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Abstract: A numerical study of second-harmonic generation (SHG) in cavity resonator inte-
grated grating filters (CRIGFs) shows extraordinary strong conversion rates in planar corrugated
waveguides based on lithium niobate layers, not exceeding 625 um in length. The key idea is
to couple to the dark mode of the structure at the pump frequency that has a Q-factor much
stronger than the bright mode commonly used. This is achieved by shifting the grating coupler
between the enclosing Bragg mirrors, resulting in an asymmetric structure. Three asymmetric
structures are proposed: without any matching, with impedance matching and with indirect phase
matching through an additional pair of gratings. They offer respectively increasing conversion
rates of N=4.31x 107> W', 0.140 W~! and 2.38 W~!, which compared to a symmetric CRIGF
(M=7.12x 1076 W) offer respectively more than 2, 4 and 5 orders of magnitude improvement
of the conversion rate.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nonlinear optical frequency conversion and, in particular, second-harmonic generation (SHG),
plays an important role in laser systems, infrared imaging, and signal detection. Guided-wave
optics presents natural advantages in SHG device design mainly resulting from the ability to
confine light in small volumes and thereby to reach the high-power densities needed to achieve
efficient nonlinear conversion. Planar technology uses grating couplers (GCs) not only for
light in/out-coupling into waveguides, but also to provide double resonances by inducing phase
matching between the waveguide modes at the pump and the signal frequencies. Since the early
1990s, different configurations have been proposed to efficiently confine light in 2D and 3D
planar or strip waveguide cavities and photonic crystals [1-13]. Different designs for phase
matching use additional gratings, sometimes generated by electrical poling [14].

Weak conversion rates allow for the so-called undepleted pump approximation that neglects
the inverse up-conversion in which the signal is sufficiently strong to influence the pump field. In
this approximation, the generated SHG power is proportional to the square of the pump power or
equivalently to the 4™ power of the waveguide-mode amplitude at the pump frequency, pointing
out the importance of efficient light coupling.

The waveguide mode excitation in GCs results in stronger electromagnetic fields when the
quality factor Q of the device is the largest possible [15]. However, due to the intrinsic property
of such devices, the larger the Q-factor, the tighter the angular tolerances, both being linked by
the grating equation [16]. Therefore, the required geometrical dimensions are large, restricting
the possibility of strong incident light focusing. A way to avoid this restriction is to couple light
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through the waveguide edges; recently quite strong conversion factors have been reported in the
literature [14]. However, this design is incompatible with planar-coupling technology.

Another method to enlarge the angular tolerance is to put a small size GC in between two Bragg
Gratings (BGs) forming a Fabry-Perot (FP) resonator. This geometry, called cavity resonator
integrated grating filter (CRIGF) [17] introduces almost angularly flat mode dispersion curves
and gives rise to efficient mode coupling using focused beams with waists down to several
micrometers, preserving Q-factors up to several thousand [18]. Theoretical and experimental
studies show the possibility of efficient SHG comparable to other technologies [19].

In almost all the previous studies, the structures are designed to make use of the so-called bright
waveguide modes, for which electric field extrema are aligned with the center of the grooves and
bumps. However, it is well-known that dark modes [20] have Q-factors largely exceeding those
of bright modes, simply because the former are weakly excited thus the imaginary part of their
propagation constant is small. Their excitation is possible, for example, under oblique incidence,
but at the expense of an increased excitation volume.

In this paper, we show that shifting the central GC within the FP resonator, thereby introducing
an asymmetry, facilitates the excitation of a dark mode with high Q-factor while preserving the
incidence close to normal, and maintaining strong focusing of the incident light. We demonstrate
a mode-amplitude enhancement inducing more than 5 orders of magnitude improvement in
conversion efficiency 1 compared to the more conventional symmetric CRIGF design. In the
next two sections, we present the optogeometrical parameters of the CRIGF design followed by
a short analysis of the bright and dark modes for infinite central GCs. Section 4 describes a
first asymmetric CRIGF enhancing conversion efficiency by more than 2 orders of magnitude
compared to the symmetrical CRIGF. In sec. 5 we propose a second and improved asymmetric
CRIGF where a simple trick allows a reduction of the effective index mismatch between different
sections of the CRIGEF, resulting in a 4-order-of-magnitude improvement in m (compared to the
symmetrical CRIGF). Section 7 presents a third and last asymmetric CRIGF with an extra pair
of gratings ensuring indirect phase match between the fundamental waveguide modes at the
pump and signal frequencies. With such phase matching, 1 improves by more than 5 orders of
magnitude (compared to the symmetrical CRIGF).

2. CRIGF structure

The vertical stack for all the CRIGF structures under study here is described on Fig. 1, together
with the refractive indices of each layer at both the fundamental (w) and signal (2w) frequencies.
Note that the refractive index dispersion around each of the frequencies will be neglected. This
theoretical stack was designed respecting technological fabrication constraints of previously
reported samples [19].
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Fig. 1. (left) overall planar geometry of the CRIGF consisting of 5 sections (inwards: 2
Bragg gratings BG1 & BG2, 2 phase sections PS1 & PS2 and 1 central grating coupler GC);
(right) description of the vertical stack.

This stack consists of a 300-nm-thick Lithium Niobate layer on a silica substrate [21], acting
as a single-mode waveguide. We consider semi-infinite air superstrate and silica substrate. On
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top of the waveguide a 37-nm-thick Si3Ny layer is deposited and then dry-etched to form the
grating layer. The reference CRIGF structure consists of three gratings and two phase sections
(PSs). A central grating coupler (GC) is sided by two PSs and two Bragg Gratings (BGs) closing
a Fabry-Perot cavity around the GC, thus confining the waveguide mode at the pump frequency
under the GC. The current technological process imposes the same groove depth for all three
gratings. The groove depth of 37 nm is chosen as a compromise to simultaneously provide
relatively weak mode coupling by the GC and sufficiently strong mode reflection by the BGs at
the pump frequency to limit the losses in the BG parts of the waveguide and maintain the ability
to create an overall high Q-factor device.

The four CRIGFs studied here all use the same vertical stack and overall longitudinal structure
consisting of 5 sections: two Bragg gratings BG; & BG,, two phase sections PS; & PS, and one
central grating coupler GC, as described in Fig. 1. They only differ by the particular content and
geometry of the grating layer inside the PS{, PS; and GC sections, as described in Fig. 2.
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Fig. 2. Description of the grating layer for the 4 CRIGF geometry under study: (SYM)
symmetric CRIGF serving as a reference with identical PS and BG on each side; (ASYM)
asymmetric CRIGF where the GC is laterally shifted by increasing the left PS while keeping
the cavity size constant; (ASYM-IM) asymmetric CRIGF with an extra groove in the left PS
to ensure impedance matching for the mode; (ASYM-PM) asymmetric CRIGF with an extra
pair of gratings in both PS to ensure indirect phase-matching of fundamental and signal in
the structure (KG). This last structure is significantly larger than the 3 others (not to scale).

The x axis corresponds to the longitudinal direction in the cavity and its origin is defined at
the center of the symmetric CRIGF (SYM) and the distances are calculated between the groove
centers at the end of each sections. In all four structures, the gratings (coupler GC, reflectors BG
and phase-matching KG) all have a filling factor (or duty cycle) of 50%. Moreover, the number
of periods and periodicity of the GC and of both BGs are constant: Ngc=21, dgc=884 nm,
Npg=400, dgg=dgc/2 =442 nm. How these values are chosen is explained in section 4.

Our reference structure is the symmetric CRIGF (SYM) where both PS have the same length
A1=A>=986 nm. The first asymmetric structure (ASYM) has a longer left PS and a shorter
right PS (A;>A;) in order to shift the central GC by around dgc/4, while keeping the cavity
length constant. A first improvement over this asymmetric design is to reduce the impedance
mismatch occurring at the long left PS; interfaces: in the impedance-matched asymmetric
CRIGF (ASYM-IM), an extra notch is etched in PS;, while keeping the right-side PS, unchanged.
The last structure ASYM-PM uses significantly longer PS| & PS; that contains an additional
grating KG to ensure indirect phase-matching between the fundamental and signal guided modes,
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together. Note that while the 3 first structures have similar length (around 375 um), the last one is
longer (around 625 pm).

3. Dark and bright modes of the central grating coupler

As in our previous [19] studies, we first consider the symmetrical design (SYM) where the GC is
positioned symmetrically between the BGs, under normal incidence. Provided that the length
of the resonator is appropriately tuned by choosing the correct (A;=A;) phase shift distance
between the GC and the BGs, light injection in the device excites the hybrid symmetrical mode
of the GC and FP resonator system.

Figure 3 presents the map of the mode dispersion curves for both the symmetric and the
antisymmetric mode of an infinitely long GC. Throughout the paper, we present the mode
amplitude and electric field values as calculated at the waveguide lower cladding interface.
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Fig. 3. Dispersion curves of the waveguide mode of an infinitely long grating, corresponding
to the GC of CRIGF. Red curve, the bright branch, black curve, the dark branch, blue lines,
without the grating (grating height h=0). Wavelength A=1.55 um, TE polarization.

The spectral width of the symmetrical mode (lower wavelength branch) and its mode amplitude
are insignificantly affected by the change of incident direction, characterized with angle 6. Only
its spectral position varies, following the dispersion curves shown in Fig. 3. As mentioned, the
antisymmetric mode cannot be excited under normal incidence, therefore the imaginary part of
its propagation constant is null, its Q-factor is infinite, and the mode amplitude is zero. This can
be observed on the spectral dependence of the reflectivity, where only the anomaly due to the
symmetric mode appears for 6=0. The reflectivity spectrum shows a broad peak corresponding
to the low Q factor of the bright mode. When the symmetry is broken by choosing an inclined
incidence, the excitation of the antisymmetric mode creates another Fano-type anomaly in the
reflectivity (Fig. 4(a)) which appears as a dip in the broad reflectivity peak of the symmetric
mode. Increasing the angle of incidence decreases the asymmetric-mode Q-factor, increases the
anomaly width and decreases the amplitude of the guided mode (Fig. 4(b)). For example, for
an incident angle of 0.1 mrad, the Q-factor is equal to 70 000 and it decreases to 3 400 at 0.4
mrad incidence. This is to be compared with the approximately constant Q-factor of 300 of the
symmetric mode.
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Fig. 4. (a) The reflectivity spectrum of the infinite GC for different angles of incidence; (b)
The corresponding electric field enhancement (with respect to the incident field) at the lower
guide interface for a plane incident wave.

These considerations may seem trivial and well-known, but we prefer to summarize them with
respect to the properties of the more complex systems discussed further on. It is important to
highlight that for a grating, with a symmetry with respect to the vertical plane as is above, the
Fano-type anomaly is characterized, at least theoretically, by a 100% reflectivity at maximum
[22,23]. Another property is that the spectral position of the anomaly strongly depends on the
angle of incidence leading to very tight angular tolerances.

4. CRIGFs in symmetric and antisymmetric configurations

As already demonstrated [24], when a finite portion of a grating as considered above is placed
in a resonator, its dispersion curves are flattened permitting large Q-factors under excitation by
a focused incident beam. The effect is used to design narrow-band single-layer spectral filters,
external laser mirrors, and can lead to enhanced SHG without phase matching. To compare the
efficiency of each configuration of CRIGFs, we use the definition of the conversion power factor
n as the ratio between the intensity power P, radiated by the system at the signal frequency and
the square of the incident power at the pump frequency P: N=P2,/(P,,)>.

Typically, a conversion factor of the order of 107 was observed in CRIGFs [19], i.e. more
than 103 times larger than what is achievable with bulk configurations with similar volumes.

Throughout the paper, and as in Ref. [19], SHG calculations are made with a home-made
numerical code based on the Fourier Modal Method, under the undepleted pump approximation
[25,26]. The finite size of the CRIGF component along x is considered by applying the so called
“super-cell” approach [27], and both the structure and the incident Gaussian beam are invariant
along the perpendicular direction to the plane of Fig. 1 (2D beam). Considering 3D beams
would be too costly in computation time. We have validated our Fourier Modal Method code
by comparison with another of our home-made numerical code based on the Finite Element
Method. We aim at calculating quantitative SHG powers (not in arbitrary units) and be able to
compare them with the real case of a 3D Gaussian beam. To do so, we calculate the power of our
2D-beams (pump and harmonic) as the flux of the Poynting vector over a surface perpendicular
to z, covering the length of the CRIGF along x, and with a width along y such that this power
is equal to that of a true 3D beam with the same waist. As explain in the Appendix, the length
along y must be 1.25wy. All the results presented here are obtained for excitation under normal
incidence by a TE-polarized focused beam with a waist of 9 pm and 1W power, for the sake of
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simplicity. The results for a more realistic case of smaller incident power, for example 1 mW,
can be simply deduced by multiplying the field amplitude at o by 1073/ and the SHG power by
107°, as calculations at 2w are linear with respect to the pump field at the square.

The first symmetric structure SYM described in Fig. 2 with Aj=A,, supports a single waveguide
mode at 1.55 um with effective propagation index neg=1.7534. In normal incidence this mode
requires a grating coupler with period dgc=884 nm. Filling ratio of 0.5 is chosen to provide the
most efficient coupling. The BGs have half of the period dgc, a filling factor of 0.5, too, and
work in the middle of their band gap. Typically, Ngg=400 periods are largely sufficient to ensure
0.999 reflectivity of the waveguide mode. This SYM structure is designed with symmetric PS
of A;=A,=986 nm that brings the FP resonance at 1.55 pm wavelength. Similar geometry had
already been studied theoretically and its properties confirmed experimentally [19], thus it can
serve as a reference. Spectral dependence of the SHG conversion factor is shown in Fig. 5(a),
together with the dependence of the forth power of the waveguide mode amplitude at the pump
frequency. As seen, the emitted second harmonic power is strictly proportional to the pump mode
amplitude 4™ power since, under the undepleted pump approximation, the non-linear polarization
PNL is proportional to the square of the mode field at w, and the SHG power, to the square of the
generated field at 2w.
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Fig. 5. Spectral dependence of the fourth power of the pump mode amplitude at w (red
line) and the SHG conversion factor (black squares) of the (a) symmetric (SYM) and b)
asymmetric (ASYM) structures.

The values of the Q-factor, peak spectral reflectivity at the fundamental wavelength Ry« (M),
mode amplitude A inside the CRIGF for the fundamental wavelength and SHG conversion
efficiency n are presented in Table 1 together with all the other investigated structures.

Table 1. Optical properties of the different CRIGFs.

Structure Rmax(M) [%] Q-factor | Mode Amplitude A [Vv.m 1 n w1 N/M(SYM)
SYM 88 1700 8.64 | 7.12x107° | 1.00

ASYM 49 57 000 4302 | 431x1073 | 6.05x10%2
ASYM-IM 77 290 000 101.50 | 0.149 2.09%x10**
ASYM-PM 70 | 1900000 268.00 | 2.38 3.34x10*3

As expected, a symmetric structure used in symmetric incidence (symmetric Gaussian beam
in normal incidence) can only excite a symmetric mode whose mode amplitude and Q-factor
approach those of its infinite-long central grating coupler. The main difference is that the CRIGF
permits focused beams with much larger power density, thus significantly larger SHG.
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If the central GC segment is displaced with respect to the BG box at a distance approximately
equal to dgc/4 =221 nm, it is possible to excite a symmetric FP mode with the same symmetric
incidence but this mode becomes antisymmetric with respect to the GC. That is the basic principle
guiding the design of our first asymmetric CRIGF ASYM. In practice, because the incident beam
is not a plane wave, a numerical optimization of the optogeometrical parameters is necessary.
The best results (maximum mode amplitude and SHG) are obtained for a displacement equal
to 204 nm instead of the expected 221 nm, resulting in A;=1190 nm and A;=782 nm. This
difference can be explained by the fact that in reality the field is neither completely symmetric
nor antisymmetric.

As can be seen in Table 1, comparing the SYM and ASYM structures, the use of the
antisymmetric mode of the GC leads to a 5-fold increase in the mode amplitude, leading to a
625 (5%) increase in the SHG power in the undepleted pump approximation. The Q-factors of
the spectral width of the two configurations are of the same orders of magnitude as those of the
symmetric and antisymmetric modes of the infinite gratings as discussed in Sec. 3.

Kintaka et al. [28] already reported a theoretical 6-fold increase of the Q-factor by displacing
the GC position. In our case the increase is greater than 33 times.

The spatial distribution of the modal field in the ASYM structure, shown in Fig. 6, confirms
that (1) it is almost symmetric with respect to the FP box, and antisymmetric for the GC, and
(2) it is close to being purely harmonic, representing a standing wave formed by the waveguide
mode at o with neg=1.754. The field at 2w is created by the square of the field at o and thus
has the same symmetry. Note that at 20, the GC acts as a diffractive grating sustaining the O™
and =1 orders extraction and the BG sections serve as close-to-surface-normal output coupling
gratings. As a result, the device behaves as a singly-resonant nonlinear converter with high SHG
extraction efficiency. Most of SHG outcoupling is made in the GC and BG parts (around 40% in
the cladding and 60% in the substrate, only less than 1% is guided out through the ends on the
waveguide region). We plot in Fig. 7 the normalized modulus of the electric field at x=0 with
respect to z, at the pump and harmonic frequencies, showing the confinement of the mode at the
pump frequency inside the Lithium Niobate layer.
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Fig. 6. Spatial electromagnetic field distribution for the asymmetric structure ASYM in

close vicinity of the system center. The blue line represents the GC profile, shifted with
respect to x=0.

The structure of the electric field in CRIGF is relatively well understood in the linear regime,
but it is much more complex in SHG nonlinear regime. In our case, the guiding structure supports
a single mode. As already discussed, inside the GC and BG parts it has a normalized propagating
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Fig. 7. Normalized modulus of the electric field at x=0 with respect to z, at the pump and
harmonic frequencies.

constant close to ne.g=1.754. The period of GC is chosen to excite this mode close to normal
incidence. The Bragg mirrors reflect back this mode into the central part without diffracting it
into the substrate and cladding, neglecting the transition losses and the scattering losses due to the
finite size of the system. The backscattering force can be expressed as an extinction coefficient
equal to 4.46 1072 um™!.

5. Further improvements of asymmetric CRIGFs: ASYM-IM

We observed in the previous section that using an already large-amplitude pump field can greatly
enhance the signal. However, theoretically high Q-factor can be reduced significantly by any
type of losses. Already existing indication points out the unexpected behavior of the ASYM
structure: the maximum value of reflection at the pump frequency in the spectral dependence is
equal to 49% for ASYM structure, much lower than the value of 88% for SYM structure, the
latter being typical for usual CRIGFs, indicating the presence of losses in the structure. We
assume no absorption losses, the leakage outside the box in the lateral direction is minimized by
the efficient Bragg mirrors, and the waist of the incident beam that is optimized to the size of the
central grating coupler. Reducing the structure losses to increase even more the amplitude of the
pump field implies thus reducing the transition losses between the different parts on the CRIGF
structure.

We have already chosen the GC and BGs periods to match well the modes in these sections.
Indeed, neg of the waveguide mode at w in the GC is equal to 1.75402 +i 4.78 1074, and in the
BG to 1.75340 +1 1.1 1072, However, there is a flat region between them, namely the phase
shifts PS; and PS,. If short enough, PS does not perturb the mode propagation due to tunneling.
However, in the ASYM CRIGF (see Fig. 2), the first phase shift PS; is optically longer than
1.5 wavelengths. If the shift is considered infinitely long, n.s of the mode inside such region
is equal to 1.7718, considerably different from the grating regions. Although not affecting the
total energy balance, this can introduce scattering losses for the waveguide modes. In order to
study their role, we introduced additional small-width groove inside PS1, so that it can reduce the
average optical index and thus match the neg of the adjacent regions.

The structure ASYM-IM in Fig. 2 and Table 1 is practically identical to ASYM, but with an
additional groove in PS; of width w=170 nm, situated at a distance d=423 nm of the left side
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of PS1, both values of w and d resulting from numerical optimization. For this new structure,
the reflectivity spectral maximum at o increases to 77%. Moreover, this modification leads to
a further increase of the mode field amplitude and SHG power. It translates into a predicted
conversion efficiency of n1=0.149 W~! and corresponds to an improvement of more than 4 orders
of magnitude with respect to our reference structure (see Table 1). This ASYM-IM structure
thus approaches the best conversion efficiency described in the literature, while preserving the
planar geometry, normal illumination, small dimensions (less than 375 pm total length for 50 pm
transverse width [27]), and less than 1 mm total thickness, including the substrate.

From there, additional improvements can be done, but at the expense of increasing the device
dimensions. There are two major and complementary approaches to do so. The first technique
exploits the fact that the Q-factor depends linearly on the FP resonator length, as long as the
quality of the mirrors and the coherence of the modes under consideration are maintained along
the entire structure. It must be stressed that the aforementioned results are obtained without
phase match between the modes at w and 2w. The second approach is based on improving the
modal overlap between the pump and signal fields. It turns out to be difficult to directly match
their effective indices due to the material and geometric dispersion. However, additional grating
[29] can be used to introduce indirect mode matching through the mutual coupling of the signal
and pump waves. Of course, this also leads to an increase in the cavity length.

6. Indirect phase matching: ASYM-PM

We introduce two additional gratings (named KG), within the two PS sections PS; and PS,,
as described in Fig. 2. The K-gratings have a period of dxg=206 nm, suitable to couple the
fundamental modes at w and 2w through the first diffracted order. Thus, an enhancement of the
fundamental mode at 2w is achieved. The small pitch does not permit propagating diffraction
orders in the cladding nor in the substrate. A 50% duty cycle ensures the match of the effective
indexes of the modes in the different regions and around Ngg=600 periods are used. Contrary to
the previous two geometries, the asymmetrical position of the GC with respect to the BG can be
achieved simply by choosing a different number of grooves for the two additional gratings, namely
Nkg+1=0601 in PS; and Ngg+1 =599 in PS,. Thus, the total length of the system is increased
by approximately 248 um, reaching 625 um. In addition to these gratings, the phase sections PS;
and PS; also contains unstructured regions for optimization (see Fig. 2 for definitions). Numerical
optimization leads to lengths A3=489 nm and A4=436 nm in PS; and A3 =489 nm and A5 =419
nm in PS,. This optimization results in a conversion efficiency n=2.38 W~! (Table 1, last line),
more than 5 orders of magnitude improvement as compared to our reference structure. The field
spatial distribution remains the same as in Sec. 4, see Fig. 6, because, first, in the undepleted
pump approximation the transfer of energy from the pump to the signal frequency does not affect
the pump field distribution, and second, the additional KG does not diffract in the surrounding
media. The mode amplitude is therefore constant in the GC and KG, and decreases exponentially
in the BG.

7. Achievements and difficulties

The SHG conversion factor of 1=2.38 W~! for a 625-um-long system is several magnitudes
larger than achieved in planar grating systems, and comparable to the best results obtained in
other systems [14] that are several times longer. The reason for this high conversion is three-fold:
(1) volume reduction inside the waveguide in vertical direction and Bragg resonator (in x), and (2)
efficient excitation with focused incident beam of the dark mode, combined with (3) an indirect
phase matching at pump and signal frequencies. This leads to extremely high Q-factors of the
pump modal field. However, the tolerances for the fabrication of such resonant structure will
be quite challenging, requiring extremely low technologically-induced-losses processing, and
nanometer scale precision for the most stringent designs.
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The other difficulty for longer systems (ASYM-PM structure with phase-matching additional
gratings) is the divergence of the waveguide modes due to the 3-dimensional geometry, as a
focused incident beam creates waveguide modes that diverge when propagating in the guide, and
when reflected back by the Bragg mirrors. The longer the system in x, the larger the conversion. In
order to limit the effect of this divergence that limits pump energy concentration, it is necessary to
introduce a lateral confinement, either using a ribbon guide [14] or an optical index modification
(for example by proton exchange in the LiNbO3 guiding layer) or using concave Bragg mirrors
[30].

The last structures in Table 1 presents SHG conversion factor >1 W~!, which means that a
pump power of 1 W is supposed to generate >1 W signal. It is well known that this nonphysical
deviation of the energy balance is due to the undepleted pump approximation — the energy transfer
into signal frequency does not affect the pump field energy in this approximation. For such strong
SHG it is necessary to consider a coupled set of differential equations simultaneously at w and
2w. Nevertheless, the results presented in Table 1 are useful for cases with lower pump power,
where the approximation is still valid — for example, ] mW pump power is supposed to generate
“only” 2.38 uW of second-harmonic power, i.e. the reduction of the pump power will be less
than 0.24%, sufficiently small to be neglected.

8. Conclusion

A numerical optimization study of second-harmonic generation (SHG) in cavity resonator
integrated grating filters (CRIGFs) has been carried out. For sub-625-um-long structures, by
combining the excitation of a dark-mode of the structure at the pump frequency, that has a Q-factor
much stronger than the bright mode commonly used, with an impedance matching scheme and
with an indirect phase matching through an additional pair of gratings, increased conversion rates
by respectively more than 2, 4 and 5 order of magnitude improvement are predicted.

The chosen materials, Silicon Nitride and Lithium Niobate, the geometry and the dimensions
are compatible with actual technological fabrication constraints with e-beam lithography and
dry etching. We believe that this study confirms the potential of CRIGF for non-linear effect
enhancement, in particular SHG conversion. It also paves the way for an even stronger
enhancement, using the phase matching properties that a more elaborated layer stack can bring.

Appendix: estimation of the conversion factor for a 3D incident Gaussian beam

For the 2D Gaussian beam with beam radius at waist wy, we write the electric field as

2
E = Epexp [—(i) ] in the plane of the waist. The 1D-flux of the Poynting vector through an

wo

infinite line along x is then written
pD _ [ E212]
= 210 - Voo%o0,

where ko = 27” and A the wavelength, uoc the vacuum impedance, and Iy = fol duexp (

V1 —u?.
.

2
For the 3D Gaussian beam, we write the electric field as E = Epexp [—(—) ] in the plane of

wo

—(ukowo)® )
2

the waist, in polar coordinates with radius r. The flux of the Poynting vector though an infinite
surface in the plane of the waist then is written

3D _ T 470,3
P = mWOEOkOII’

where I} = f; duuexp (_("k+”’°)2) 1—u?.
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We thus have £ = ILzw2k,, a conversion factor that is nearly constant and equal to
pD 21, " " o"o

(1.25 £ 0.3%) wq for wo>2A.

Hence, the flux of the Poynting vector of the 2D Gaussian beam through a surface infinite
along x, and with length 1.25w( along the direction of invariance y, will be equal to that of the
3D Gaussian beam through an infinite surface.
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