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Polarization-Independent Complex Bragg Grating Filters on

Silicon Nitride

Alejandro Ferndndez-Hinestrosa,* José Manuel Luque-Gonzdlez, Pavel Cheben,
Jens H. Schmid, Alejandro Sdnchez-Postigo, . Gonzalo Wangiiemert-Pérez,
Inigo Molina-Ferndndez, and Alejandro Ortega-Monux

Integrated optical filters are essential components of on-chip multiplexers,
which play a critical role in enhancing data throughput for high-demand
networks. Since optical multiplexers are typically connected through
fiber-optic links where the polarization state of light fluctuates randomly,
polarization insensitivity is an important prerequisite for integrated optical
filters. In this work, polarization-insensitive optical filters are demonstrated on
the silicon nitride platform operating in the datacom O-band. The filters are
based on cladding-modulated Bragg gratings, which offer improved
fabrication tolerances and reduced losses compared to conventional sidewall
gratings. By judiciously designing grating dimensions, filters are
demonstrated with single-band, dual-band, and four-band spectral
characteristics. The fabricated filters achieve an insertion loss below 1.0 dB
and a band rejection greater than 25 dB for spectral bands that are 3 nm wide

and 9 nm apart.

1. Introduction

Silicon photonics has become established as a reliable technol-
ogy for highly integrated optical components.l?] Both silicon-
on-insulator (SOI) and silicon nitride platforms are compatible
with mature CMOS microelectronics, reducing manufacturing
costs and enabling large-scale production of photonic integrated
circuits. Recently, optical systems based on silicon nitride have
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gained popularity due to their high toler-
ance to fabrication errors and their low
loss,>*] which benefit applications such
as quantum photonics,®] biochemical
sensing,[®l and wavelength division mul-
tiplexing (WDM).”8] In the context of
WDM, significant efforts have focused on
developing high-performance integrated
multiplexers for high-capacity fiber-
optic links in data centers.l’] In these
links, polarization diversity schemes,
which remain a common solution for
long-haul optical networks, are gen-
erally avoided due to their associated
complexity and costs. Moreover, such
schemes require dedicated components
such as polarization beam splitters
(PBS) and rotators (PR), which, in prac-
tice, increase power loss and demand
larger footprints.['%14] In passive optical
networks (PON) and data centers, polarization-insensitive re-
ceivers are highly preferred, as they can handle any arbitrary po-
larization state of light coming from the output of fiber-optical
cables without the need for on-chip dedicated polarization man-
agement. This preference has driven extensive research into
polarization-independent integrated optical components in re-
cent years.[11-18]

WDM multiplexers typically utilize arrayed waveguide grat-
ings or fiber Bragg gratings operating with minimal loss and
crosstalk. Conventional waveguide Bragg gratings comprise a
waveguide core with a periodic perturbation that creates a pho-
tonic bandgap, thereby forbidding light propagation and re-
flecting it within specific wavelength ranges. An integrated so-
lution for wavelength multiplexers relies on incorporating a
pair of identical waveguide Bragg gratings into the arms of
a Mach-Zehnder interferometer (MZI).['%22] By spectrally tai-
loring these Bragg gratings, the wavelength multiplexer can
exhibit flat-top frequency responses of several bands.** To
reach the polarization-agnostic operation, both the gratings and
beam splitters of the MZI must also be insensitive to po-
larization. Integrated beam splitters are often realized using
multi-mode interference (MMI) devices, which have been ex-
tensively studied in the literature and feature accessible de-
sign procedures for achieving polarization insensitivity.!?>2¢]
In contrast, the design of polarization-insensitive Bragg grat-
ings has not been largely researched. By imprinting both side-
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Figure 1. a) Schematic 3D view of a polarization-insensitive cladding-modulated Bragg grating. b) Scanning electron microscope (SEM) image of a
section of a multi-band polarization-insensitive Bragg filter fabricated on a 400-nm thick silicon nitride platform.

wall and surface corrugations on a waveguide, polarization-
insensitive Bragg gratings have been demonstrated in SOI and
silicon nitride platforms.!'®27-2] Alternatively, polarization in-
dependence has been achieved by combining two Bragg grat-
ings that separately process TE and TM modes.[*! Still, none
of these approaches provides multi-band spectral character-
istics, which is a critical feature for add-drop multiplexing
applications.

Bragg gratings with multi-band rejection can be achieved
by a precise modulation of the sidewall corrugation,®*?I but
this complicates fabrication and limits the degrees of free-
dom available to achieve polarization insensitivity. Our cladding-
modulated Bragg gratings, illustrated in Figure 1, overcome this
problem by externalizing the refractive index modulation as lat-
erally loaded grating segments.[>**] This grating topology ad-
vantageously offers relaxed fabrication tolerances and increased
design flexibility through the customizable size and position
of the segments,?* but polarization independence has not yet
been demonstrated. In this work, we present cladding-modulated
Bragg gratings that exhibit both flat-top multi-band spectral re-
sponse and polarization insensitivity. These characteristics are
achieved by judiciously modulating the separation (s,) and length
(1,) of the loading segments, resulting in a complex cladding-
modulated grating. This new design strategy is experimentally
validated by implementing a set of waveguide filters with single-
band, dual-band, and four-band rejection spectra, complying with
the LAN-WDM frequency grid,***” on a 400-nm thick silicon ni-
tride platform. Our results constitute the first demonstration of
complex on-chip Bragg filters with polarization-independent per-
formance.
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2. Theory and Design

2.1. Polarization-Insensitive Uniform Bragg Filters

Waveguide Bragg gratings are periodic structures that operate as
band-rejection filters. They can be analyzed via the coupled-mode
theory (CMT) by dividing them into i) a waveguide with an in-
variant cross-section and ii) a superimposed periodic permittiv-
ity modulation with period A, that is, a perturbation Ae(x, y, 2)
= Ae(x + A, y, z). A modal analysis of the waveguide determines
both the field profile, E(y, z), and the effective index n,¢(4) and
group index n,(4) of the fundamental mode. The Bragg period is
defined as:

A= M
p= —
204 (4o)

where A, is the resonance wavelength for a small perturbation
limit. With increasing the perturbation magnitude, the reso-
nance wavelength shifts to 4. = 4, + 64, where 64 depends on
the mean permittivity of the periodic perturbation, Ae,(y, z), and
the field profile of the unperturbed waveguide: 61 « /5 Aey(y, 2)
- |E(y, 2)|* dS. According to the coupled-mode theory, this shift is
related to the self-coupling coefficient:(3!

2 A n, (A
KszlB_ ””f(c)z” iz( ) 2 2)

The fundamental mode is coupled backward within a rejection
bandwidth, A4, which is a function of the interaction between
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the first harmonic of the periodic perturbation, Ae, (y, 2), and the
field profile of the waveguide: A o [5 Ae(y, 2) - |E(y, 2)|* dS. The
rejection bandwidth is related to the coupling coefficient:[3®]

zn (A )
g
A uniform Bragg grating can be insensitive to polarization
when TE- and TM-polarized modes meet the following condi-
tions:

TE

n ™ _TE ~ ’

off = Mo Ty = ngM, Krp & Ky, Ky & Ky 4

To satisfy the first and second conditions, we use a square
waveguide cross-section, with dimensions w = h = 400 nm, for
which the resonance wavelengths of TE and TM modes match
for a small perturbation. The grating pitch (A = 430 nm) is then
calculated using Equation (1) from the effective index of the TE-
and TM-polarized fundamental modes of the waveguide at 4, =
1310 nm. Subsequently, lateral loading segments are introduced
as a periodic perturbation with a period Ay, located at a distance s
from the waveguide. To fulfill the third and fourth terms of Equa-
tion (4), the length of the loading segments, which interact dif-
ferently with the evanescent fields of the TE and TM propagating
modes, is judiciously adjusted.

We begin by analyzing the uniform Bragg grating in Figure 2a
(inset). The segment width (w,), separation (s), and duty cycle
(DC) are set to 200, 420 nm and 0.5, respectively. First, we calcu-
late the bandgap width (A4) and the resonance wavelength (4.)
of the structure for both TE- and TM-polarized fields using the
MIT Photonics Bands (MPB) solver, as outlined in our previous
work.!22] Next, we obtain the coupling (k) and the self-coupling
(k) coefficients from Equations (3) and (2), respectively. These
coefficients are then employed using the transfer-matrix method
(TMM)[2339] 1o calculate the TE and TM transmittances of the
grating. As can be observed in Figure 2a, the notches in the TE
and TM transmittance spectra differ in both resonance wave-
length and rejection, indicating a polarization-dependent cou-
pling coefficient. The coupling coefficients for both polarizations
can be matched by optimizing the device geometry. Figure 2b
shows that, for a duty cycle DC = 0.32, TE and TM bandgaps are
equalized. Both Figure 2a,b results are calculated for a grating
with N = 1400 periods, but the same procedure works for any ar-
bitrary number of periods. This example suggests that for a given
segment separation, s, it is possible to find an optimal duty cycle,
DC, at which TE and TM transmittances practically match .

By applying the same procedure to each segment separation s
in the range from 200 nm to 1 um, we obtain the duty cycle as a
function of s, DC(s), shown in Figure 2c. This function constrains
the grating topology to a reduced set of solutions, where the TE
and TM coupling coefficients coincide (Figure 2d). We observe
a slight difference between the TE and TM self-coupling coeffi-
cients, affecting differently the central wavelengths for the two
polarizations. To quantify this effect, we define the polarization
wavelength detuning, 64,,,, as the difference between the central
wavelength shifts induced by the self-coupling effect for the TE
and TM polarizations, ie., §4,, = |64y — 6Apy |- We calculate
this detuning using Equation (2) and the x’ curves in Figure 2d.
The polarization wavelength detuning is less than half a nanome-

Laser Photonics Rev. 2025, €02114 e02114 (3 Of8)

www.lpr-journal.org

ter for uniform gratings with lateral segments at a separation s
> 350 nm (Figure 2e). Bragg gratings with such lateral segment
separation have bandgap widths (A4) less than 6 nm, as shown
in Figure 2f. Furthermore, polarization wavelength detuning re-
mains below 20% of the notch bandwidth for lateral segment
width and length typical deviations of +20 nm.

2.2. Polarization-Insensitive Multi-Band Bragg Filters

Cladding-modulated Bragg gratings are particularly well suited
for multi-band filtering. By judiciously adjusting the separation,
s,, and pitch, A, of the lateral segments, an arbitrary spectral re-
sponse can be synthesized.[?*22] Here we use the following gen-
eral design procedure: first, from the target spectral response, we
calculate the local reflection coefficient, p,, for each segment n,
using the layer-peeling algorithm (LPA).[?*] Next, the amplitudes
of the reflection coefficients are mapped to coupling coefficients,
K, according to the relation:

i tanh™! (|pal)

o= )

which is then synthesized by selecting the appropriate segment
separations, s,. The phase modulation of the reflection coefhi-
cients is obtained by tuning the period of each segment:[**]

2+ 2 - Z
A, = L,p” Ay (6)
27 + 27z,

where £p, is the phase of the reflection coefficient at the nth seg-
ment.

Polarization-insensitive multi-band Bragg gratings were de-
signed on a silicon nitride waveguide with dimensions w = h =
400 nm, loading segments of width w, = 200 nm and a nomi-
nal pitch of A = 430 nm. Using the layer-peeling algorithm, we
obtained the reflection coefficients p, for single-band, dual-band,
and four-band target rejection spectra complying with the LAN-
WDM standard. Rejection spectra were all centered at 4, = 1310
nm, with 9-nm spacing and 3-nm notch 3-dB bandwidth. Multi-
band Bragg filters with twice the LAN-WDM spacing (i.e., 9 nm)
enable interferometry-based add-drop interleavers(??] that drop
odd bands and pass even bands (or vice versa), but the proposed
design technique is valid for any band spacing greater than the
rejection notch bandwidth. Using Equation (5) and the inverse of
the x(s) function from Figure 2d, we calculated the segment sep-
arations s,. The phase modulation of the reflection coefficients
was mapped to the grating period using Equation (6) and the av-
erage function

K () = [rpg () + kg (5)] /2 (7)

from Figure 2d. This procedure recentered the TE and TM res-
onance wavelengths of each period at A, = 1310 nm. To enforce
polarization independence, we adjusted the segment length of
each period, I, = DC(s,) - A,,, using the optimized function DC(s)
shown in Figure 2c. The resulting geometrical parameters are
shown in Figure 3a—c. The filter length was chosen as 600 ym
(i-e., N = 1400 periods) to achieve notch rejection, R, exceeding
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Figure 2. Uniform cladding-modulated Bragg gratings for lateral segment duty cycles of a) DC = 0.5, and b) DC = 0.32. Both gratings consist of N = 1400
periods, and the grating dimensions are shown in the insets. c) Grating duty cycle as a function of segment separation, DC(s), resulting in matched TE
and TM bandgaps. d) Coupling (k) and self-coupling (k') coefficients for the bandwidth-matched (i.e., k-matched) cladding-modulated Bragg grating. e)
Polarization wavelength detuning as a function of segment separation, § 4, (s), which is defined as the difference between the central wavelength shifts
induced by the self-coupling effect for the TE and TM polarizations. f) TE and TM bandgap width of the polarization-insensitive grating as a function of

segment separation.

20 dB. The simulated grating spectra, obtained by the transfer-
matrix method, are presented in Figure 3d—f. It is observed that
the filters are practically polarization-insensitive, with TE and TM
central wavelengths differing by less than 300 pm in the worst-
case scenario (Figure 3f).

The histograms in Figure 3g—i show the relative frequency
(green bins) of the lateral segment separations for the gratings in
Figure 3a—c, respectively. Also displayed for reference is the simu-
lated polarization detuning (black lines) of the uniform cladding-

Laser Photonics Rev. 2025, 02114 e02114 (4 0f8)

modulated Bragg grating as a function of segment separation.
For the single-band filter (Figure 3a), the polarization detuning
is very small compared to the filter bandwidth, as most seg-
ments lie within a range that contributes minimally to polariza-
tion wavelength detuning (Figure 3g). As the number of rejec-
tion bands increases, the segments are localized closer to the
waveguide but become more dispersed, due to an increased fluc-
tuation of the reflection coefficients. Both of these effects con-
tribute only to a slight detuning between the TE and TM filter
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Figure 3. Geometric parameters of the polarization-insensitive cladding-modulated Bragg gratings along the grating length (x), for a) single-band,
b) dual-band, and c) four-band spectra, with the corresponding transmittances d—f). Polarization wavelength detuning of the uniform grating (black
curves) and relative frequency distribution of the segment separations (green bins) for: g) the single-band, h) the dual-band, and i) the four-band
cladding-modulated Bragg gratings. Segments closer to the waveguide core contribute more significantly to total polarization wavelength detuning. As
the number of rejection bands increases from g) to i), the minimum segment separation decreases, but the segments also spread more widely.

spectra, which becomes barely noticeable in filters with four or
more rejection bands. The polarization wavelength detuning in
these multi-notch filters can be estimated numerically using the
following expression:

%,

|2

TE _ 3T™
AC,VL A’c,n

AR

'|/’n

()

pol =

where A'¥ and A™ are the TE and TM resonance wavelengths at
period n. Using this equation, we estimated polarization wave-
length detunings of 125, 180, and 300 pm for the single-band,

Laser Photonics Rev. 2025, €02114 e02114 (5 0f8)

dual-band, and four-band notch filters, respectively, matching
closely the results shown in Figure 3d—f.

3. Experimental Results

Polarization-insensitive single-band, dual-band, and four-band
rejection filters were fabricated on a conventional 400-nm-thick
silicon nitride platform, provided by Applied Nanotools,[*°! with
a 4.5-um-thick buried oxide layer and 3-um-thick silicon dioxide
cladding. The material refractive indices at the operating wave-
length (4, = 1310 nm) are ngy = 2.001 and ng,5, = 1.447. The
structures were patterned using electron-beam lithography and
anisotropic ICP-RIE etching. To compensate for etching devia-
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Figure 4. Experimental transmittances of the polarization-insensitive cladding-modulated Bragg filters with a bias of Aw = 32 nm for: a) one rejection
band, b) two rejection bands, and c) four rejection bands. The central wavelength for all transmittances is A, = 1318.2 nm. Measured TE and TM
transmittances of fabricated single-band filters with biases of: d) Aw = 8 nm, ) Aw = 16 nm, f) Aw = 24 nm, and g) Aw = 32 nm. h) Least squares
approximation (dashed lines) of the resonance wavelengths of TE and TM polarized modes of the fabricated single-band filters (markers). A polarization-
insensitive filter with a bias of Aw = 27.5 nm is estimated to resonate at 1317.4 nm. i) Simulated resonance wavelength of a single-band cladding-
modulated Bragg grating with a square cross-section waveguide as a function of waveguide width and height, w = h. A grating with a waveguide of w =

h =414 nm resonates at 1317.4 nm.

tions in the fabrication process, we included several variations
of our designs with respect to the bias, Aw, defined in the in-
set of Figure 4a. Positive bias values indicate an underetch (i.e.,
where the silicon nitride removal is less than expected), while
negative values correspond to an overetch. For the experimen-
tal measurements, light from a tunable laser source (Agilent
81672B) was coupled to a half-wave plate polarization controller
via a polarization-maintaining optical fiber. The light was injected
into the chip facet using a lensed optical fiber and an on-chip
edge coupler, and was subsequently guided to the filters through
single-mode strip waveguides. Finally, the output light was col-
lected by a microscope objective and detected using a lightwave
multimeter (Agilent 81642B). All optical measurements were ref-
erenced to the transmittance of the closest straight waveguide.

Laser Photonics Rev. 2025, 02114 e02114 (6 Of8)

Polarization insensitivity was effectively achieved for the fab-
ricated filters with biases of Aw = 24 nm and Aw = 32 nm.
Figure 4a—c shows the experimentally measured spectra of the
single-band, two-band, and four-band filters for Aw = 32 nm.
These spectra are in excellent agreement with simulation results
in terms of shape, band spacing (9 nm), insertion loss (<1 dB),
and rejection (>25 dB). The notches are ~ 1 nm wider than ex-
pected, which we attribute to increased field interaction with the
larger loading segments. These results clearly validate the pro-
posed concept and our design methodology.

Finally, we conducted an analysis to assess the impact of fab-
rication deviations. Figure 4d—g shows the experimentally mea-
sured optical transmittances of single-band filters with biases Aw
of 8, 16, 24, and 32 nm, respectively. As Aw increases, the TE
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and TM rejection bands shift in opposite directions, suggesting
that a bias between 24 and 32 nm would provide perfect polar-
ization insensitivity. Using the least squares method, we linearly
approximated the measured TE and TM central wavelengths, as
shown in Figure 4h. Based on this analysis, we estimated that a
fabricated filter with a bias of Aw = 27.5 nm would resonate at
a wavelength of 1317.4 nm for both polarizations. Next, we sim-
ulated the resonance wavelength of a single-band polarization-
insensitive filter as a function of the waveguide width and height
(w = h) (Figure 4i). From this simulation, it was apparent that
a grating with a waveguide core cross-section of 414 X 414 nm
would also resonate at a wavelength of 1317.4 nm for both po-
larizations. This result indicated a thickness error of Ah = 414 —
400 = 14 nm in the silicon nitride layer, and an actual waveguide
width overetch of Aw’ = 427.5 — 414 = 14.5 nm, both of which
are within the typical fabrication deviation specifications of the
foundry.

4. Conclusion

We have demonstrated, to the best of our knowledge, the first
on-chip multi-band polarization-insensitive Bragg filters. The fil-
ters are based on cladding-modulated Bragg gratings, where the
fundamental mode of a strip waveguide is evanescently coupled
to loading segments, which synthesize complex amplitude and
phase modulation. Furthermore, we developed a novel design
methodology to achieve filter polarization independence, which
we validated using filters designed for the telecom O-band on a
400-nm-thick silicon nitride platform. By adjusting the grating
dimensions to match the transmittances for both polarizations,
we achieved a wavelength detuning between TE and TM polar-
izations of less than 0.3 nm. To validate this concept, we fab-
ricated single-band, dual-band, and four-band filters, each with
3-nm notch bandwidth and 9-nm spacing. Experimental results
closely match simulations, with only slight deviations in notch
width and depth, which we attribute to variations in waveguide
thickness and width. The fabricated filters exhibited notch rejec-
tions exceeding 25 dB and insertion loss of less than 1 dB for up to
four-band transmittances. We believe that our design methodol-
ogy is highly adaptable and can be applied to create polarization-
agnostic integrated optical filters with arbitrary rejection spectra
on platforms with similar index contrast, such as those based on
polymers or lithium niobate. The proposed technique can also
be extended to DWDM filters with narrower and more tightly
spaced rejection bands. Preliminary calculations indicate that a
dual-band grating operating at the C-band, with a spacing of 800
pm, notch width of 600 pm, and a rejection greater than 20 dB, ex-
hibits a polarization wavelength detuning below 15% of the band
spacing, at the expense of increased length (~2.5 mm).
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