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Abstract—This paper presents an overview of lateral leakage in
silicon photonics due to polarization coupling between the guided
mode of a ridge waveguide and unguided slab mode in the etched
cladding. We explain the physical origins and provide insight into
how this effect can be suppressed or harnessed. We show how lateral
leakage can manifest as new resonant behaviour and explore this
effect in the context of bound states in the continuum. We review
a number of applications for devices based on lateral leakage and
present outlook for a new generation of polarization manipulators,
antennas and filters.

Index Terms—Silicon photonics, optical waveguide, optical res-
onator, bound states in the continuum.

1. INTRODUCTION

ILICON photonics has been commonly accepted as the

key technology for low cost, mass manufacturable and
high density photonic integrated circuits (PICs). Commercial
applications of silicon photonics are now widely available in
data communications and sensing.

Low loss optical waveguides are the fundamental compo-
nent of PICs. Photonic waveguides in silcon-on-insulator (SOI)
wafers are formed by either fully etching the silicon layer
(wire waveguides) or partially etching the silicon layer (ridge
waveguides). Wire waveguides typically have stronger field con-
finement hence can have lower bending radius than ridge waveg-
uides. On the other hand, ridge waveguides are preferable for
some device structures such as modulators and can have lower
loss than wire waveguide due to lower etching depth and hence
reduced exposure to sidewall roughness. Itis commonly believed
that high index contrast SOI ridge waveguides do not support
the TM polarized mode due to strong lateral leakage [1], [2].

Lateral leakage is an often overlooked effect that can occur
in a waveguide that is made in high index contrast film (e.g.
silicon) using a shallowly etched ridge. In such a configuration
it is possible for the guided mode in the ridge to couple to
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nominally orthogonally polarized slab modes that have higher
effective refractive indices in the slabs outside the ridge. The
coupling from the waveguide mode to the slab modes is usually
an unwanted parasitic process that contributes to the waveguide
loss. In PICs, the lateral leakage effect was first observed in
2007 in the Silicon-On-Insulator (SOI) platform [3]. There it was
observed that the TM waveguide modes exhibited unexpectedly
high losses, which could be explained by the unintentional
coupling to radiation TE slab modes. Interestingly, it was also
observed that for some specific waveguide geometries shallowly
etched SOI waveguides could also support very low loss TM
mode propagation. This was attributed to the resonant cancella-
tion of lateral leakage, an effect that was predicted and observed
earlier in rib waveguides at millimeter-wave frequency [4], [5].

There has been a number of reports from researchers aiming
to understand and overcome this lateral leakage and leakage
cancellation in single straight SOI ridge waveguides as well
more sophisticated waveguide configurations as couplers, rings,
disks and other waveguide platforms [6]-[13]. On the other
hand, rather than viewing lateral leakage as an undesirable
loss mechanism, it can be considered as a means of generating
controlled coherent beams of TE light that can be engineered
for new photonic functions.

Recently, there has been an increased interest in realizing
the so-called bound states in the continuum (BICs) using pho-
tonic structures, which was first proposed by von Neumann
and Wigner in 1929 [14]. BICs are special states of discrete
guided waveforms that lie within a continuous spectrum of
radiating waves but still remain localized without coupling
to the continuum of radiation. This effect can be achieved
by symmetry-protected bound states or radiation cancellation
through parameter tuning. Structures with BICs can be used
to realize high-Q resonators for various applications such as
filtering, sensing and lasing [14]. In light of the BIC theory, one
can see that the lateral leakage and leakage cancellation are in
fact BICs.

We believe that the majority of researchers in the PIC commu-
nity are unaware of the lateral leakage effect, how and when it
will occur and its potential applications in polarization filtering
and long range transport among others. In this contribution, we
would like to introduce this effect to the wider PIC community
and give a brief overview of the lateral leakage effect. We also
show that the reverse process is possible, where an unbound
beam of light is used to excite the guided mode of a ridge and
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Fig. 1. Effective indices of TE/TM slab modes in the core and cladding regions

of a SOl ridge waveguide as a function of etch depth h. Waveguide cross-section
is illustrated in the inset.

that this holds great promise for a new generation of integrated
wavelength filters and as a platform for exploration of the physics
of BICs and other related physical phenomena.

II. LATERAL LEAKAGE BACKGROUND

This Section describes the background of the lateral leak-
age effect and is structured as follows: Section II-A describes
the origin of the lateral leakage effect; Section II-B details
the circumstances under which this leakage can be cancelled;
Section II-C specifies how lateral leakage can be effectively
simulated; Section II-D outlines the experimental observation
of lateral leakage in SOI platform; Section II-D gives examples
of lateral leakage in other platforms than silicon; Section II-F de-
scribes the behaviour of lateral leakage in curved structures such
as disks and rings and finally Section II-G gives an overview of
coupled waveguides exhibiting lateral leakage. This background
will form a basis for our exploration of applications of lateral
leakage and the relationship to bound states in the continuum.

A. Origin of Lateral Leakage

In this Section, we give a brief overview of the physical origin
of the lateral leakage effect, based on thin-ridge waveguides in
the SOI platform. Fig. 1 presents the effective index of the TE
and TM modes of a 220 nm thick slab of silicon as a function
of etch depth. The effective indices of the TM mode for the
un-etched slab are also presented for reference. It can be seen
that the fundamental TE mode of the etched slab remains higher
than the fundamental TM mode of the unetched slab until the
etch depth approaches 150 nm. This rather surprising result can
be attributed to the relatively thin silicon film and the strong
index contrast between the silicon core and silica/air cladding
materials. The boundary conditions for the TM mode at the high
index contrast interfaces results in a far stronger evanescent field
for the TM mode outside of the core material when compared
to the TE mode. The inset of Fig. 1 illustrates a typical ridge
waveguide cross-section. It is easy to see that for etch depths
less than 150 nm, the fundamental TM mode guided by the ridge
could be phase matched to unguided TE radiation in the slab.
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Fig. 2. Mode coupling diagram showing the TM-TE mode coupling at the
ridge boundary: (a) when TM slab mode is obliquely incident on the boundary;
and (b) lateral leakage due to interference of TE waves from both boundaries.

One might expect that the TM waveguide mode and TE slab
mode should not couple to each other as they are nominally
orthogonal. However, the guided TM mode has a strong lon-
gitudinal electric field component E., which is a consequence
of the high index contrast. Similarly, the unguided TE radiation
can propagate at any angle relative to the waveguide axis. As
the direction of propagation is rotated away from the waveguide
axis, the electric field which is transverse to the direction of
propagation will be rotated onto the waveguide axis, resulting
in a relatively strong field component E. As a result, the mode
field overlap between the guided TM mode and the TE slab
mode propagating at an angle can be non-zero, particularly when
purturbed by the etched ridge which breaks vertical symmetry.
Furthermore, the guided TM mode and the radiating TE slab
mode can be phase-matched, depending on the propagation
angle of the slab mode. Therefore, these two modes can couple
quite strongly. The index discontinuity at the ridge walls acts
as a perturbation to cause mode conversion, resulting in lateral
leakage of the guided TM mode into the radiating TE slab mode.

It has been shown that there is significant TM-TE mode
coupling at the ridge boundaries, when the fundamental TM
mode of the ridge core region is obliquely incident on the ridge
interface from the ridge core [15]. Under total internal reflection,
a small amount of power is coupled into a transmitted TE slab
mode propagating in the cladding region and a small amount of
power is reflected and propagates as a reflected TE slab mode
in the core region as illustrated in Fig. 2(a). The transmitted and
reflected TE slab modes have similar but not identical magnitude
and a small phase difference [15].

Due to the TM/TE mode conversion at the ridge walls, the
guided TM mode progressively loses power to the TE slab
modes radiating outside the waveguide core region as illustrated
in Fig. 2(b). This loss of power from the guided TM mode to
the unguided TE mode is called lateral leakage. It should also
be noted that this loss is quite different to scattering loss or
absorption as it results in highly coherent TE radiation which
is confined vertically but radiates at a precise angle 6 to the
waveguide axis given by:

N
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where Npjs is the effective index of the guided TM mode,
n$tad is the effective index of fundamental TE slab mode of
the cladding region outside the waveguide core.

B. Leakage Cancellation

When a guided TM mode propagates in the ridge, it continues
to lose power to the TE slab modes radiating on both sides of the
ridge. The intensity of the radiating TE wave is the coherent sum
of the transmitted and reflected TE waves generated at both ridge
walls. Therefore, the intensity of the lateral leakage depends
on the phase difference between transmitted and reflected TE
waves generated at the two ridge walls. This phase difference is
a function of the ridge width. For some particular widths, these
two beams of TE radiation can interfere destructively, resulting
in the resonant cancellation of lateral leakage. In this case the
ridge waveguide will experience the lowest loss from the lateral
leakage effect, when operated in transmission and excited with
the TM waveguide mode. The resonant widths W can be readily
predicted as [3], [15]:

(m+ A¢/ (2m)) 1

2
(nFE°)" — Nia

W:

@)

where m is a non-zero integer, A¢ is the phase difference
between the reflected and transmitted TE waves and A is the
wavelength. The resonant widths at which the resonant cancel-
lation of the lateral leakage takes place have been termed ‘magic’
widths [15].

C. Simulation of Lateral Leakage

The lateral leakage loss of the guided TM mode can be
calculated from the imaginary part of the mode effective in-
dex. To calculate the effective index of the ridge waveguide
mode, an eigenmode solver with transparent boundaries in the
lateral direction must be used in order to correctly simulate the
lateral leakage behaviour due to the strong lateral radiation.
It is technically possible to simulate waveguides with lateral
leakage using a traditional finite element or finite difference
solver with perfectly matched layer boundaries; however great
care must be taken to optimize the absorbing boundary condi-
tion properties [15]. As an alternative, we have found that the
semi-analytical mode-matching method [5], [16] is very suitable
for this task since the computational window is fully open in the
lateral direction.

As an example, we used a mode solver based on the semi-
analytical mode-matching method to simulate the effective index
and leakage loss of the TM mode as a function of ridge core
width for different etch depths. The results of the simulation can
be seen in Fig. 3. It can be seen in Fig. 3(a) that the TE slab mode
has a higher effective refractive index than the TM waveguide
mode for etch depths of 30, 70 and 110 nm, independent of
the ridge core width. For an etch depth of 150 nm, the effective
refractive index of the TM waveguide mode is higher than the TE
slab mode for a ridge core width above 1010 nm. These findings
match well with the results in Fig. 1, where we found that when
the etch depth is below 150 nm, the effective index of the guided
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Fig. 3. Simulated mode effective index (a) and leakage loss (b) as a function

of ridge width for different etch depth.

TM mode is always lower than that of the TE slab mode in
the cladding regions regardless the ridge width. Therefore, the
guided TM mode can always exhibit leakage behaviour when
etch depth is less than 150 nm. However, when the etch depth is
higher than 150 nm, the effective index of the guided TM mode
can be higher than that of the TE slab mode in the cladding. In
these cases, lateral leakage cannot occur.

In Fig. 3(b), one can see that the leakage loss is strongly
dependent on the ridge core width with periodic features. One
can further see that for a ridge core width of 722 nm and
1415 nm the leakage loss can be very low. These ridge core
widths are the ‘magic‘ widths where leakage loss is cancelled,
as described in Section II-B. The simulated ‘magic‘ widths are
in excellent agreement with values calculated using Eq. 2. The
‘magic‘ widths only vary slightly for different etch depths. This
is due to weak dependence of the effective index of the guided
TM mode on the etch depth as shown in Fig. 3(a).

It should be noted that leakage cancellation at the ‘magic*
widths is not perfect since the transmitted and reflected TE
waves generated at each ridge boundary are not identical in
magnitude [15]. However, at these widths, the leakage loss is
still much lower than other loss mechanisms such as scattering
loss due to surface roughness [3].

One can further see in Fig. 3(b) that for an etch depth of 150 nm
the leakage loss suddenly drops sharply at the ridge core width
of 1010 nm. At this point the effective refractive index of the
TM waveguide mode becomes larger than the TE slab modes,
hence lateral leakage loss ceases to occur.

Furthermore, it can be observed that for a given ridge width,
the leakage loss increases with increasing etch depth. This can
be explained due to the larger perturbation region at the ridge
boundary leading to stronger TM/TE mode conversion.

In Figs. 4(a) and (b) the vectorial field components of the
guided TM mode for an etch depth of 70 nm are shown for a
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(b) 722 nm waveguide widths.
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Fig. 5. Simulated leakage loss as a function of ridge width for TMg and TMy
modes. The etch depth is 70 nm.

core width of 550 nm (non-‘magic‘ width) and a core width of
722 nm (‘magic‘ width), respectively. It can be seen that for
a core width of 550 nm [Fig. 4(a)] a strong radiating TE field
propagating at an angle to both sides of the ridges is evident,
indicating a high leakage loss. Whereas, there is no propagating
TE field outside the ridge for a core width of 722 nm, confirming
the occurrence of leakage cancellation.

When the ridge core width is sufficiently large, the ridge
can support more than one guided TM mode. The higher order
TM modes can also exhibit lateral leakage as well as ‘magic’
width behaviour. It can be seen from Eq. 2 that the leakage
cancellation widths should be different for different guided TM
mode orders because of the difference in mode effective index
Nrpps. Fig. 5 shows the leakage loss for the fundamental TM,
and first order TM;. The leakage loss for TM; mode is very
strong when the leakage loss for TMy mode is cancelled. This
phenomena allows relatively wide waveguides with effectively
single-mode behaviour as even though a first order mode is
technically supported, the leakage loss will deplete this mode
before any significant transmission occurs.

Asdiscussed in Section II-B, the strength of the lateral leakage
depends on the relative phase of the generated TE waves at both
ridge boundaries. As the phase is a function of wavelength, it is
expected that leakage loss and leakage cancellation also depends
on wavelength. To show this, we simulated the leakage loss as
a function of wavelength for different ridge widths around the

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 26, NO. 2, MARCH/APRIL 2020

103 ;
w=722nm ——

= 102 E--- w=732nm - - - -
g 10 el w=712nm
% 1 e
‘y: 10 ¢
k<]
g 10° ¢
[
X
P
G107 ¢

02 ‘ ‘ ‘

1450 1500 1550 1600 1650
Wavelength (nm)
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close to the ‘magic‘ width.

first ‘magic* with W = 722 nm. The results are shown in Fig. 6,
where it can be seen that the ‘magic® width wavelength shifts
by about 30 nm for a 10 nm change in ridge core width. This
wavelength behaviour suggests possible utility in wavelength
filtering.

D. Experimental Observation of Lateral Leakage in SOI
Ridge Waveguides

The potential for lateral leakage behaviour in strip and rib
waveguides was in fact first theoretically predicted by Peng and
Oliner in 1978 [1]. They also found that the leakage can be
effectively cancelled if the waveguide geometries meet certain
criteria. The leakage and leakage cancellation effects were also
theoretically analyzed and later experimentally verified on strip
waveguides at millimetre-wave frequencies by Ogusu et al. [5],
[17], [18]. The first experimental observation of the lateral leak-
age and leakage cancellation behaviours in the optical waveg-
uides were made on shallowly etched thin ridge SOI waveguides
using non-standard processing techniques in 2007 [3]. The
width dependence of the TM mode propagation loss was also
experimentally observed in ridge waveguides fabricated using
standard silicon foundry fabrication [19]. The experimental re-
sults matched very well with the theoretical prediction. Drastic
reduction of the propagation loss were observed at the ‘magic’
widths of 0.72 pym and 1.44 pm [3], [19], confirming the theoret-
ical predictions. In [19], the existence of strong TE radiation as
well as suppression of this radiation at the *'magic’ widths were
also demonstrated by directly observed the radiating TE field on
both sides of the ridge. Further investigations have demonstrated
that the lateral leakage loss can be electrically tuned when using
liquid crystal (LC) as the cladding materials [20], [21].

E. Lateral Leakage in Non-Ridge SOI Waveguides or
Non-Silicon Waveguides

The lateral leakage and leakage cancellation behaviours are
not limited to thin-ridge SOI waveguides. These behaviours can
also occur in other high index contrast ridge waveguides if the
effective indices of the slab modes in the cladding region are
higher than the effective index of the guided mode in the core.
Similar lateral leakage and leakage cancellation characteristics
have been shown for horizontal slot waveguides [22], symmetric
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and asymmetric rib-type slot waveguides [6], silicon nitrite
ridge waveguides [12], a low refractive index waveguide on a
high refractive index thin membrane [13], and even anisotropic
lithium niobate on insulator (LNOI) waveguides [8]. Similar
phenomena have also been observed in an anti-resonant reflect-
ing optical waveguide (ARROW) and deep, thick ridge waveg-
uides [23] as well as whispering-gallery modes of microcylinder
resonators [24], [25]. However, in these cases, the mode coupling
occurs in the vertical direction.

Recently, it has been found that similar lateral leakage be-
haviour can also occur in X-cut thin-film lithium niobate with
silicon nitrite ridge loaded waveguides. Here, due to the bire-
fringent of LiNbOs, the roles of the TE and TM polarisations
are reversed with the effective index of the TM slab mode in the
cladding being higher than that of the TE guided mode in the
ridge. This can lead to coupling from TE guided mode to TM
slab mode [26].

F. Lateral Leakage in Disks and Rings

In the previous Sections, the theory of lateral leakage and leak-
age cancellation phenomenon in straight ridge SOI waveguide
for TM-like guided mode has been presented. In this Section, the
lateral leakage behaviour in ridge SOI waveguides when used
in disk and ring resonator configurations is explored.

Similar to a straight waveguide, TM to TE mode conversion
can happen at the ridge interface of a shallowly etched SOI disk.
This mode conversion generates a TE beam which propagates
away from the disk, and a reflected TE beam which traverses a
secant across the disk, transmits through the disk boundary and
then radiates away from the disk, similar to the first TE beam,
but at an advanced azimuthal angle. This TM to TE coupling can
cause leakage loss for the TM whispering gallery mode. Similar
to the case of straight waveguides, outside the disk, there are two
different types of TE beam having similar magnitudes. The phase
difference between these two TE beams depends only on the disk
radius. Hence, for some particular disk radii, it is possible for
these two TE beams to interfere destructively resulting in low
leakage loss [27]. Whereas, inside the disk there is only the
reflected TE beam generated from the TM-TE conversion at the
disk boundary, independent of the disk radius [27].

The lateral leakage behaviour of disks can be rigorously
simulated using a full-vectorial mode-matching model based
on radial coordinates [28] with fully open simulation window in
radial direction. Fig. 7 shows the simulated propagation loss of
the first three TM whispering gallery modes as a function of the
disk radius. The calculated propagation loss includes both the
lateral leakage loss as well as the traditional bending loss.
The propagation loss exhibits a cyclic dependence on the disk
radius. For some particular disk radii, the disks have low prop-
agation loss due to the cancellation of lateral leakage loss that
can be predicted using a simple geometric model [27]. At these
radii, the loss is dominated by the traditional bending loss when
the disk radius is small. It has been shown that when leakage
cancellation occurs, there is no radial (TE) field component of
the whispering gallery mode outside the disk as expected. How-
ever, there is always broad and strong radial field component
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inside the disk regardless of the strength of leakage [27]. This
is the case since inside the disk there is only reflected TE waves
generated at the disk boundary from TM/TE conversion.

When a thin-ridge waveguide is formed into a ring, the re-
flected TE wave generated on the outer boundary of the ring,
and the transmitted TE wave generated on the inner boundary
of the ring can traverse across the ring, intersect with the ring
waveguide and then propagate outside the ring again. Thus,
inside the ring, there are two different TE beams while there
are four beams of TE radiation outside the ring. The amplitude
of the TE field outside the ring is the coherent superposition of
these four beams and this will determine the lateral leakage loss.
The relative phases of the TE waves outside the ring depend not
only on the waveguide ridge width but also on the ring radius.
Therefore, there exists some combination of waveguide width
and ring radius so that all TE beams outside the ring interfere
destructively resulting in low leakage loss. Inside the ring, the
relative phase between TE waves, and hence the amplitude
of TE field, is determined only by the waveguide width and
so this can be large, even if the leakage outside the ring is
cancelled.

Figure 8 shows the calculated propagation loss of the funda-
mental TM mode as a function of the ring radius for different
ridge core widths using a mode-matching model in radial coor-
dinates. Although the loss calculated from the mode-matching
model includes both lateral leakage loss and traditional bending
loss, the bending loss is negligible for the relatively large radius
rings considered. Thus, the losses shown in Fig. 8 are mainly
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Fig. 9. Leakage loss of even and odd supermodes of two parallel waveguide

structure as a function of gap between two waveguides for different ridge widths.

due to lateral leakage. As predicted, the lateral leakage loss
shows a strong dependence on both waveguide width and ring
radius. Similar to the case of disks, the lateral leakage loss of
rings varies periodically with ring radius. For each waveguide
width, there exists some ring radii where the leakage loss is
effectively cancelled. When the waveguide width is exactly
equal the ‘magic‘ width of a straight waveguide, low leakage loss
is not always possible except when combing with a specific ring
radius. This can be explained by considering the imbalance of
the reflected and transmitted TE waves generated from TM-TE
mode coupling from the two waveguide boundaries [15]. This
small imbalance in a perfectly straight waveguide is exacerbated
in a ring due the difference in the radii of the inner and outer
waveguide boundaries of the ring.

G. Lateral Leakage in Coupled Waveguides

Many device structures can be formed from coupled waveg-
uides such as directional couplers. When two waveguides are
placed next to each other as illustrated in the inset of Fig. 9,
the behaviour of the structure can be rigorously represented as a
superposition of the even and odd supermodes of the structure.
In this Section, we will investigate the leakage behaviour of the
supermodes.

It has been shown previously [15] that the lateral leakage
loss of the supermodes depends on both the ridge width and
spacing between two ridges. Using the mode-matching model,
the complex effective indices of the even and odd supermodes
were simulated and are shown in Fig. 9 as a function of the
gap between two ridges. Two ridge widths were considered,
one is the ‘magic‘ width of a single ridge waveguide and one
is at the ‘non-magic® width. Although when the ridge width

konmmciagf = -2 S L2 ST E N T (Continuum, k,=konyg cjeqc0s )
0
X
Fig. 10. Illustration of the spectrum of modes and their spatial profiles in a

thin-ridge SOI waveguide. The shaded region indicates the continuum of TE
slab radiation. The two dashed red lines indicates the region of discrete guided
TM modes.

is at the ‘magic‘ width of the single ridge waveguide, it is not
always possible to achieve low leakage loss on both supermodes
unless the two ridges are far apart resulting in weak evanescent
coupling.

When the single ridge leaks strongly, the two guided TM
modes of the two ridges can still couple via the TE leakage
even with large separation between the two ridges where the
evanescent coupling is negligible. This coupling oscillates with
the gap. Since this coupling is via the radiating TE wave, it does
not reduce with increasing the gap. The leakage loss of the odd
and even supermodes also oscillates as a function of the gap, but
with opposite phase. It is not possible to have both modes with
low loss at the same time. When one mode has zero leakage loss,
the other mode has maximum loss and vice verse. However, in
this case, the two supermodes have identical phase velocity.

III. LATERAL LEAKAGE AS BOUND STATE IN THE CONTINUUM

Recently, there has been a great deal of scientific interest
in bound states in the continuum (BIC’s) in photonic struc-
tures [14]. BIC’s are special eigenmodes of structures that
have open scattering channels. In most cases, the power of the
eigenmodes leak into these scattering channels. However, under
some special circumstances, the leakage is cancelled, resulting
in localized modes within the continuum of scattering channels.

Comparing with BIC behaviour, we can see that the effects
of low loss propagation of the TM mode in a thin-ridge SOI
waveguide due to leakage cancellation can also be considered
as guiding light through optical bound states in the continuum.
The TE waves radiated from both sides of the ridge are scattering
channels. Fig. 10 illustrates the spectrum and the spatial profile
of the modes of a thin-ridge SOI waveguide. The vertical axis
in Fig. 10 is the component along the waveguide axis of the
wave vector k.. Shown at the top are the discrete levels of the
guided TE modes of the ridge waveguide. These guided TE
modes are conventional bound states. Below the discrete guided
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TE modes are the continuum of radiating TE slab modes. It is
important to note that these TE slab modes form a continuous
spectrum, not at discrete levels. Although these TE slab modes
are confined vertically, they can propagate at an arbitrary angle 6
to the waveguide axis. The component of the wave vector along
the waveguide axis is k, = konrg clad cos 0, where kg = 27/
is the free-space propagation constant. Therefore, these TE slab
modes form a continuum in the mode spectrum with the wave
vector extending from zero to konr g, ciad. These TE slab modes
are the scattering channels. The discrete guided TE modes have
no access to these scattering channels, hence remain uncoupled
from these channels. As shown in Fig. 1, the effective index of
the un-etched silicon core ny s, core can be lower than nr g ciqd-
Therefore, the guided TM modes can lie inside the continuum
of laterally radiating TE slab modes, thus can couple to these
scattering channels. BIC’s are formed when having destructive
interference of various scattering channels under certain condi-
tions of ridge width (for the case of straight waveguides) and/or
the radius (for the case of rings/disks), resulting in cancellation
of loss to the continuum. Under these conditions, the discrete
guided TM modes lie within the continuum of radiating TE
slab modes but still remain isolated without coupling to the
continuum of radiation. This type of BIC in thin-ridge SOI
waveguides can be considered as single-resonance parametric
BIC [14]. Similar BIC behaviour has also been predicted to exist
in a low refractive index waveguide on a high refractive index
thin membrane [13].

In the coupled waveguide structures of Fig. 9, BIC’s also exist
at some specific gaps between the two ridges where the leakage
loss of one supermode is zero. This is a type of Fabry-Perot BIC
formed by coupling between two identical resonances [14]. In
this BIC, two identical resonances (two leaky TM modes) couple
to the same radiation channel (TE slab mode). When the round
trip phase shift of the TE radiation is multiple of 27, the TE wave
can be trapped in between the two ridges to form a standing wave
while there is no TE radiation outside the ridges [14].

IV. APPLICATIONS OF LATERAL LEAKAGE

The lateral leakage behaviour of TM modes due to TM-TE
mode conversion is undesirable in traditional photonic appli-
cations since it introduces high propagation loss for TM mode
and cross-talk between neighbouring components. The TE po-
larization is commonly used in ridge SOI waveguide to avoid
this lateral leakage loss. However, the TM polarization is desir-
able for some application such as sensing or hybrid photonics
in which strong interaction between the optical field and the
material outside the waveguide core is desired. TM polarization
is also required for horizontal slot waveguides to enhance the
electric field in the low index material layer, and in plasmonic
waveguides to achieve plasmonic modes. For these applications
using TM mode, the waveguides need to be carefully designed
at one of the resonant ‘magic’ width to minimize the leak-
age loss. Low leakage loss devices based on resonant ‘magic*
width behaviour have been demonstrated using simple ridge
waveguide [29]-[32], horizontal slot waveguides [22], [33] and
coupling from TM waveguide to plasmomic waveguides [34].
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The results in Figs. 3 and 6 indicate that the lateral leakage
loss is fairly sensitive to the waveguide width and the operating
wavelength. In order to maintain the lateral leakage loss below
0.1 dB/cm, the waveguide width should be maintained within
+10 nm of the ‘magic’ width while the wavelength should
not vary more than 10 nm. To broaden the low leakage loss
waveguide width and wavelength windows, waveguide struc-
tures with dimples in the center of the ridge core have been pro-
posed [9], [10]. In this waveguide configuration, the radiating TE
field consists of TE waves generated from four ridge interfaces.
The phase relationship between these TE waves depends on the
waveguide ridge width and the dimple width. Therefore, robust
leakage cancellation can be achieved with the right combination
of the waveguide width and the dimple width.

On the other hand, the strong TM-TE mode conversion and
highly resonant transition from leaky to non-leaky behaviour
could be useful for new photonic devices. By making deliberate
use of the leakage behaviour, new photonic components can
be designed. Some possible applications are discussed in the
following.

A. Polarization Handling

The behaviour of high index contrast integrated photonic
circuits depends strongly on the polarization state of the optical
signal. Therefore, polarization handling functions are often re-
quired in circuits based on high index contrast waveguides. The
strong polarization dependent leakage loss can be ultilized for
polarization handling functions such as on-chip polarizers. The
basic working principle of a polarizer is to have a much higher
loss for one polarization compared to the other. The strong lateral
leakage loss of TM polarization makes a thin-ridge SOI wave-
guide a perfect candidature for an on-chip TE-pass polarizer.
In Ref. [35], a compact, broadband TE-pass polarizer based on
a shallowly etched SOI straight waveguide was proposed and
demonstrated. A 1 mm-long polarizer exhibits a high extinction
ratio (>25 dB) over a wide wide wavelength range (100 nm).

A polarizer based on lateral leakage loss phenomenon can be
very compact, insensitive to dimensional variation, broad band
and insensitive to temperature variation as compared to polar-
izers based on other techniques such as ARROW’s [36], [37],
metal-cladding waveguides [38]-[40], lithium niobate waveg-
uides [41], or liquid crystals [42]. Since this type of polarizer
is a straight waveguide, it is very simple to make and readily
integrated with other components in advanced silicon photonic
circuits. This polarizer can be engineered to maximize the lateral
leakage loss of the TM mode in order to increase the polar-
ization extinction ratio while reducing the device length [43].
In LNOI waveguide platform, lateral leakage can occur for
TM as well as TE polarizations due to strong birefringence of
lithium niobate [8], [26]. Therefore, TE-pass as well as TM-pass
polarizers utilizing lateral leakage on LNOI ridge waveguides
can be realized [44].

B. Optical Antennas and Long Range Coupling

In integrated photonic circuits, power transferred between
waveguides are often rely on evanescent coupling. This restricts
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the waveguide coupling usually to nearest neighbour interac-
tions. However, in some cases long-range coupling or by-passing
nearest neighbours are also desired. In the following we high-
light how lateral leakage radiation can be used for long-range
coupling.

It should be noted that the lateral leakage radiation due to
TM/TE conversion in thin-ridge SOI waveguides is not random
radiation. Instead, the radiation is very coherent. The phase
matching condition required for the conversion to occur means
that the TE wave radiates at a very specific angle to the TM
mode propagation axis. It is possible to manipulate the radiation
angle by controlling the effective indices of the TM guided mode
and/or the TE slab mode. The strength of the radiation can also
be varied from zero radiation to very large radiation by wave-
guide geometry design [43]. These lateral leakage behaviours
make a thin-ridge SOI waveguide similar to a leaky wave an-
tenna, which is basically a waveguide structure allowing power
to leak along its length [45], [46]. Similar to the application of
leaky wave antennas in RF communications, the lateral leakage
can be harnessed to allow optical signal transfer between well
separated circuits through the unguided TE radiation. It is pos-
sible to manipulate the direction and the spatial profile of the
radiated TE radiation [47], [48].

It has been shown in Section II-G that two SOI ridges
can always couple to each other regardless of their separation
through coupling to a common TE slab mode. This TE slab
mode thus can be considered as a bus mode enabling power
transfer between well separated waveguides. This provides an
opportunity of performing long-range transfer between multi-
ple waveguides without restricting the geometry to the nearest
neighbour interactions. However, the unbound nature of the TE
slab radiation can causes high loss and interference with other
devices on the circuit. Therefore, it is desirable to suppress the
power existing in this common TE slab mode while using this
TE slab mode as a bus for long-range coupling. It is possible to
achieve long-range coupling in thin-ridge SOI waveguides using
a common TE slab bus mode without exciting this bus as well
as bypassing intermediate waveguides by combining the lateral
leakage behaviour and an adiabatic technique called Coherent
Tunnelling Adiabatic Passage (CTAP) [49] or photonic quantum
gate design [50].

V. RIDGE RESONANCE BASED ON LATERAL LEAKAGE

In this Section, the diffraction behaviour of a thin-ridge SOI
waveguide when it is illuminated by a broad beam of vertically
confined TE slab mode from the cladding regions (as illustrated
in Fig. 11) is discussed, showing that the ridge behaves like a
resonator to the incident TE beam [51]. Depending on the ridge
width, this resonance can also be considered as a bound state in
the continuum (as described in Section III).

A. Diffraction of Wide TE Beam Incident on the Ridge

When a TE beam is incident on the ridge, one can expect
that there will be some reflection due to the index difference
between the cladding and ridge regions, caused by normal
Fresnel reflection. It is also reasonable to expect that this TE
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Fig. 11. TE slab obliquely incident on the ridge.

beam can excite the TM guided mode in the ridge when they
are phase-matched. The excited TM mode in the ridge can then
radiate into TE beams on both sides of the ridge. Thus, the total
reflected and transmitted TE field on either sides of the ridge are
the superposition of TE field due to Fresnel reflection as well as
leakage TE field from the excited TM mode.

Using coupled-mode theory [52], [53], it is possible to derive
a simple model to predict the behaviour of the ridge based on the
propagation characteristics of the TM mode and the background
Fresnel reflection and transmission coefficients. The reflection
coefficient of a TE beam on the ridge can be expressed as [51]:

R J [(n§'%t cos — Npag) v — ~t]

J (nﬁ,f%d cos b — NTM) +

3)

where -y is the imaginary part of the complex effective index of
the guided TM mode,  and ¢ are the Fresnel reflection and trans-
mission coefficients due to the index difference at the ridge walls.
Eq. 3 is equivalent to equations describing the interaction be-
tween non-resonant background process and resonant-assisted
coupling process in two-port resonator systems [52], [53]. In
this case, the non-resonant process is the Fresnel reflection and
transmission due to the index difference at the ridge walls, while
the resonant-assisted coupling is the interaction between the
incident TE beam and guided TM mode. When the non-resonant
process is strong, the interference between these two process can
create Fano-like resonance [52] with asymmetric line shape.
When the non-resonant background process due to Fresnel
reflection and transmission at the ridge walls can be ignored,
the reflection coefficient due to resonant-assisted process alone
can be written as:

—J7
Rij( stad cos ) — Nyag) +y @
which has a Lorentzian line shape and is entirely determined by
the propagation characteristics of the TM mode and the incident
TE slab mode.

From Eq. 3, it is predicted that a strong resonance behaviour
is expected when the incident TE beam is phase matched to the
ridge TM mode (n§!%! cos @ — Nrps = 0). To rigorously simu-
late this resonant behaviour, a full-vector mode-matching model
was used. Fig. 12 shows the rigorously simulated reflection as a
function of the indent angle. For comparison, Fig. 12 also shows
the background reflection due solely to Fresnel reflection as well

as the analytically calculated reflection using Eq. 3 and Eq. 4
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Fig. 13.  Rigorously simulated reflection as a function of both ridge width and
incident angle. The red dash lines are the phase-matching angles between the
incident TE beam and guided TM mode.

when considering only the resonant-assisted process. Rigorous
simulation reveals a strong resonant peak at the indent angle that
causes phase-matching between the incident TE mode and the
TM ridge mode. The analytical coupled-mode formalism, when
considering both non-resonant background and resonant TE/TM
coupling processes, can also predict the behaviour accurately.
When ignoring the background process, the resonant behaviour
close to the phase-matching condition can still be predicted
very accurately by the analytical coupled-mode model with the
resonant TE/TM coupling process alone.

It can be seen from Egs. 3 and 4 that the width of the
resonance depends strongly on the leakage loss of the guided
TM mode in the ridge, which is a function of the ridge width.
Therefore, it is expected that the ridge width has a strong impact
on the resonance width. Fig. 13 shows the rigorously simulated
reflection versus the incident angle and the ridge width. Itis clear
that when the ridge width approaches one of the ‘magic‘ widths,
the resonance width decreases. For each ridge width, the max-
imum reflection occurs at the incident angle resulting in phase-
matching between the incident TE beam and TM guided mode. It
is also noted that for large ridges, it is possible to excite multiple
resonances with different angles of incident since large ridges
can support multiple TM modes of different effective indices.
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different ridge widths. The incident angle was fixed.

The reflection is strongest at the phase-matching point and
decreases when the phase-mismatch increases. Since the ridge
TM mode and TE slab mode can have different dispersion, when
the incident angle is fixed, the phase-matching condition can
only occur at a specific wavelength, as illustrated in Fig. 14.
Therefore, itis expected that the diffraction behaviour of incident
TE beam on the ridge also depends on wavelength. Fig. 15
shows the wavelength dependence of the rigorously simulated
reflection for different ridge widths when the incident angle
is fixed. It is evident that the ridge acts like a resonator when
illuminated with an incident TE beam. The resonant wavelengths
are the wavelengths that the dispersion curves of the incident
TE slab mode (n$/%) and of the guided TM mode of the ridge
intersect, resulting in phase-matching between the two modes.
Similar to the case of varying the incident angle, the spectral line
width of the resonances depends strongly on the ridge width or
leakage loss of the ridge TM mode. The spectral line width is
infinitely small when the ridge is close to the ‘magic* width.

To further investigate the effect of ridge width on the spectral
bandwidth, the Q factor of the resonance was calculated from
the wavelength response for different ridge widths. For each
ridge width the incident angle was adjusted so that the resonance
always occurred at the wavelength of 1550 nm. Fig. 16 shows
the calculated Q as a function of the ridge width. Singularities in
the Q factor when the ridge width is equal to the ‘magic* widths
can be seen.
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Fig. 16. Resonance quality factor () versus the ridge width. The incident angle
was adjusted so that all resonance occurred at 1550 nm wavelength.

Similar resonance behaviour has also been predicted in other
waveguide platforms such as in a GaP ridge waveguide [54]
or in an isolated rectangular dielectric strip above a slab wave-
guide [55]. However, in the later case, the resonance is not due to
TE/TM coupling but due to the leakage of the guided TE mode
of the isolated strip to the TE mode of the slab underneath the
strip. Recently, the first experimental observation of this ridge
resonance behaviour has been demonstrated [51].

B. Ridge Resonance: Opportunities and Challenges

The results in Section V-A show that unlike other types
of resonators that can have cyclic spectral response, a ridge
resonator has a single resonance over a broad spectral range.
In addition, since a ridge resonator is based on a single ridge,
its width is smaller than an optical wavelength. These unique
properties allow multiple ridge resonators being coupled side by
side with very small inter-cavity delay to realize tightly coupled
resonator optical waveguides (CROW’s) [56]. These structures
can be of great interest to achieve many optical functions such
as high-order filtering with flat-top pass-band, sharp roll-off
and high extinction ratio which can be difficult to realize when
the size of individual resonators as well as spacing between
them are large. Coupled resonators using narrow resonators and
with low inter-cavity delay are also a great platform to study
new physical phenomena such as exceptional points or BIC’s
[14], [57].

It should be noted that in the investigation in Section V-A,
it has been assumed that the incident TE beam is very wide,
effectively considering it as an infinite planewave with single
delta function angular spectral component. When the width of
the incident beam is limited, it no longer can be considered as
a planewave, but a superposition of planewaves propagating at
different angles with a finite angular spectral distribution. The
reflection and transmission of a finite width beam will depend
on the width of the angular spectrum of the incident beam and
the angular spectral width of the reflection. Fig. 17 shows the
planewave angular spectrum of an incident Gaussian beam and
the angular reflection spectrum and the corresponding electric
field intensity measured at the center of the silicon layer of two
ridge resonators with different widths. The incident angle was
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selected so that the resonators were on resonance. When the
Q factor of the resonator is low, its angular spectral width is
much wider than the planewave angular width of the incident
beam. Hence, all planewaves that make up the incident beam
are reflected with similar reflection coefficient, resulting in the
reflected beam having similar intensity and spatial profile as
the incident beam. However, when the resonator Q increases,
the width of the anglular spectrum of its reflection profile de-
creases and becomes comparable to the width of the angular
spectrum of the incident beam. Thus, different spectral com-
ponents of the incident beam experience significantly different
reflection. Therefore, the intensity of the reflection beam is much
lower than that of the incident beam and the transmitted power
is relatively high. In addition, the spatial profiles of the reflected
and transmitted beams are different from the spatial profile of
the incident field.

The above observation suggests that in order for the ridge to
operate as a resonator, the angular spectral width of the incident
beam must be much smaller than the angular spectral width of
the ridge resonator. The higher the ridge resonator Q factor , the
wider the incident beam needs to be in order to be effectively
reflected. To put this finding in context, our simulations suggest
that to effectively excite a ridge resonator with a Q factor of
1000, the incident beam should be wider than 1 mm and the
width of the beam would scale linearliy with the resonator Q.
Generating such wide beam on-chip is challenging and requires
a lot of chip real estate [51], [58]. Methods to overcome this
issue are currently under investigation and will be published
else where.

The authors in [59] have analyzed the spatial profiles of the
reflected and transmitted beams upon diffraction on a ridge at
the resonant incident angle. They predict that when the angular
spectrum of the incident beam is much wider than the reso-
nant angular bandwidth of the ridge, the spatial profiles of the
reflected beam and transmitted beam are the integration and
differentiation of the spatial profile of the incident beam. This
behaviour can also be seen from Fig. 17(d). This suggests that
a simple ridge can be used as an efficient planar on-chip optical
integrator as well as an differentiator.

C. Ridge Resonance as Bound-State in the Continuum

As shown in Fig. 16, the Q factor of the ridge resonance
diverges to singularities when the ridge width equal to one of
the ‘magic‘ widths. This indicates the existence of BIC’s [54] at
these ridge widths. The bound states are non-leakage TM modes
in the ridge that arise in the continuum of TE modes in the slab
as discussed in Section III.

The location of these BIC’s is a function of ridge geometry,
wavelength and incident angle [54], but is still very robust. When
one of these parameters change, a BIC does not completely
disappear but moves to a different location. For a fixed operating
wavelength, a ‘perfect’ BIC exists when the ridge width is equal
to the ‘magic‘ width of the ridge TM mode at that wavelength
and the incident angle equal to the phase-matching angle. When
the width of the ridge changes, the TM mode with cancelled
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leakage will move to a different wavelength. Therefore, the BIC
will occur at different wavelength with different incident angle.
Fig. 18 shows the calculated resonance Q as a function of both
ridge width and wavelength when the ridge width is varied from
the nominal ‘magic‘ width at 1550 nm wavelength [Fig. 18(a)]
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and the corresponding phase-matching angle [Fig. 18(b)]. In
Fig. 18, the locations of BIC’s are indicated by the black dashed
lines. As can be seen, when the ridge width changes, this BIC
moves to a different wavelength and a different incident angle.

VI. CONCLUSION

In this paper, we have presented an overview of the lateral
leakage effect in silicon photonic ridge waveguides. The origin
of the leakage from guided TM mode in the ridge to coherent
TE radiation into the surrounding slab have been presented. The
conceptual theory as well as approaches for rigorous simula-
tion of resonant cancellation of the lateral leakage behaviour
have been given. We have also provided a detailed analysis
of these behaviours in different waveguide configurations as
well as discussed them in other waveguide platforms and have
highlighted a number of proposed applications. We have also
shown that a simple ridge can act like a resonator to a broad
TE beam obliquely incident on the ridge due to the coupling
between the incident TE beam and the guided TM mode sup-
ported by the ridge. The Q factor of this ridge resonance is
simply determined by the width of the ridge. We have discussed
how these lateral leakage, resonant leakage cancellation and
ridge resonance phenomena can be treated as bound states in
the continuum. The opportunities and challenges in utilizing
these phenomena for new optical functions were presented.
This often overlooked phenomenon can create new opportunities
for polarisation manipulation, surprising coupling behaviour
between well separated waveguides and emerging opportunities
for wavelength filtering. By drawing parallels with the physics
of bound states in the continuum there are opportunities to open
new frontiers for silicon photonics as a platform to investigate
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fundamental physics. By looking back and finding analogies
with radio frequency devices we may find new opportunities for
photonic wavelength filters and even optical antennas for free
space transmission based on lateral leakage.
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