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A double corrugation quarterly wavelength shifted (QWS) distributed feedback (DFB) Bragg grating cavity
which includes two sets of Bragg gratings located at different positions away from a waveguide center is
proposed. It can support two wavelength-far-separated resonances, for instance 735 nm and 1310 nm as an
illustrative example of the proposed flexible approach applied to a silicon nitride rib waveguide. Based on

the proposed design principle, the two sets of Bragg distributed corrugations operate nearly independently,
diffraction losses being minimized by design principle even though these two resonances are widely separated.
The proposed approach of a double corrugation cavity that relies on a single-etching fabrication process, fits
with the need of situations where two simultaneous widely spaced resonances are required, with potential for
applications to on-chip amplification, lasing, second harmonic generation, and nonlinear optical process in

hybrid integrated waveguides.

1. Introduction

Cavity resonators frequently play a key role in sensing [1-3], mod-
ulation [4], amplification [5], lasing [6,7], or the enhancement of
nonlinear optical processes [8-11]. Some key applications also re-
quire two or more resonances simultaneously. For example, in the
field of nonlinear optical interactions such as parametric amplification
or frequency conversion based on degenerate four wave mixing pro-
cesses, it is desirable to adjust a resonant cavity which can support
multiple wavelengths with controllable frequency separation as well
as large spatial mode field overlaps. Previous works have addressed
this issue and several approaches have been proposed. Micro-ring
resonators well support a series of resonances separated by free spectral
ranges (FSR) [12], but they can hardly give access to distant reso-
nant frequencies. Photonic crystal (PhC) cavities can provide a strong
light confinement with modes having ultra-high quality factors (Q >
105) [13-15] for close target wavelengths [16]. However, in planar PhC
structures, higher order bandgaps corresponding to target wavelengths
can easily operate above the light line introducing out-of-plane losses.
Some works on PhC cavities have addressed the use of bandgaps for
different polarizations (TE and TM) to enable two resonant modes
in single cavity structures [17]. However, it was found difficult to
tune the TE/TM mode frequencies independently as desired, and the
fabrication process of structures was made complex by the need of
relatively thick membranes to sustain this strategy [18]. In addition,
to achieve two arbitrary frequency resonances by circumventing the
obstacles mentioned above, crossed nanobeam PhC structures were
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proposed [18,19] but did not bring a solution to several issues. The
quality factor (Q) factor values in such structures were limited to
around 10° for both resonances due to a limited light confinement
ability in the waveguide cross region, meanwhile the spatial overlap
between the two resonant modes remained weak. Additionally, these
crossed PhC structures also rely on a complicated fabrication process
including e-beam lithography, dry etching, as well as wet etching to
obtain a nanobeam PhC structure cladded by air. Another work dealing
with a doubly resonant cavity structure was reported in [20] where
a cavity was formed by placing distributed Bragg reflectors gratings
for the pump wavelength on either side of a distributed feedback laser
operating at the signal wavelength. Lots of efforts have been devoted to
the realization of doubly resonant cavities but the need for a simple de-
sign approach of two resonant modes with large frequency separation,
acceptable Q factors and nonlinear mode overlaps, compact device size
and a flexible control of the resonant mode frequency separation, is
still present. In this context, in order to realize two spectrally distant
resonant modes in a single on-chip cavity structure, we propose to
directly implement a double corrugation distributed feedback cavity at
two distinct resonant wavelengths. This approach brings the advantages
of simplicity, as shown hereafter, and wavelength on request flexibility.

2. Design principles

We illustrate the proposed methodology by relying on a 600 nm
thick silicon nitride (SiN) on SiO, wafer case. A partial single-etching
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Fig. 1. (a) 3D schematic diagram of the considered double corrugation distributed feedback optical cavity. (b) Cross-section view of the structure: a rib waveguide based on a
600 nm thick SiN (on SiO,) layer is combined with two series of Bragg gratings. (c) Top view of the structure giving details of the double Bragg gratings.

step is considered to define all gratings, including two couples of
Bragg mirrors forming each a quarter-wave shift cavity. Sketches of
the proposed double corrugation rib waveguide structure are shown
in Fig. 1(a)-(c). The smaller size gratings (inner gratings) close to the
rib are designed for the shorter wavelength (~735 nm, 4,), while the
larger size gratings (outer gratings) located farther from the rib are
designed for the longer wavelength (~1310 nm, 4,). They correspond,
for example to the pump and signal wavelengths of semiconducting
single-wall carbon nanotubes with chirality (8,7) [21], respectively. In
such an approach, the key point to be satisfied is the near-independence
of each Bragg distributed feedback mechanism with respect to the other
one. It is thus a question of defining the conditions that each light
spectral window (e.g. around A, and 4,, respectively) is sensitive to
only one of the gratings. The proposed approach consists in ensuring a
sufficient distance between the outer gratings and the mode spatial area
at the short wavelength, meanwhile operating the inner ones in a sub-
wavelength regime [22,23] for the long wavelength spectral window.
Note that the sub-wavelength regime here refers to a situation: 1 > A,
where 4 is the target wavelength and A is the grating period.

As a first step, single-mode condition is chosen at both operating
wavelengths in TE-like polarization in the considered SiN rib waveg-
uide structure. Typical dimensions are selected based on eigenmode
calculation with fabrication feasibility constraints taken into account,
as indicated in Fig. 2(a). The SiN core thickness is H.,, = 600 nm;
the width and height of the rib waveguide are W,;, = 450 nm, H,;;, =
350 nm, respectively. The properties of propagative modes at these
two wavelengths were estimated with COMSOL Multiphysics [24]. The
effective index values and the mode profiles of the corresponding
modes at the two prescribed wavelengths are given in Figs. 2(c) and
2(d). Their different lateral spreading can be qualitatively observed.
The overlap between the modes at the two wavelengths was estimated
as 0.818 [25].

Our strategy was to offset the second Bragg gratings from the rib
waveguide for significantly reducing the influence on light propagation
at and around A;. This configuration benefits from the considerable
difference between the mode areas at A, and 4,, estimating them
through Eq. (1):

4 YIECey)P dxdy)?
JIEGe, ) dxdy

where E(x,y) is the electrical field intensity and x, y are the dimensions
along the waveguide cross-section. A; = 0.3668 um? (at 4;) and A, =
0.9136 pm? (at 4,) were obtained accordingly, bringing a confirmation
of the appropriate choice of the structure cross-section to ensure a huge
difference between the mode areas at the two operating wavelengths.

(€Y

According to the Bragg’s law [26], the grating period for the 1st
order Bragg wavelength could be derived from Eq. (2), where A is the
grating period, 4 is the 1st order Bragg wavelength, and N, is the
effective refractive index at Ap:

Ap

A=
2Ny

2

Then A, = 196 nm was obtained for the first grating period and
A, = 392 nm for the second grating period. The Bragg grating filling
factors (defined as the ratio of the single grating length to the grating
period) were both fixed at 0.5, providing the highest grating coupling
coefficients [26]. Simultaneously, the chosen A; value with respect to
A, ensured a satisfying margin with respect to the need to hide the first
grating by a sub-wavelength behavior relative to long wavelengths.

Next, we quantitatively investigated the condition to hold to mini-
mize the interaction of the mode profile at 4; with the outer gratings.
As shown in Fig. 2(b), the gaps between the first and second gratings
and the rib waveguide were labeled as Gap, and Gap,, respectively.
Bringing the inner gratings as close as possible to the rib was in line
with the strategy of decoupling the effects of the two gratings for each
of the two wavelengths. We kept Gap, = 100 nm to ease the fabrication
from an experimental point of view. Then, Gap, was scanned within
the 300-1000 nm range. The effective refractive index of the short
wavelength mode was calculated with structures completely taking into
account the full cross-section geometry, as shown in Fig. 2(g). From
Fig. 2(g), one can see that when Gap, < 650 nm, the effective refractive
index at A, varies with Gap,, while it reaches a flat regime above this
value. This result leads to a quantitative estimation of the limit to the
influence of the second gratings on the optical mode at 4,. Accordingly,
the mode profiles at 4, in a rib waveguide having the first gratings
only (Gap, = 100 nm) and in the rib waveguide structure with both
gratings (Gap, = 100 nm and Gap, = 650 nm) are visually identical (see
in Figs. 2(e) and 2(f)). Fixing the second gap value accordingly, the
coupling coefficients of A, and A, could be derived as k¥, = ~7400 m~!
and k, = ~3200 m™!, respectively, through coupling mode theory [27-
29]. All the related parameters of the proposed double corrugation
structure are summarized in Table 1.

3. Simulation results and discussion

Based on the parameters listed in Table 1, we constructed a double
corrugation distributed feedback cavity, as depicted in Fig. 3. The 3D
geometry was simulated with a commercial 3D-FDTD solver [30]. We
set the number of grating periods in each side of the cavity as being
N, = 2000 and N, = 1000 for each of the two gratings, resulting in
a ~392 pm total length structure. Transmission spectra and electrical
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Fig. 2. (a) Cross-section of the rib waveguide with labeled dimensions. (b) Cross-section of the rib waveguide with double corrugation gratings. (c) Mode profile at 4, in the rib

structure. (d) Mode profile at 4, in the rib structure. (e) Mode profile at 4, in a single grating rib waveguide (Gap, =

100 nm). (f) Mode profile at 4, in the rib waveguide with

the two gratings (Gap, = 100 nm, Gap, = 650 nm). (g) The mode effective index at A, versus Gap, when Gap, = 100 nm. (TE-like polarization in all cases).
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Fig. 3. (a) 3D schematic diagram of the proposed double corrugation QWS-DFB cavity structure, the deep red parts representing shifted regions. (b) Top view for the center of
the double corrugation QWS-DFB cavity, the shifted regions of the first gratings and the second gratings are labeled, respectively.

Table 1
Parameters for the double corrugation QWS-DFB.

Bragg grating label First grating Second grating

Target wavelength A; =735 nm 4,= 1310 nm
Effective refractive N,sp = 1.8756 Ny = 16712
index

Bragg period A; =196 nm A, =392 nm
Filling factor f1=05 f,=05

Single square grating L, =98 nm L, =196 nm
length and width

Grating period number N, =2000 N, = 1000
Distance Between rib Gap, = 100 nm Gap, = 650 nm

waveguide and gratings
Coupling coefficient Kk, = ~7400 m™!
A, =0.3668 pm?

0.818

K, = ~3200 m"!
Mode area A, =0.9136 pm?

Mode overlap [25]

field distributions along the cavity were analyzed. For a better compar-
ison, we performed identical 3D-FDTD simulations for the two sets of

structures comprising only one of the two gratings. Fig. 4(a) and (b)

show the transmission results near 4, and 4,, respectively, meanwhile
the resonance around 4, is shown in a zoom in view in Fig. 4(a) in order
to have a clear look on it due to its higher Q factor. The electrical field
distribution of these two resonances in the double corrugation cavity
are plotted in Fig. 4(c) and (d), respectively.

As visible, two resonances with ~590 nm frequency separation were
obtained, confirming and validating the whole design approach. The
green dotted line in Fig. 4(a) and the black dashed line in Fig. 4(b) are
both flat and close to 1, which successfully proves that: (i) Short wave-
lengths (around 4,) cannot feel the presence of the outer gratings due to
a laterally compressed mode profile; (ii) The inner gratings effectively
act as a sub-wavelength structure for large wavelengths around 4,,
thus precluding diffractive effects and undesired losses. Additionally,
in Fig. 4(a), the transmission results near A, in the complete grating
structure and when only the inner gratings are considered are the same,
while around 4, a little red shift occurs when the simulated structure
is changed from the structure containing only the outer gratings to
the true double grating geometry. Physically, the optical mode at 4,
is indeed too compressed laterally to feel the presence of the outer
gratings, while at 4,, the effective refractive index of the mode slightly
increases when the first gratings are introduced, leading to a slight
resonance red shift. Of course, this shift could be compensated by a pre-
design step according to application requirements. From the simulation
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Fig. 4. 3D-FDTD simulation results. (a) Transmission results near A, (short resonance wavelength). (b) Transmission results near 4, (long resonance wavelength). (¢) Normalized

electric field distribution at 4., = 726.9 nm in the double corrugation QWS-DFB cavity.

QWS-DFB cavity.

results, Q values at 4, and 1, were estimated as ~11000 (Q,) and
~1500 (Q,), respectively. In the example study case, regarding to the
computing time consuming, a geometry with only 2000 periods for
the inner gratings (so 1000 periods for the outer ones) was consid-
ered, leading to acceptable Q values but limited to ~10*. However,
benefiting from the flexibility of the design approach, such acceptable
values for light-matter interaction reinforcement could be enlarged, for
example by increasing the numbers of grating periods.

4. Conclusion

We propose a design strategy to achieve two resonances with huge
wavelength separation being supported simultaneously in a double
corrugation distributed feedback cavity (separated as 590 nm in the
investigated typical example). The key idea in the proposed approach
is to operate in conditions where the two sets of grating corrugations act
nearly independently and to avoid diffraction effects simultaneously. At
the shorter wavelengths, the waveguide mode profile is too compressed
to feel the introduced outer gratings, thus only interfering with the
inner gratings. For the longer wavelengths, on the contrary, the inner
gratings are designed to operate as a sub-wavelength pattern. In the
investigated studied example case, simulated by 3D-FDTD method,
resonances at ~727 nm and ~1316 nm were produced in a designed
double corrugation waveguide cavity, exhibiting ~11000 and ~1500
quality factors, respectively. We think that this double distributed
feedback approach provides a path for effectively designing doubly
resonant structures with two controllable far-separated resonances in
single waveguide cavity structures. Applications to nonlinear optical
process, sensing, lasing and amplification in on-chip photonic platforms
could take benefit of this simple and flexible proposed method.

(d) Normalized electric field distribution at 4 1316.3 nm in the double corrugation
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