its
tilt angle 𝜃 . When the angle is increased and pitch Λ is
maintained, the effective grating pitch Λeff along the
direction of propagation is increased to Λ sec 𝜃. Decreasing
the effective grating vector consequently reduces the energy
ℏ𝜔 required to support modes. In the context of dispersion,
the bands are therefore lowered in frequency. Lowering the
bands allows access to modes in the Χ-Μ region of the crystal
reciprocal lattice that were originally in the sub-wavelength
regime for a grating tilt of 0°. Conversely, a propagating
mode originally available in the Γ-Χ region now enters the
Bragg regime and is instead guided along the tilt direction in
the Χ-Μ region. In this manner, the grating tilt offers an
additional degree of freedom to engineer the effective index
albeit at the cost of higher dispersion. The convenience of
using the tilt angle as a parameter for passive wave
manipulation is that it does not require smaller feature sizes
at larger angles. A rather aggrandized extrapolation of this
concept that is still within the realm of single mode
waveguiding, is a completely tilted SWG with an angle of 90°
but only two periods [66]. Although such a design supports
lateral light propagation as a slotted waveguide, it is a
different physical phenomenon because of its equivalence to
a potential barrier with a thin well in which the pulse is highly
confined [74]. The slot offers a strong interaction with its
confined mode, which can also be achieved by suspending the
SWG albeit for longer wavelengths [75, 76]. Using multiple
grating periods allows for homogenization, and across a
sufficiently wide cross-section, higher order modes are
excited. This has been extensively explored in the context of
multi-mode waveguides.
4

Intensity Splitters

Multi-Mode Devices

The fundamental mode profile of confined light in a single
mode waveguide can be expanded to any desired width by
adiabatically tapering it. A sufficiently gradual taper does not
perturb the effective index along the direction of propagation,
and therefore retains its mode profiles. On the other hand, a
sharp expansion of the waveguide width induces a strong

Fig. 10. Band diagram of a SOI SWG for TE (solid red) and
TM (dashed blue) polarizations with a pitch of 190 nm and
DC of 0.5. The inset shows its implementation in a MMIbased 2×2 intensity splitter [78].
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The 2×2 MMI shown in the inset of Fig. 10 demonstrates
an equal splitting ratio between both ports over a bandwidth
of 300 nm [78]. In such a SWG-based MMI, the beat length
in equation (7) is calculated from the propagation constants
of the fundamental and first-order Block-Floquet modes. The
choice of a single or two-fold imaging length depends on the
design constraints, such as whether filtering or splitting is
required. If a higher splitting ratio is required for applications
such as monitoring the power through a waveguide, the same
concept may be applied to the design of a variable intensity
splitter as shown in Fig. 11. By using a central input and
extracting light at the two-fold imaging length, a 1×2 MMI
was developed as a power tap for the C-band [80]. In this
application, one output could be connected to a photonic
integrated circuit with the other to a detector. The splitting
ratio was tuned using the device geometry by cutting a corner
of the MMI at the side that was designated as the lower power
output. Variable splitting ratios were achieved for a 225 nm
pitch over a bandwidth of 100 nm [24].

structural anisotropy of the device. In doing so, the effective
index of the TE polarization can be increased across the
spectrum whereas the effective index for TM light is
negligibly affected due to its propagation mainly through the
SiO2 cladding. By fine-tuning the tilt parameters to produce
the device shown in Fig. 13, the TE self-imaging length was
reduced so that the overall device length was shortened to less
than 100 μm without compromising on bandwidth or
extinction ratio.

Fig. 11. Integration of a SWG in the design of a 1×2 MMI
variable intensity splitter [24].
The broad bandwidth and customizable splitting ratios
offered by SWG MMIs lays the basis for SiP transceiver
designs that operate across the entire telecommunications
spectrum. Evidence of this claim is in the performance
enhancements realized for polarization splitters that utilize a
PhC or SWG in an MMI-based design.
4.2

Fig. 13. Band diagram of a SOI SWG for TE (solid red) and
TM (dashed blue) polarizations with a pitch of 220 nm and
DC of 0.5. The inset shows its integration in the design of a
PBS with a 7° tilt [79].
A tilted SWG PBS supports a TE direct image at the same
length as the TM mirrored image due to its anisotropyinduced birefringence. This is due to the ratio of the effective
indices for propagation directions parallel and perpendicular
to the grating elements [78]. In the context of the band
diagram in Fig. 13, a higher position of the fundamental TM
mode at the X point indicates a higher phase velocity and as
such, a lower effective index for TM light propagating across
the grating, as well as a higher index of the TM mode
propagating along the grating at the M point. This higher ratio
between the indices results in a longer beat length for TM
light, which also explains the reasoning behind the design in
Fig. 12. In this manner, the position of the TE output port can
be made to coincide with the location of the TM port along
the propagation length. The improved performance suggests
that integrating a tilted SWG into an angled MMI PBS
design [81] could possibly reduce the form factor further
while maintaining the operation bandwidth.
High extinction ratios could also be achieved by filtering
the TE polarization at the TM output, as has been shown
in [82] and its SiP equivalent [83]. In these designs, a PhC
with a triangular lattice was embedded in a conventional
MMI as can be seen in the schematic of Fig. 14. The 2D band
structure of the PhC opened a bandgap for TE polarized light
that was collected as a back-reflection. TM light, however,
propagated unhindered in the sub-wavelength regime and was
collected at its mirrored self-imaging length.

Polarization Splitters

An asymmetric waveguide cross-section in the SOI platform
causes birefringence due to an inherent effective index
difference between the fundamental TE and TM mode
profiles as seen in Fig. 3. However, polarization and mode
division multiplexing are often incorporated in SiP circuit
design. This introduces the need for polarization diversity in
SiP circuits, for which polarization splitters are essential. An
intuitive solution is to exploit the effective birefringence in
SOI devices for polarization discrimination. Similar to the
MMI design in Fig. 10, a polarization splitter has been
demonstrated [22] with a dual polarization input and separate
TE and TM outputs. Using the difference in effective indices,
and consequently different beat lengths, a self-image of the
input was produced at different propagation lengths for each
polarization. As can be inferred from the schematic in Fig. 12,
the TE beat length was approximately double that for TM.
The integration of a SWG with a pitch of 180 nm into the
MMI-based polarization beam splitter (PBS) design
broadened its bandwidth to 100 nm.

Fig. 12. Integration of a SWG in the design of a PBS based
on the 2×2 MMI [22] shown in Fig. 10.
As described in Section 3.3 for SWG design, the grating
tilt may be used as an additional parameter for controlling the
effective index in a PBS [79]. The grating tilt controls the
9
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photosynthesis. Indeed, diatoms grow a biosilica shell that
hosts a lattice of periodic perforations resembling a 2D PhC
[95, 96], which is speculated to assist in light harvesting.
Evidence to corroborate this speculation is mounting, such as
recent numerical analyses of the band structure of the shell
[97] as replicated in Fig. 15 for the Nitzschia Filiformis
species.

Fig. 14. Band diagram of a PhC for TE (solid red) and TM
(dashed blue) polarizations with a 390 nm pitch hosting a
triangular lattice of holes of radius of 117 nm. The inset
shows its integration in the design of a MMI-based PBS [83].
Note that the devices described in this paper have been
selected for the straightforward design approach they employ.
Many other sub-wavelength designs have been proposed for
polarization splitting [37] such as contra-directional couplers
that filter polarizations [61], directional couplers that separate
polarizations [14], and polarization rotators [84, 85].
Furthermore, sub-wavelength structures have been
incorporated into a number of SiP device designs including
Mach-Zehnder interferometers [86], rings [87], switches [88],
detectors [89], demultiplexers [90], and lasers [91, 92].
Interestingly, the successful integration of sub-wavelength
structures in nanophotonic device design also extends beyond
our level of understanding. At this extreme, devices utilizing
dispersion engineering have been realized through natural
and artificial means by optimizing the geometry directly.
These designs meet their performance targets despite a lack
of knowledge surrounding the device physics.
5

Fig. 15. (a) Band diagram of a biosilica frustule with square
(purple) and triangular (green) lattice configurations with
pitches of 330 nm and 300 nm respectively, for water holes of
80 nm diameter. (b) The absorption spectrum of
chlorophyll A with peaks at 449 nm and 660 nm [98].
An examination of this band structure reveals promising
insights into their light harvesting mechanisms. For example,
pseudogaps in the band diagram are seen to coincide with the
absorption peaks of chlorophyll A. This high density of
optical states suggests a slow light effect to compensate for
the limited photosynthetic conversion rate of the chloroplasts
during periods of heavy illumination. The PhC topography
also exhibits a certain level of disorder, which could be
interpreted as fabrication imperfections if every species did
not exhibit similar topographical disorder. However, the
proliferation of diatoms over several millennia of evolution is
testament to the level of optimization that they have
undergone through selective mutations. We therefore
speculate that disorder induces a higher fabrication tolerance
by effectively smearing the band structure around the
absorption peaks to increase the bandwidth of the pseudogap
effect. Similar disorder has been observed in designs that
demonstrate an improved fabrication tolerance [72, 87, 99] as
compared to regular periodic perturbations. This has been
further verified by computational optimization techniques for
nanophotonic device design.

Extension: Optimized Devices

The application space for sub-wavelength integration in SOI
is relatively new with most of the previously mentioned
devices having been demonstrated in the last few years. This
raises the question of how much further these functionalities
can be optimized. We therefore turn our attention to designs
generated by state-of-the-art optimization processes.
5.1

Evolution: Natural Selection

Photosynthetic organisms absorb solar energy to activate
chemical processes that produce oxygen and drive the carbon
cycle. Up to 40% of photosynthetic activity is driven by
aquatic phytoplankton called diatoms [93]. More than
150,000 species of diatoms have evolved to thrive in most
aquatic habitats. Yet despite their ubiquity, diatoms utilize
fairly conventional pigments such as chlorophyll A that offer
no apparent advantage to the photosynthetic process [94].
Additionally, their limited motility in the turbulent photic
zone indicates a lack of directional orientation toward the sun,
which puts them at a significant disadvantage. This is why
their proliferation in such circumstances suggests the
possibility of a physical mechanism that aids the diatom in

5.2

Computational Optimization

An explosive growth in numerical simulations employing
nonlinear and topology optimization algorithms has
accelerated design principles in many fields [100, 101] of
which nanophotonics is no exception. Advanced pattern
recognition algorithms using artificial intelligence have
produced designs that contain insights beyond known
engineering principles. Many categories of these optimization
algorithms have been investigated in the context of SiP design
optimization. A gradient-based search tests for convergence,
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computes a search direction and step length, and then iterates
through the parameter space of a device design to improve its
performance. A combinatorial search optimizes feasible
solutions by eliminating infeasible results. Neural networks
on the other hand, use one-time training instances to build and
curate a large dataset of examples from which to infer patterns.
Although iterative optimization techniques are appreciably
more informed than the relatively blind methods of machine
learning, both produce informative results. For example,
polarization splitters have been realized using inverse design
[102, 103] and nonlinear optimization [104] techniques.
These methods have produced the MMI-based PBS device
designs in Fig. 16, which are similar to those presented in
Section 4.2 albeit with the utilization of currently
undeveloped mechanisms of dispersion engineering.
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