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Waveguide Bragg grating filters with narrow bandwidth and high optical rejection are key func-
tions for several advanced silicon photonics circuits. Here, we propose and demonstrate a new Bragg
grating geometry that provides narrowband and high rejection response. It combines the advantages
of subwavelength and modal engineering. As a proof-of-concept demonstration, we implement the
proposed Bragg filters in the 220-nm-thick Si technology with a single etch step. We experimentally
show flexible control of the filter selectivity, with measured null-to-null bandwidths below 2 nm, and
strength of 60 dB rejection with a null-to-null bandwidth of 1.8 nm.
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I. INTRODUCTION

The silicon-on-insulator (SOI) platform is poised to
deliver high-performance photonic circuits that can be
fabricated in existing industrial facilities. Still, the re-
alization of high rejection wavelength filters with nar-
row bandwidth remains a challenge. Such filters would
be essential, for example, in silicon photon-pair sources
exploiting spontaneous four-wave mixing (SFWM) pro-
cess in Si micro-ring resonators [1-3]. Silicon photon-pair
sources have a great potential for applications in quan-
tum key distribution [4] and optical quantum computing
[5]. However, integrated sources based on SFWM require
on-chip rejections exceeding 100 dB over a small band-
width (~ 2 nm) due to the strong pump power compared
to that of the photon-pairs [6, 7].

A myriad of optical filters has been reported for the
silicon photonics technology, including Bragg grating fil-
ters [8, 9], cascaded micro-resonators [10, 11] and Mach-
Zehnder interferometers [12, 13]. Cascading several
micro-ring resonators or Mach-Zehnder interferometers
allowed the demonstration of remarkably large rejections
[6, 14]. However, in most cases these solutions require an
active control of each element, and none of them showed
a narrowband notch response. On the other hand, there
have been remarkable achievements in the improvement
of the performance of Si Bragg gratings in terms of se-
lectivity, showing bandwidth below 1 nm [8, 9, 15-17] or
rejection, with values exceeding 80 dB [18]. Subwave-
length engineering of the grating lattice has shown to be
a simple and powerful tool to achieve narrowband notch
responses [8, 15, 17]. By exploiting metamaterial index
engineering of the Bragg lattice, subwavelength-based fil-
ters implement effectively weak perturbations and thus
narrowband responses with feature sizes larger than 50-
100 nm. Still, these weak filters require larger lengths
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to achieve a given rejection level, which hinders main-
taining the phase over the structure. Thus, the achiev-
able rejection level in these filters is limited to ~ 40 dB
due to phase errors arising from fabrication imperfec-
tions. Concurrently, we have recently shown that non-
coherent cascading of multi-modal waveguide Bragg grat-
ings allows ultra-high rejection levels, exceeding 80 dB
[18]. The idea lies in implementing several filter sections
with Bragg gratings that couple back-reflections into a
high-order waveguide mode, and connect them by single-
mode waveguides that radiate back-reflections propagat-
ing in a high-order mode. By avoiding coherent inter-
action among filters, we achieve efficient cascading even
in the presence of phase errors. A conceptually similar
approach has been implemented, based on the cascading
of contra-directional gratings that couple back-reflections
into a different waveguide [19, 20]. Nevertheless, these
contradirectional couplers exhibited wideband notch re-
sponses, of 6 nm bandwidth at 1550 nm. Sub-nanometer
bandwidth has been achieved with single-stage contradi-
rectional couplers in rib waveguides [21]. However, these
filters required two etch steps, complicating fabrication,
and have not been cascaded. Multi-modal-based multi-
stage filters with a single etch step showed a bandwidth
of 7 nm at 10 dB rejection. The high index contrast in sil-
icon makes it difficult to further reduce this bandwidth
[18]. Indeed, achieving the <10 nm bandwidth with a
single etch already required the implementation of very
narrow corrugations of 20-50 nm, at the limit of the fab-
rication capabilities of the silicon photonics technology
[18, 20].

Here, we propose and experimentally demonstrate a
new Bragg grating geometry that gathers the advantages
of subwavelength engineering and non-coherent multi-
modal cascading to implement narrowband notch filters
with high-rejection levels. In the proposed geometry, de-
picted in Fig. 1(a), the Bragg unit cell comprises two
slightly different subwavelength sub-periods, implement-
ing a differential approach that yields weak perturbations



even with large corrugation widths. In addition, the cor-
rugations in the left- and right-hand sides of the waveg-
uide are shifted by half-a-period to enable coupling of
the Bragg back-reflections into the antisymmetric first
order mode [22]. This way, different filter sections can
be interconnected with single-mode waveguides achiev-
ing non-coherent cascading [18].

Provided the grating has the proper geometrical sym-
metry, Bragg back-reflections can be coupled to a higher
order-mode [22]. The Bragg resonance wavelength result-
ing in coupling between the forward-propagating funda-
mental mode and the backward-propagating first-order
mode, \,, is determined by the phase-matching condi-
tion, \, = A(n(l) +n® )/p. Here, A is the grating pe-

eff eff
riod, p is the Bragg order, while n((il) and nff)f are the ef-

fective indexes of the fundamental and first-order modes,
respectively. The rejection level (R) and the notch band-
width (AMX) of the filter can be theoretically estimated
from coupled-mode theory (CMT) as R = tanh®(kLp)
and

K2 + Ea (1)

with L the filter length, n, the group index and & the
coupling coefficient [23].

In the proposed geometry, the grating lattice is defined
by the waveguide width (W,4), the minimum corruga-
tion depth (Weerr), the corrugation difference (dW), the
lengths of the teeth (L) and gap (L¢g) and the period
(A =2Lr + 2Lg).

The Bragg coupling strength is mainly determined by
the corrugation difference, dW, between the two sub-
wavelength corrugations, rather than by the minimum
corrugation depth (Wee.), see Fig. 1(a). Thus, we have
a large flexibility in choosing the minimum corrugation
width. On the other hand, the corrugation on each side of
the waveguide is shifted half-a-period to allow excitation
of symmetric and anti-symmetric modes [22].

We designed the Bragg grating to operate with
transverse-electric (TE) polarized light, considering cou-
pling between the fundamental (T'Ey) and first-order
(TE1) modes at a wavelength close to 1550 nm. The
proposed design has a silicon thickness of 220 nm and
air as upper-cladding material. The waveguide width is
Wwg = 1150 nm, the minimum corrugation is Weor, =
100 nm, and the period is A = 290 nm. In the subwave-
length sub-period, the gaps have a length of Lg = 70 nm
and the teeth have a length of Lp =75 nm. The min-
imum feature in the filter is determined by the gap
length, of Lg =70 nm. This feature is compatible with
electron-beam lithography and advanced optical immer-
sion lithography techniques [24].

To illustrate the multi-modal nature of the proposed
grating, we have calculated the transmission along a
100-pm-long filter using 3D finite-difference time domain
(FDTD) simulations [25]. We chose this length to limit

the calculation time. As excitation we used the funda-
mental TE mode of a 1150 nm wide strip waveguide.
The field distribution of the transmitted and reflected
light near 1550 nm wavelength (within the Bragg notch)
are shown in Fig. 1(b) and Fig. 1(c), respectively. As
expected, the transmitted light remains in the fundamen-
tal mode, while the back-reflected light is carried by the
first-order mode.

Transmitted mode Reflected mode
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FIG. 1. (a) Schematic view of the proposed subwavelength
multi-modal Bragg grating filter. (b) Mode profile of the
injected /transmitted mode, (c) mode profile of the reflected
mode, both at a wavelength of 1550 nm.

We compare the bandwidth of the proposed subwave-
length grating with that of an asymmetric filter imple-
mented with a conventional rectangular corrugation [18].
We considered a corrugation width of 50 nm, waveguide
width of 1100 nm, a pitch of 290 nm and a duty cycle of
50%. The simulated transmission spectra are shown in
Fig. 2(a). We can see a substantial reduction in rejection
(~ 70%) and bandwidth in the case of the subwavelength
filter. Still, the bandwidth reduction is less apparent for
this filter length. To better show the bandwidth reduc-
tion provided by the subwavelength corrugation, we cal-
culated the bandwidth as a function of the length, using
Eq. (1). The values of group index (n,y) and coupling co-
efficient (k) were extracted from the simulations in Fig.
2b then used in Eq. (1) to predict the filter behavior [8].
As shown in Fig. 2(b), when the filter length increases,
the subwavelength geometry yields up to a two-fold re-
duction in the notch bandwidth.

EXPERIMENTAL DEMONSTRATION

To evaluate the performance of the proposed asym-
metric subwavelength engineered geometry, we fabricated
different Bragg filters in the SOI platform with 220 nm
thick Si and 3 pm thick buried oxide layer (see Fig. 3).
The filters were fabricated using electron beam lithogra-
phy (Nanobeam NB-4 system, 80 kV) with 5 nm step-
size, followed by a dry etching process with an induc-
tively coupled plasma etcher (SF6 and C4f8 gas) to pat-
tern the structures. Experimentally, light was injected
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FIG. 2. (a) Simulated transmission of a Bragg filter with
asymmetrical rectangular corrugation and proposed subwave-
length approach. They exhibit null-to-null bandwidth of 6.6
and 6.2 nm, respectively. (b) Theoretical null-to-null band-
width extracted from the FDTD simulation, the group index
ng values being 3.95 and 4.13 for the SWG and rectangular
grating, respectively.

and extracted through the chip surface using subwave-
length engineered grating couplers [26, 27] and cleaved
single mode (SMF-28) optical fibers. We set a filter
length of 500 pm, and varied the corrugation difference,
dW, between 20 nm and 100 nm. The minimum cor-
rugation width in the filter is 120 nm (Weopr + dW =
100 nm+20 nm). We also used two waveguide widths
Wwg = 1150 nm and 1200 nm. The input and output
fiber-chip couplers were connected to single-mode strip
waveguides. We included 20 pm-long adiabatic tapers
between the 400-nm-wide single-mode waveguide and a
1150-nm-wide multimode strip waveguide before and af-
ter the filters. To reduce the insertion losses of the grat-
ing, we implemented a smooth transition at the beginning
and end of the gratings. The minimum corrugation width
(Weorr) was linearly varied between 50 nm and 100 nm
over 20 periods, while implementing no differential cor-
rugation, i.e. dW =0 nm. Note that for dW =0 nm, the
two grating sub-periods are identical. Then the effective
period in the transition, of A/2 = 145 nm, lies in the
subwavelength regime.

In Fig. 4(a), we plot the measured bandwidth and re-
jection for the fabricated filters, with d/W = 20-100 nm
and Wy,4 = 1150-1200 nm. We experimentally show that
the bandwidth can be tuned between 1 nm and 2 nm, just
by changing the corrugation difference. The increasing
waveguide width results in a red-shift of the resonances
as the effective index of the modes increases, as well as a

w

FIG. 3. Scanning electron microscope (SEM) images of (a)
Bragg grating filter, and (b) detail of the differential corruga-
tion geometry.

weaker rejection, as the perturbation is weakened. Nat-
urally, it can be observed in Fig. 4(b) that low rejection
is correlated with reduced bandwidth. The dotted line
represents the bandwidth-rejection relation predicted us-
ing Eq. (1) from the coupled-mode theory. There is a
very good agreement between coupled-mode theory and
experiments. As an example, Fig. 4(b) shows the mea-
sured transmittance spectrum for three different filters
with dW = 20 nm, dW = 50 nm and dW = 100 nm. As
expected, wider corrugation differences result in wider
and deeper rejection bands. Note that larger corruga-
tions also yield higher (Bloch-Floquet) mode effective in-
dices that redshift the center wavelength of the rejection
band. These results demonstrate the great bandwidth
flexibility enabled by the proposed geometry. For com-
parison, rectangular Si Bragg gratings with a corrugation
of 50 nm (at the limit of conventional e-beam fabrication
tools) yield a bandwidth near 10 nm [18].

To demonstrate the effective cascading of the pro-
posed grating, we implement the multi-section filter
schematically described in Fig. 5(a). Different filter
sections are separated by S-bends, implemented with a
single-mode waveguide. These S-bends radiate the back-
reflections propagating in the first-order mode, avoiding
unwanted interferences that would limit achievable re-
jection [18]. We include a multimode-coupler between
the input waveguide and the first Bragg grating (see Fig.
5(a)), that couples back-reflected light, propagating in
the T F4 mode, into the fundamental mode of the adja-
cent reference waveguide [28]. This way we can monitor
back-reflected light from the first Bragg grating.

The fabricated multi-stage filter comprises 9 Bragg
grating sections with d/W =100 nm and length of 300 pm.
Figure 5(b) shows the measured transmittance spectrum
for the through and reference ports. From the response of
the reference port we estimate a null-to-null bandwidth
of 1.8 nm. At the same time, the cascaded filter provides
a rejection of at least 60 dB in the through port. That is
almost 35 dB increase compared with the single-section
device. Note that the 3dB-bandwidth is about 3.3 nm
due to the misalignment of the side lobes of the differ-
ent filters. This is half the 3dB bandwidth of our previ-
ously reported cascaded Bragg filter [18]. This opens the
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FIG. 4. (a) Measured null-to-null bandwidth as a function of
the filter rejection for various dW and fixed length of 500 pm,
in doted line is the CMT prediction of bandwidth and rejec-
tion for the same filter length and a group index ngy = 4.2.
(b) Measured transmittance spectrum for three different cor-
rugation width differences and W,y = 1150 nm.

possibility to exploit nearest resonances from the ring in
photon-pair generation, which were previously discarded
due to a too wide filter notch [7].

CONCLUSION

In conclusion, we have proposed and experimentally
demonstrated a new waveguide Bragg grating geome-
try that exploits subwavelength structuration and non-
coherent cascading to achieve flexible control in the notch
bandwidth and strong optical rejection, simultaneously.
Subwavelength engineering of the Bragg unit cell leads
to weak Bragg perturbations with comparatively large
corrugation depths. On the other hand, the excitation
of the counter-propagating first-order mode enables ef-
fective cascading of different Bragg grating sections to
increase the notch rejection. We have implemented the
proposed approach in the SOI technology with 220-nm-
thick guiding silicon layer and a single etch step. We have
shown measured notch bandwidths below 2 nm with cor-
rugation depths larger than 100 nm, illustrating the flexi-
bility in bandwidth control provided by our geometry. By
exploiting non-coherent cascading, we have also demon-
strated a remarkably large rejection exceeding 60 dB for
a filter with a bandwidth below 2 nm. These results show
the potential of the proposed approach for the develop-
ment of flexible and reliable Si Bragg filters, and opens
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FIG. 5. (a) Schematic view of the circuit with a modal cou-
pler and a cascaded Bragg filters. (b) Transmission spectra of
a cascaded asymmetric subwavelength filter with a single sec-
tion as reference. The cascaded filter is composed of 9 sections
of 300 pum long filter with a corrugation Weer» and differen-
tial corrugation dW of 100 nm. The back reflected signal
correspond to the back-reflection of the first filter section.

a new route for the implementation of high-performance
Bragg grating filters harnessing both subwavelength and
modal engineering. All while maintaining compatibility
with standard phonics techniques.
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