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Abstract

We propose the realization of an on-chip dual identical narrowband Bragg filter at ~1310nm and ~1950nm
wavelengths simultaneously based on the silicon-on-insulator (SOI) platform. By taking advantage of a subwavelength
corrugation behavior at large wavelengths and a huge difference in the mode areas of the involved modes at the two
widely separated wavelengths, undesired diffraction losses are circumvented while achieving Bragg resonances at the
two wavelengths simultaneously. A double corrugation Bragg grating rib waveguide filter is proposed, with two sets
of gratings, the inner one close to the rib operating near 1310nm wavelength while the outer grating being designed
to achieve a transmission dip around 1950nm. Introducing a proper lateral misalignment to the set of inner grating
indents, a dual identical narrowband Bragg filter owning ~0.47nm 3dB bandwidth at ~1310nm and ~1950nm is
achieved. The proposed design strategy based on SOI platform relies on a single-etching fabrication process and
presents potential applications in all situations where equal-bandwidth filtering is needed in on-chip communications
and sensing.

1. Introduction

Bragg gratings waveguide structures on different platforms, such as silicon-on-insulator (SOI), silicon nitride, III-
V, etc., play a great role in various application fields, including lasers [1], modulators [2,3], filters [4,5], signal
processing circuits [6], optical delay lines [7,8], on-chip sensors [9,10], wavelength division multiplexers [11]. Several
types of Bragg waveguide gratings, such as phased-shift [9,10], apodized [7], Moiré [12], sampled [13], or cladding-
modulated gratings [14-16], have been demonstrated and each of them can provide its own special advantages. The
studies based on Bragg gratings are thriving in the past decades. Multiband operation is a valid option to significantly
extend optical communication capacity [17]. However, there are few works only addressing how to successfully
circumvent diffraction limitation resulting in achieving an on-chip dual identical narrowband Bragg filtering
simultaneously at two separated far away wavelengths. A straightforward approach is to implement both gratings on
the same waveguide simultaneously, but this is not without difficulty. Due to the huge difference between these
involved wavelengths, the Bragg grating period for the longer wavelength can then be responsible for diffraction at
the short aiming wavelengths, thus hindering the target dual function.

In this work, based on SOI platform, we fix as a typical example objective case where filtering at ~1310nm and
~1950nm with identical narrow stopbands are simultaneously needed. A rib waveguide geometry containing two sets
of gratings is chosen (see Fig. 1 (a)) as in this type of waveguide, where a mode field can spread widely laterally in
the slab, the introduction of corrugation that disturbs the profile of the guided mode is simpler than in a fully etched
strip waveguide. One of the set of gratings (inner gratings), which is considered just close to the rib, is designed for
~1310nm Bragg wavelength operation. Another one is located far away enough to the rib (outer gratings) to generate
the ~1950nm wavelength stopband. Section 2 describes the proposed methodology applied to obtain two stopbands
with identical 3dB bandwidth (~0.47nm) at ~1310nm and ~1950nm over a ~1.3mm long rib slightly single-etched
SOl waveguide. In section 3, simulation results are reported, demonstrating the soundness and the efficiency of
proposed design strategy. Then, discussion and conclusion are given in section 4.

2. Principles and design

The proposed methodology is illustrated relying on a 220nm thick (Hcore) SOI wafer case. Preliminarily, in order
to obtain a waveguide that can well support a TE-like polarization mode within a broadband wavelength range
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(covering the ~1310nm-~1950nm range in our case), a rib waveguide with rib width (Wip) of 500nm and rib height
(Hrin) of 100nm are chosen. The 3D schematic and 2D cross-section pictures of the rib waveguide are shown in Fig.
1(a) and Figl. (b), respectively.
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Fig. 1 (a) 3D schematic (b) 2D cross-section view of the SOI rib waveguide.
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Fig. 2 Red curve: relationship between wavelength and effective refractive index; blue curve:
relationship between wavelength and Bragg grating period.

Based on this rib waveguide structure, the effective refractive index for wavelengths ranging from 1250nm to
2000nm in TE-like foundational mode was calculated and the result is shown as the red curve in Fig. 2. According to
the Bragg’s law [18], the corresponding grating period for the 1% order Bragg wavelength can be derived from equation

(2):
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where A is the grating period, /g is the 1% order Bragg wavelength, and ner is the effective refractive index at Ag. In
Fig. 2, the blue curve gives out the relationship between the Bragg grating period and light wavelength. Two dashed
vertical lines are labeled: the green one corresponds to a stopband center wavelength of 1310nm (/s.) and the yellow
one corresponds to a similar stopband wavelength of 1950nm (As+). From Fig. 2, one can find that the Bragg period
for achieving a 1310nm stopband wavelength is around 240nm. This period is short enough to act as a sub-wavelength
corrugation resulting in a homogenized effective material with respect to wavelengths around 1950 nm (A/net ~ 870
nm>>240nm=4z.) [19-22]. However, the large period grating needed for achieving a stopband around Ag+=1950nm is
simultaneously around 425 nm and can obviously give rise to diffractive effects [23] for short wavelengths around
1310nm. Fig. 3 shows the classical diffraction process diagram and the diffractive condition that can be expressed by
equation (2):
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where Ky, is the light waveguide mode wavevector, Kn is the projection component of Ky, in the z direction along
propagation; Koy is the wavevector of the outgoing light from the waveguide into the cladding, Koy is its projection
component in z direction; K, is the grating vector and q is the diffraction order. These related parameters can be
expressed as follows:
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where n is the index of cladding and 6 is the diffraction angle. Then, a further relationship can be derived from
equation (2) and (3) to (4):
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Fig. 3 Diagram for diffraction process.

In the typical studied example case made of an air cladded rib SOI waveguide, 4 ~ 425nm can be adopted for the
outer Bragg grating period for 1950nm, which leads to the conclusion that -1% order diffraction effect can in principle
happen at 1310nm wavelength with a diffraction angle 6 ~ -16.25°. Obviously, this diffraction-based leakage channel
can severely limit the target application of the realization of a low-loss dual wavelength rejection filter. It is thus
necessary to circumvent this possible drawback.

In fact, it turns out that it is sufficient to move the outer gratings far enough away from the waveguide axis to
effectively limit this penalty. This simple approach leads to inner and outer gratings of quite distinct coupling strengths
due to the imposed distance of the outer gratings. This discrepancy can then be compensated for by an asymmetrical
realization of the internal gratings, which deterministically reduces its coupling strength, and ultimately equalizes the
properties of the two gratings and thus equalizes their bandwidths.

Fig. 4 (a) 3D schematic (b) 2D cross-section view of the rib waveguide with two sets gratings.



The practical implementation of this approach is illustrated in Fig. 4. With the SOI substrate parameters fixed, the
main lines of the design are controlled by two parameters only, the lateral dimension of any corrugation (Wg) and the
lateral distance from the rib to the outer gratings (Gap). The grating corrugation width is set as Wg = 50nm, thus
remaining acceptable with respect to the fabrication process . Then the mode profiles at both target wavelengths are
calculated as well as their corresponding effective mode areas through equation (5):
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where E(x,y) is the electrical field intensity and X, y are the dimensions along the waveguide cross-section. As expected,
strongly different effective areas can be observed at As. = 1310nm (0.1554 pm?) and Ag+=1950 nm (0.3614 pm?)
consistently with the mode profiles visible in Figs. 5 (a) and (b). The Gap parameter was investigated to figure out the
spacing required to optically isolate the second gratings. It can be seen in Fig. 5 (c) that the effective index of the
short-wavelength mode stabilizes beyond a gap of 400 nm. This is clearly the signature that the influence of the
external corrugation on the short wavelength propagative mode then vanishes, thus favoring a reduction of the
diffractive propagation loss level. An evaluation of this result is given hereafter in support of FDTD simulation.
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Fig. 5 (a) Mode profile at 4. =1310nm. (b) Mode profile at Ag:=1950nm.
(c) Relationship between effective refractive index at 1310nm and different Gap values.

To further realize dual identical narrowband Bragg filtering, the other key issue is to match the grating coupling
coefficients of the two gratings. As well known, the bandwidth of a Bragg reflector can be derived from equation

(6) [24]:
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where 41 is the bandwidth between the first nulls among the reflection spectrum, ng is the group index of the
waveguide modes, « is the coupling coefficient provided by the grating structure, and L represents the total grating
length. From equation (6), one can see that both the coupling coefficient and the Bragg reflector total length determine

the Bragg bandwidth.



We estimated the coupling coefficients at 1g- and As+ based on the proposed rib waveguide including two sets of
gratings for Gap = 400nm of each a 50% filling factor. With all the determined parameters, the coupling coefficients
could be estimated and derived through coupled mode theory (CMT) [25-27]. x&-= 6.73x10*m™* and xe+ = 1.13x103
m were obtained, respectively. These different values are not surprising, as the two gratings are indeed positioned
at very different distances from the center of the waveguide, but this situation does not allow, except for additional
adjustment, an equalization of the bandwidths provided by each of the two gratings.

Fig. 6 Top view grating schematic (a) without misalignment; (b) with misalignment for inner grating.

To balance the two coupling coefficients, a misalignment between the left and right sides of the inner grating was
further introduced [16,28] (see Figs. 6 (a) and (b)). The 500 nm wide SOI rib waveguide being single-mode at both
wavelengths including ~1310nm, this asymmetry does not create mode conversion between guided modes. In case a
AL misalignment is introduced between the two waveguide corrugated sidewalls, the grating coupling coefficient can
be rewritten as follows:

K =20 1 Ko oxp(i- 22AL 1 A)| = K, cos mAL ()
2 2 A

where xo is the coupling coefficient for a normal grating structure (i.e. without misalignment), A the grating period,

and 2rAL/A is the phase offset between the two misaligned grating sidewall profiles. Accordingly, the inner grating

coupling strength can be minimized to match the one of the outer grating. This approach is further developed in section

3 following.

3. Simulation results and discussion

To study and verify the proposed design strategy, device simulations based on 2.5D-FDTD [29] were implemented
on ~1.3mm long structures. 2.5-FDTD was applied due to the very heavy cost of full 3D electromagnetic simulation
of Bragg mirrors of several hundreds of pm lengths. It is based on collapsing the 3D geometry into a 2D set of effective
indices calculated by relying on a variational approach that can be solved with 2D FDTD [30]. The main hypothesis
of this approach is that there is a weak coupling between different supported vertical slab modes. The method allowed
us to study the different Bragg mirrors with sufficient accuracy to validate their principles of operation and to compare
the initial designs.

For clarity, all the related simulation parameters are listed in Table 1. Meanwhile, the grating offset value of the inner
grating is noted as follows:

2AL

1

Offset = 90’ (8)




Table 1

Parameters
Rib width: Wi, = 500nm
Rib height: Hip = 100nm
Both gratings’ single pillar width: Wy = 50nm
Inner grating’s period: A; = 230nm
Single inner grating’s length: Lg; = 0.5-A;= 115nm
Outer grating’s period: A, = 426nm
Single outer grating’s length: Lg> = 0.5-A>=213nm
Number of inner grating periods: N1 = 5556
Number of outer grating periods: N, = 3000
Dual wavelengths Bragg filter’s total length: L = 1278um
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Fig. 7 2.5 FDTD-simulation results without offset on the inner grating while Gap varies from 100nm to 600nm with a 100nm step.
(a) Normalized transmission near 1310nm wavelength; (b) Normalized transmission near 1950nm wavelength.

In a first step, no offset was introduced while the inter-grating distance value (Gap) was scanned from 100nm to
600nm. A series of transmission spectra were then acquired through 2.5D-FDTD simulation covering the 1200nm-
2000nm range. The related results are plotted in Fig. 7(a) and Fig. 7(b) around 1310nm and 1950nm wavelengths,
respectively. No attempt to apodize the spectral response of the studied filters [31] to minimize spectral sidelobes was
tried as it was not the main purpose of the proposed study. From Fig. 7(a), it is observed that when Gap = 100nm,
huge diffraction loss occurs around 1310nm, responsible for a low transmission level down to ~15%, while losses are
effectively blocked by moving away from the outer gratings as early as Gap = 300nm. On the other hand, in Fig. 7(b),



the stopband around 1950nm becomes narrower and narrower with increasing Gap values, thereby progressively
hiding the presence of a transmission dip around 1950nm wavelength. In view of previous achievements, the same
fabrication constraints apply to these Bragg mirrors in terms of possible fabrication errors (under or over etching,
stitching errors) [32]. Careful realization using DUV, or E-beam lithography and proper etching is necessary for their
realization without affecting the principle of their implementation. As visible, the mirror reflectivity values at the
Bragg wavelength do not reach 100% in several of the studied geometries. Previous works showed that narrow
bandwidth Bragg filters with large reflectivity need long light pathways (e.g. [23] and equation (6)). To solutions
could thus apply to improve the Bragg filter reflectivity levels: either increase the coupling strength of both gratings
and match them in a second step while maintaining a constant grating overall length or, indeed, increase the Bragg
filter lengths following previously proposed approaches to deepen the optical integration density [5].

In a second step, Gap was thus set to 400nm while the inner grating offset was scanned from 0° to 90°. As visible
in Fig. 8, the stopband near 1310nm then becomes narrower and narrower with increasing offset values, thus bringing
a confirmation of a grating asymmetry. Meanwhile, we verified that in all conditions the stop band near 1950nm keeps
constant whatever the inner grating offset value is. Based on the acquired data, 3dB bandwidth values of all
configurations were gathered (shown in Fig. 9(a)). As visible and understandable, the 3dB bandwidth of the short
wavelength stopband decreases with the inner grating offset increase while the second stopband near 1950nm keeps a
constant 3dB bandwidth. As observable in Fig. 9(b), which is a zoom-in view from the green dot line window of Fig.
9(a), an inner grating offset value around 84° was identified to provide two stopbands near 1310nm and 1950nm with
equivalent 3dB bandwidth (~0.47nm).
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Fig. 8 2.5-FDTD simulation results with Gap = 400nm while the offset value varies from 0° to 90°: normalized transmission near 1310nm.
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Fig.9 3dB bandwidth analysis derived from simulation results: (a) whole offset value window;
(b) window near the cross-point between those two 3dB bandwidth stopbands

4. Conclusion

To conclude, a design strategy to successfully simultaneously realize a dual identical narrowband Bragg reflection
filter at two widely separated wavelengths (~1310nm and ~1950nm in the investigated example study case) only
requiring a single-etching fabrication process is proposed. A rib waveguide containing two sets of Bragg gratings was
designed: the inner grating is close to the rib and owns a smaller period, thus providing a Bragg mirror effect for short
wavelengths (~1310nm) while operating as a sub-wavelength effective index medium for longer wavelengths
(~1950nm). The outer grating is located enough far away from the rib to avoid diffracting effects from the short
wavelength compressed mode while providing a second Bragg stopband at and around ~1950nm. Diffraction effects
being efficiently circumvented through a spatial lateral shift of the outer grating, the two sets Bragg gratings operate
nearly independently. Additionally, a misalignment was introduced on the inner grating to balance the coupling
strength coefficients between these two Bragg reflectors. Based on the determined parameters, simulation were carried
to verify the feasibility of our proposed design and evaluate the needed offset value for the inner grating. As desired,
the followed approach provided two narrow stopbands near 1310nm and 1950nm with identical 3dB bandwidth
(~0.47nm). The proposed design strategy based on the silicon photonics platform relies on a single-etching fabrication
process and presents potential applications in all situations where equal-bandwidth filtering is needed in on-chip
communications and sensing.
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