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Abstract: We report on the design of cavity-resonator integrated grating couplers for second-
harmonic generation. The key point is that the base pattern of our grating coupler (GC) is made
of two ridges with different widths (bi-atom). Thus, we reach extremely high Q-factors (above
10°) with structures whose fabrication is not challenging, since the bi-atom base pattern is close
to that of the surrounded distributed Bragg reflectors (DBR). Yet, the parameters of the structure
have to be chosen cautiously to reduce the transition losses between each section (GC, DBR). We
numerically demonstrate conversion efficiencies 7 of several tenths per Watt, even doubled when
we include a phase-matching grating within the structuration. Such efficiencies are comparable
to those obtained with waveguides and nano-resonators.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Non-linear optics is a very active field of research in which the exploitation of nanotechnologies
has played a prevalent role for about fifteen years. The objective is to overcome the difficulties
related to very low non-linear susceptibilities.

In a previous publication, we have demonstrated the potential for second harmonic generation
(SHG) of a structure called a CRIGF, a cavity-resonator integrated filter [1]. CRIGF are composed
from a grating coupler (GC), surrounded by two distributed Bragg reflectors (DBRs), the distance
between them being tunable thanks to a phase section (PS) (see Fig. 1 (a)). On the one hand,
the CRIGF appears as an alternative solution, in a context of miniaturisation of the components,
to ribbon and slab waveguides, in which high conversion rates are reached thanks to ingenious
designs aim to fulfil the phase matching condition between the pump and signal waves [2-9].
On the other hand, the CRIGFs present macroscopic scale modal volumes, whereas the high
conversion rates in nano-resonators rely on the excitation of modes with wavelength scale
modal volumes and long lifetime for which the interaction time with the non-linear material
is increased [10-14]. Thanks to this difference in the scales, we can expect the non-linear
conversion to be much less sensitive to manufacturing defects in CRIGFs than in nano-resonators.
Hence, the CRIGF appear as a promising intermediate solution, in term of scale, between
waveguides and nano-resonators. Moreover, the mode of a CRIGF is efficiently excited with a
few-wavelengths-diameter free space incident beam, which is easily achieved with conventional
optics. As compared to the classical guided-mode resonance gratings, which require highly
collimated beams, the CRIGFs thus allow greater enhancement of the pump field density [1].

For our first attempt at SHG in a CRIGF [1], we demonstrated numerically a conversion ratio
7 =8.2x 107 W~! and experimentally 1.9 x 10~® W~!. The SHG conversion ratio is defined as
1 = P2 /[P,]?, where P,, is the power of the pump beam at frequency w, and P, is the total
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Fig. 1. Description of the structure: CRIGF (a) with grating coupler (GC, Ng¢ periods),
surrounded with a phase section (PS, width A taken between the centers of the adjacent
grooves) and distributed Bragg reflectors (DBR, Nppgg periods each side) with period dppp
and holes width cppg; “bi-atom” pattern with constant hole width cg¢ and increasing
perturbation 6 = 0 (b), 6 # 0 (¢) and 6 = Omax-

power emitted at the signal frequency 2w. This result has been obtained without optimization of
the parameters aimed at enhancing the SHG: the component was only designed to exhibit a sharp
resonance peak in its reflectivity spectrum at the pump frequency.

Two methods to enhance the SHG are possible. Firstly, the component has to be resonant for
both the pump and the signal frequencies, and designed to ensure a good overlap between the
modes within the non-linear material, together with a phase matching between the two modes so
that the waves generated by the non-linear process interfere constructively. In the case of CRIGF,
this means one guided mode at w and another at 2w with the same effective index. This can be
obtained either using an adequate orientation of the anisotropic Lithium Niobate crystal, or a
more complex layer stack.

The second method is to enhance the quality factor Q of the resonance at the signal frequency,
and thus the pump field inside the component. The Q-factor is defined as the ratio of the resonance
wavelength A to the spectral full width at half maximum AQ of the emitted power: Q = 1/AA.
The resonances in a CRIGF are Fabry-Perot resonances of guided modes, that leak through the
GC region. Hence, the Q-factor of a CRIGF resonance is related to both the quality factor of the
Fabry-Perot resonator and to the quality factor of the GC.

The DBRs are usually chosen long enough to ensure negligible transmission losses, and we
know that the quality factor of the Fabry-Perot resonator can be tuned linearly with the length of
the cavity. A more interesting path is to enhance the Q-factor of the GC, e.g. decrease the losses
through the GC, as several parameters can be used to adjust its response. Indeed, the strength
of the in and out coupling in a guided mode resonant grating depends quadratically on three
quantities: (1) the grating depth, (2) the overlap integral between the eigenmode and the free
space waves, and (3) the modulus of the Fourier coefficient of the grating permittivity function
associated with the in/out coupling diffraction order (first one in most cases) [15]. Reducing the
GC depth will lead to a small DBRs depth, thus inefficient DBRs, as both GC and DBRs are
usually etched in one single fabrication step. A more promising idea is to tune down the overlap
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integral by moving the GC sideways using non-symmetric PS sections and thus breaking the
symmetry of the CRIGF. This is described in our recent paper [16], and can lead to conversion
ratio greater than 4.3 x 1073 W1,

Finally, the first Fourier coefficient of the GC permittivity function can be made extremely
small thanks to a suitable base pattern. A naive approach is to consider a GC with an extremely
low (or extremely high) filling factor, but it is experimentally extremely challenging as it requires
the fabrication of few-nanometers-wide grooves (or bumps) with high aspect ratio. A more
promising approach is the so-called “bi-atom” base pattern, composed of two bumps (for gratings
periodic along one direction) with different widths [17,18].

In the present work, we explore the ways to design a CRIGF with a bi-atom base pattern for the
GC, and quantify the SHG conversion ratio that can be expected considering the possibilities of
the present manufacturing process. The second section introduces the notations and the overall
designs rules. The third and fourth sections present two different ways of optimizing the bi-atom
CRIGFs to enhance the SHG. In the fifth section, further improvements are made using grating
phase-matching.

2. Notations and overall design rules

As in [16], the stack depicted in Fig. 1 (a) is composed of a 300 nm-thick layer of LiNbO3 (index
nw), deposited on a SiO, substrate (index ng). A pattern of depth / is engraved on a Si3Ny4 layer
(index ng). The cover is air (index n¢).

The pump wavelength is set at g = 1.55 um. The values of the index at the pump frequency
w are: ng = 1.444, ny = 2.1316, ng = 1.9963 and nc = 1.0. At the signal frequency 2w they are
nsg = 1.4538, ny = 2.1793, ng = 2.0259 and nc = 1.0. The pattern is composed of a grating
coupler (GC) with Ng¢ = 21 periods, surrounded by Distributed Bragg Reflectors (DBR), with
Nppr periods. For each structure, Nppg is chosen the ensure that the losses through the DBR at
the edges of the structure are negligible. The remaining parameters of the structure are chosen
following the rules described below, aimed at maximizing the pump field in the structure.

The pattern depth £ is the result of a trade-off. On the one hand, when / decreases, the radiation
losses caused by the GC also decrease and the Q-factor increases. Yet, as we plan to fabricate the
component with e-beam lithography followed by RIE etching, the depth of the DBR must be the
same as that of the GC. And on the other hand, the reflectivity of the DBR follows the variations
of h, and small 4 means long DBR. Hence, we chose & = 50 nm for which Nppr = 400 periods
for the DBR are generally sufficient to obtain less than 0.1 % transmission losses through the
DBR.

To choose the periods and the holes width of the DBR and GC, we have to go deeper into
the understanding of the CRIGF. The CRIGF is first of all a Fabry-Perot cavity [19,20]. The
resonances are Fabry-Perot resonances of the modes that are inside the gap of the DBR. Thus,
their effective index 7 and resonance wavelength A satisfy

2w b/g
—fi= —, (1)
A dpsr
where dppp is the period of the DBR and
21
TnLeﬁ = pm, (2

where L,z is the effective length of the cavity, including the penetration depth of the field inside
the DBR, and p is a natural integer.

Second, the GC is here to couple in/out this mode. The in/out coupling will be resonant if
the wavelength and effective index of the Fabry-Perot cavity mode matches those of a mode of
the GC, more precisely if (i, A) is close to a point of the dispersion relation of the GC. As we
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intend to have a resonant in/out coupling of the Fabry-Perot mode in normal incidence through
the first diffraction order of the GC, this means that (71, 1) must correspond to one of the edge
of the second order band gap of the GC, preferably the symmetric mode edge. In this case, the

required condition is
2n . 2nm

1" doc
where dgc is the period of the GC and A is close to the wavelength of the symmetric-mode
band edge of the GC. We could choose the anti-symmetric-mode band edge, not coupled with
free-space waves for an infinite GC, and leading to a very high Q mode for the finite GC included
in the CRIGF. We could also choose a coupling in/out under oblique incidence [21]. These two
developments may be interesting but are out of the scope of this paper.

The Egs. (1) and (3) set the relation between the periods of the DBR and GC

dcc = 2dpar, 4)

3

and ensure that the propagation constant (27/ 1)t of the mode excited at the band edge of the
GC is equal to those of the modes inside the band gap of the DBRs. Hence the optimization
procedure aims at matching the wavelengths of the GC mode and that of the Fabry-Perot mode
(within a range set by the DBRs band gap).

The GC considered here is a bi-atom base pattern grating, depicted in Fig. 1 (c), composed of
two holes with same width cg¢, and two bumps, one large with width dg¢/2 — cge + 26, and one
small with width dgc/2 — cgc — 2. As a reference, the pattern for § = 0 (bumps with equal
widths) is represented in Fig. 1 (b). The range of variation of cg¢ is [0; dgc/2 — 26], and the
range for § is [0; Smax = dgc/4 — cge /2], the upper boundary corresponding to the vanishing of
the small bump, as shown in Fig. 1 (d).

The Q-factor of the GC scales like 1/|€;|?, where ¢ is the first Fourier coefficient of the grating
pattern. The latter is given by

1 = [2/x)(n; — n) sin (278 /dge) sin (xeGe/dac)] 5)

As expected, € is null for 6 = 0, and increases with § for values of § smaller than dg¢/4. It also
increases with cgc in its range of variation. We can thus achieve extremely high Q-factors for
the GC for ¢ close to 0, that is for GC patterns resembling the side DBRs of the CRIGF. These
patterns are thus not particularly challenging to fabricate.

The width of the gap of the GC depends on the modulus of the second Fourier coefficient of
the pattern [15], given by

2| = |(1/7)(ng; — ng) cos (4n8/dgc) sin (2rcGe/dac)) - (6)

It is maximum for § = 0, and cg¢c = dgc /4. For lossless materials, € is real and a change in its
sign means an exchange of the respective position of the symmetric and anti-symmetric modes
on the upper or lower edges of the band gap. The bi-atom pattern as described here leads to a
symmetric mode at a greater wavelength than the anti-symmetric mode for values of ¢ smaller
than dg¢/8. The opposite can be obtained with the complementary pattern obtained by swapping
the air grooves and the high-index bumps.

At this point, the reader can understand that the bi-atom pattern GC with ¢ close to 0 and
cGge = dgc/4 has a spectral band gap very close to that of a DBR with period dpgr = dgc/2 and
a 1/2 filling factor (for which the DBR band gap width is maximum). Hence, such parameters
lead to a GC mode wavelength too close to one edge of the DBR band gap, resulting in inefficient
Bragg reflections.

As a consequence, as a first step of our optimization scheme, the infinite GC and DBR are
modelled, and their dispersion relation are calculated with respect to their parameters. We
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optimize both GC and DBR parameters to bring the symmetric-mode wavelength of the GC
at the design wavelength 1p = 1.55 ym and inside the DBR band gap. There is an infinity of
possibilities to realize this adjustment, and we will explore two ways in the two next sections.

The second step is to determine the PS length A, defined as the distance between the centers
of the GC last groove and DBR first groove (see Fig. 1(a)). To do so, the whole CRIGF is
modelled, and A is chosen so that the field amplitude is maximum for the wavelength 1y. More
precisely, we calculate the field amplitude at the bottom of the LiNbO3 guiding layer at the center
of the structure along x. It would be more accurate, to optimize the SHG signal, to maximize the
integral of the square modulus of the electric field inside the LiNbO3 layer, but at the cost of
much longer calculations that the gain in precision does not justify. The third step is to calculate
the SHG emitted power in the substrate and the superstrate.

Throughout the paper, the calculations are made with a home-made numerical code based on
the Fourier Modal Method. The finite size of the CRIGF along x is taken into account by applying
the so called “super-cell” technique [22], and both the structure and the incident Gaussian beam
are invariant along y (2D structure and 2D beam). The electric field is along y (s polarization).
The SHG calculations are done with the same code, under the undepleted pump approximation
[23,24]. We have validated our Fourier Modal Method code by comparison with another of our
home-made numerical code based on the Finite Element Method.

From the SHG emitted power we calculate the conversion efficiency factor 7 = Pa, /[Po, ]
In order to be able to compare our calculations with the real case of a 3D Gaussian beam, 7 is
estimated by taking into account a correction factor, as explained in [16].

3. CRIGF with an optimized bi-atom GC and 0.5-filling-factor DBRs

At a first sight, its seems natural to work with an optimized DBR, e.g. a DBR with a filling factor
ffor = 0.5, and a wavelength in the middle of its band gap.

Hence, in this part, ffppr = cppr/dpsr = 1/2, giving a guided mode with effective index
fi = 1.759, and we choose a period dppgr = 440.6 nm to center the gap of the DBR at 19 = 1.55 um.
The imaginary part of the propagation constant of the mode in the DBR at 1 is 0.058 um™", for
which Nppgr = 400 is sufficient to ensure a quasi-total reflection.

In order to change the Q-factor of the GC, we vary the value of ¢ from 2.5 nm to 20 nm. For
cGge = dge/4, the guided mode in the GC has the same effective index as in the DBR, leading to
a GC gap centered at 1.55 um. For the bi-atom pattern describe in Fig. 1 (c), as the symmetric
mode is at greater wavelengths, we must increase the hole width c¢g to bring it down to Ag.
The calculations are done modelling the infinite GC. We plot in Fig. 2 the evolution of the
wavelength for symmetric (blue line) anti-symmetric (orange line) modes with respect to cge/dge
for 6 = 20nm. The grey area represents the DBR band gap and the green line represents the
design wavelength 1p = 1.55 um. As expected for this structure, we observe that the symmetric
mode is at a larger wavelength than the anti-symmetric one, and that the GC band gap moves to
lower wavelengths as cgc increases. It is close to the DBR band gap for cgc/dge = 1/4.

From this plot, we choose the value of cgc that puts the symmetric mode at Ay, in the middle
of the DBR gap, cgc/dgce =~ 0.36 (dashed line in Fig. 2). We proceed in the same manner for the
other values of §. The corresponding values of cgc are given in Table 1.

The entire CRIGF is then modelled to determine the size of the PS maximizing the field
amplitude. We choose two consecutive values of A among the dppg-periodic values of A for
which the Fabry-Perot resonances occur at Ay, leading to two sets of structures, labelled "a" and
"b" (see Table 1). The PS in the set "b" is around Ay /(27) greater than the PS in set "a".

We plot in Fig. 3 the field amplitude (normalized with respect to the square root of the incident
power) versus the O-factor of the CRIGF resonance (calculated from the spectral dependence
of field amplitude) for each structure (blue for set "a", and orange for set "b"). The labels
correspond to the structures listed in Table 1. Considering each set of results, given on the one
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Fig. 2. Wavelength of the symmetric (blue line) and anti-symmetric (orange line) modes
with respect to cgc/dgc for the GC with 6 = 20 nm, dg¢ = 881.1 nm. The DBR band gap
is represented in grey, and the design wavelength A in green.

Table 1. Parameters of the CRIGF with an
optimized bi-atom GC and DBR filling factor?

Structure 5 cGe A

GC2.5a 2.5 320.5 3353
GC5a 5 320.4 337.8
GC10a 10 320.0 342.9
GCl5a 15 319.2 347.9
GC20a 20 318.0 3529
GC2.5b 2.5 320.5 770.5
GC5b 5 320.4 773.0
GC10b 10 320.0 778.1
GC15b 15 319.2 783.1
GC20b 20 318.0 788.0

“ffppr = 0.5, all dimensions in nanometers. Com-
mon parameters: dpgr = 440.6 nm, cppr = 220.3 nm,
Npar = 400, dgc = 881.2nm, Ngc = 21.
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hand for the smaller values of A, and on the other hand for the greater values, we can see that the
Q-factor increases when ¢ decreases, as expected. The Q-factors for the set "b" are larger than
for set "a", thanks to longer Fabry-Perot cavities. We can also observe that the field amplitude
reaches a maximum when the Q factor increases (for § = 10 nm for the set "a" and § = 5nm
for the set "b"), and then decreases for greater Q factors. This phenomenon has already been
observed for other kind of resonators [25,26], and most recently for CRIGF [27]. The maximum
of the field amplitude is related to a balance, known as critical coupling, between (useful) in/out
coupling losses through the GC, and (unwanted) scattering losses coming from the mismatch
between the modes in the successive regions (GC, PS and DBR). As already suggested in [16],
the scattering losses can be reduced, and the maximum of the field amplitude increased, by
introducing an additional groove within the phase section PS. We will perform this improvement
on the structures studied in the following paragraph.

500

N
o
S

Normalized field amplitude
nN w
o o
o o

Q factor [x 104]

Fig. 3. Mode amplitude, normalized with respect to the square root of the incident power
(V.um™! W~1/2), versus the Q-factor for the CRIGF of Table 1 (blue for set a, and orange
for set b).

Finally, we plot in Fig. 4 the SHG conversion ratio n with respect to the fourth power of the
normalized field amplitude. As expected, the greater the field amplitude, the greater the SHG
conversion ratio. Moreover, the values show a linear dependence of log (17) with respect to the
logarithm of the fourth power of the field amplitude, with a slope close to unity, confirming the
fact that the SHG is mainly governed by the field amplitude and that the overlap integral between
the field mode squared within the non-linear material stay almost constant for all the structures of
Table 1.

The greater conversion ratio for these structures is n = 3.5 X 1073 W (for structure GC5b),
which is of the same order of magnitude than with the non symmetric CRIGFs (4.3 x 107> W)
proposed in [16].

Note that by increasing cgc, we increased the factor growth of e |> with respect to & (see
Eq. (5)), and thus decrease the Q-factor of the GC. Greater Q-factors can be obtained with smaller
cgc values, but requires the adjustment of the filling factor of the DBR to center the wavelength
of the symmetric edge of the GC in the middle of the DBR gap. This is done in the following
section.
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Fig. 4. SHG conversion ratio, with respect to the fourth power of the normalized field
amplitude ([V. ,um_1 wl 2]4) for the CRIGF of Table 1 (blue for set a, orange for set b).

4. CRIGF with an optimized bi-atom GC and DBR

In this section, we explore a second way to bring the symmetric-mode wavelength of the GC
inside the DBR band gap, trying to keep a GC with a large O-factor. Hence, we choose a GC such
that cc/dgce =0.257, which will lead to smaller |€;|> and thus greater Q-factor of the GC than for
structures of section 2. This GC thus have a filling factor in groove of ffgc = 2cge/dce = 0.514.
The effective index of the fundamental TE guided mode is 7 = 1.771. The period of the DBR and
GC adapted for this mode are dppg = 437.2nm, and dg¢ = 874.4 nm, leading to cgc = 225 nm.

To choose the hole width of the DBR, we analyse its impact on the band gap of the DBR. We
plot in Fig. 5 (a) the band gap of the DBR (gray area) and its central wavelength (black line)
with respect to ffppr. We observe that it is shifted towards lower wavelengths as ffppg increases,
and that its width decreases as ffppg moves away from 0.5. From this plot, we deduce that ffppr
must be smaller than 0.5 to keep the design wavelength 1o = 1.55 um (green line in Fig. 5 (a))
within the DBR band gap. We also plot, in Fig. 5 (b), the imaginary part of the propagation
constant of the mode y with respect to ffppg, in black for the wavelength at the center of the band
gap (different for each value of ffppg) and in green at the design wavelength 1y = 1.55 um. For
the wavelength at the center of the band gap, Im(y) increases with the band gap width. And
for a given value of ffpgg, Im(y) is maximum at the center of the band gap. From this plot,
we choose ffppr = 0.366 (black dashed line in Fig. 5), corresponding to cpgg = 160 nm, for
which the imaginary part of the propagation constant of the mode is almost maximum. It is
equal to 0.046 um~!, 20 % smaller than for the mode in the middle of the band gap for which
Im(y)=0.058 ,um‘1 (see Fig. 5(b), black curve). Nevertheless, a DBR with Npggr = 400 will be
sufficient to ensure a quasi-total reflection of the mode by the DBR.

Next, the whole CRIGF is numerically modelled to determine the length A of the PS needed to
center the resonance at 1.55 um. The parameters for structures DBR1.25, DBR2.5, DBRS and
DBRI10 with ¢ from 1.25 nm to 10 nm are gathered in Table 2.

We plot in Fig. 6 the value of the field amplitude (normalized with respect to the square root
of the incident power) versus the Q-factor of the CRIGF resonance for theses structures (blue
dots). We observe much greater Q-factors and field amplitudes than for the structures of section
2. This is in part due to the greater Q-factor of the GC, and also to the greater effective length of
the cavity for the structures of section 3, as the DBR is less reflective. We still observe the same
decrease of the field amplitude after an optimal Q-factor, due to the mode mismatch between the
successive GC, PS and DBR regions. Yet, the mismatch may be smaller for the structures of
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Fig. 5. Evolution with the filling factor of the DBR ffppgg of (a) the DBR band-gap (grey
area) and its central wavelength (black) and (b) the imaginary part of the propagation constant
at the central wavelength of the band gap (black) and at the design wavelength (green).

Table 2. Parameters of the CRIGF
with an optimized bi-atom GC and

DBR?
Structure 5 A
DBR1.25 1.25 806.4
DBR2.5 2.5 807.7
DBRS 5 810.0
DBR10 10 815.6

4 All dimensions in nanometers. Common
parameters: dppg = 437.2nm, cppr =
160nm, NDBR = 400, dGC = 874.4nm,
cge = 225nm, Ngc = 21.

section 3 than for the structures of section 2, since the effective index of the modes in the GC and
DBR is slightly nearer to that of the PS (ng = 1.9963) for the structures of section 3 (7i=1.771)
than for structures of section 2 (72 = 1.759).

Table 3. Parameters of the CRIGF with an
optimized bi-atom GC and DBR with impedance

match?
Structure [ Ay Ap
DBR1.25-IM 1.25 397.0 410.0
DBR2.5-IM 2.5 398.3 410.0
DBRS5-IM 5 402.6 408.0
DBR10-IM 10 402.6 414.1

“All dimensions in nanometers. Common parameters: ¢ =
100 nm, dDBR = 4372 nm, Cppr = 160 nm, NDBR = 400,
d(;c = 874.4nm, cGC = 225nm, NGC =21.

As already done in [16], we reduce this mismatch thanks to an additional groove with width ¢
inside the two PS regions between the GC and the DBR (see Fig. 7).



Research Article Vol. 30, No. 21/10 Oct 2022/ Optics Express 38798 |

Optics EXPRESS N

1600

1400

1200 [

1000

800

Normalized field amplitude

600

400

5 10 15
Q factor [x109]

Fig. 6. Mode amplitude, normalized with respect to the square root of the incident power
(V.ym_l wl/ 2, versus the Q-factor for the CRIGF of Table 2 (blue) and Table 3 (orange).
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Fig. 7. Impedance matched CRIGFs (IM): an extra groove is added within the phase
section PS. For each particular CRIGF, the width ¢ and the distances A, & Ay, result from a
numerical optimization.

The parameters ¢, A, and A, used to tune the length of the phase shift region, are chosen
to maximize the field amplitude, and are given in Table 3 (structures labelled DBR1.25-IM to
DBR10-IM, where IM stands for impedance match).

The evolution of the field amplitude with respect to the Q-factor is reported in Fig. 6 (orange
dots). We observe that even higher Q-factors and field amplitudes are obtained. The decrease of
the field amplitude occurs for greater Q-factors than for the structures without reduced mode
mismatch, leading to a huge mode enhancement for the DBR2.5-IM structure.

Finally, we calculate the SHG power emitted in the substrate and superstrate. Table 4 reports
the conversion factor 7 for the eight structures of Table 2 and Table 3, sorted with decreasing 7. As
expected, the higher the field amplitude, the higher the conversion factor. Even greater conversion
factors than for the structures of the previous section are demonstrated : 1 = 0.647 W™,
0.370 W~! and 0.255 W~! respectively for structures DBR2.5-IM, DBR1.25-IM and DBR5-IM.
These values are also greater than that obtained with the asymmetric structure and an additional
groove within the PS region reported in [16] (0.149 W~!, for structure ASYM-IM).

We emphasize that these results are obtained without phase-matching between the mode at the
pump and the mode at the signal frequency. In the next section, we explore, still using the same
layer stack, the improvement that can be obtained thanks to an additional structure designed to
ensure grating-assisted phase-matching.
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Table 4. Conversion
efficiency of the CRIGF with
an optimized bi-atom GC and
DBR with and without
impedance match?

Structure n [W’l]
DBR2.5-IM 0.647
DBR1.25-IM 0.370
DBRS-IM 0.255
DBRS5 0.0489
DBR2.5 0.0354
DBR10-IM 0.0270
DBR10 0.0151
DBR1.25 0.00874

“(parameters in Table 2 and 3)

5. CRIGF with a bi-atom GC and grating phase-matching

It is well known that SHG is enhanced when the source/pump and the second harmonic wave
are phase-matched. In bulk media and waveguides, the phase-matching condition requires
that the effective index 7i(w) at the pump frequency is equal to the effective index 7(2w) at the
signal frequency. In bulk anisotropic material, one usually tune the angle of propagation to
achieve phase-matching. In multimode waveguides with many layers, phase-matching can be
achieved using a careful optimization of the multilayer stack. For few-layers monomode stack, it
is possible to realize phase-matching thanks to a well-chosen grating, usually phase-matching
counter-propagating pump and signal modes. The grating-assisted phase-matching can be done
either at the signal or pump frequency, as explained below and as described in Fig. 8. For both,
the starting point is the forward propagating eigenmode excited at the pump frequency (red disc
in Fig. 8).

\
—Ndk w

+ /dx, : ® at w
SHG E SHG

¢ =N/ (2dK 20) J/

® ; =+ at 2w

t—t % >
—n(2w) —n(w) 0 n(w) effective index

backward propagation forward propagation

Fig. 8. Scheme of grating phase-matching at the pump frequency w (in red) and at the
signal frequency 2w (in blue). The disc stand for the eigen-modes, while the crosses stand
for non-resonant electromagnetic fields.

For a phase-matching at the signal frequency 2w (corresponding to the signal wavelength 1/2),
we consider: on the one hand the field created at the signal frequency by non-linear conversion
from this eigenmode (blue cross on Fig. 8), and on the other hand the backward propagating
eigenmode at the signal frequency (effective index —i(2w), blue disc on Fig. 8). The spatial
period of the field created at the signal frequency correspond to an effective index of (w). In
order to couple this field to the counterpropagating eigen-mode, the period dg »,, of the grating
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should satisfy the relation

i(w) + 12w) =

A
iz’ @
when the first diffraction order of the grating is used. This coupling is represented by the
horizontal blue arrow on Fig. 8. We will call this 2w-phase-matching. The improvement of
SHG due to this kind of phase-matching for guided mode resonance waveguide has already been
demonstrated in the literature [3].

Alternatively, for a phase-matching at the pump frequency w (corresponding to the pump
wavelength 1), we consider: on the one hand the forward propagating eigen-mode at the pump
frequency (effective index 7i(w), red disc on Fig. 8), and on the other hand, the field at the pump
frequency w that will generate by non-linear conversion a field at 2w matching the backward
propagating eigenmode at 2w with effective index —7(2w) (red cross on Fig. 8). The effective
index of this latter field at the pump frequency is also —7i(2w). In this case, the period dg , of the
phase-matching grating must satisfy the relation

Ai(w) + i(2w) = d”

K,w

®)

This coupling is represented by the horizontal red arrow on Fig. 8. We will call this w-
phase-matching. The advantage is that the required period is twice as large as that of the
2w-phase-matching, making the fabrication easier.

We consider the CRIGF of the previous section with GC parameters cgc = 225 nm, dgc =
874.4nm and DBR parameters cpgr = 160 nm, dgc = 437.2 nm, and two values of §, 2.5nm
and 5 nm. The effective index of the fundamental mode at the pump frequency is 7i(w) =~ 1.771,
and at the signal frequency 7i(2w) =~ 2.023. Equations (7) and (8) are used to obtain a starting
value for the period of the phase-matching grating.

Then further optimization steps are performed on the period and the filling factor of the
phase-matching gratings so that the effective index of the mode within the phase-matching
grating is close to that in the GC and DBR regions at Ag. This leads to dg 2., = 204.4 nm and
Ck.20 = 39.8 nm for the 2w-phase-matching, and dg ,, = 408.5 nm and ck , = 68.1 nm for the
w-phase-matching. The phase-matching grating K is added between the GC, after the phase
section PSy, and the DBR, before the phase section PS; (see Fig. 9). The number of periods of the
phase-matching grating is chosen equal to Nx = 300 for the 2w-phase-matching and Nx = 160
for the w-phase-matching, in order to have comparable lengths of the two structures, despite the
twice larger period for the w-phase-matching grating. The PS; and PS, lengths are determined
to maximize the pump field amplitude in the structure. The parameters of the four structures are
gathered in Table 5.

DBRPS. K PSGC PS K PS DBR
V2 AN ANV AN 7 Z AN 7 7]

A, A

Fig. 9. Additional grating (K) for grating-assisted phase-matching, with Nx grooves with
width cg and period dg (the grooves are not represented).

In order to verify that the desired modes are excited, we plot on Fig. 10 the field at resonance
in the Fourier space, for structures DBR5-K,, (blue line) and DBR5-K3,, (orange line) at w for
Fig. 10 (a) and 2w for Fig. 10 (b). At w, as expected, the field is strong at an effective index close
to that of the fundamental TE mode of the structure (7i(w) = 1.771, peak 1), for both structures.
For DBR5-K,, we can see a second peak (peak 2), corresponding to an effective index close
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Table 5. Parameters of the CRIGF with a grating
phase-matching?

Structure o Nk dg cK Ay AV

DBR2.5-K,, 2.5 | 160 | 4085 | 68.1 | 425.0 | 508.5
DBR2.5-Ky,, | 2.5 | 300 | 204.4 | 39.8 | 137.8 | 440.0
DBRS5-K,, 5 160 | 408.5 | 68.1 | 4435 | 489.5
DBRS5-K»,, 5 301 | 204.4 | 39.8 | 300.0 | 407.4

¢All dimensions in nanometers. Common parameters: dppr
437.2nm, cpgg = 160nm, Npgr = 400, dgc = 874.4nm, cGc
225 nm, NGC =21.

- 5 f |~ w phase-matching
g 1078 | ——oy phase-matching
= 10°
12 10

-1
E, [V.um™]

0 0.5 1 1.5 2 2.5 3
effective index

Fig. 10. Field at the bottom interface of the structure, at resonance, in the Fourier space for
structures DBR5-K,,, (blue line) and DBR5-Kj,, (orange line) at w (a) and 2w (b).

to 71(2w) = 2.023, obtained as desired from the fundamental TE mode thanks to the coupling
through the first order of the phase-matching grating.

The field at 2w (Fig. 10 (b)) is much more complicated. The peaks 1 and 2 are directly obtained
by non-linear conversion from the peaks 1 and 2 existing at w. The non-linear conversion of
the w-field also gives a strong peak centered at 0. Peak 3 corresponds to the second TE mode
(n’(2w) = 1.538). Peak 4 comes from the coupling, through the +1 order of the grating K»,,
or +2 order of K,, of the negative counterpart of peak 3. Peak 5, somewhat large, has two
contributions: the coupling through the —1 order of the DBR of peak 2, and the coupling through
the +1 order of the DBR of the negative counterpart of peak 1. The coupling of peak 3 through
the +/—1 order of the DBR gives peaks close to 0. Peaks 6 is similar to peak 5 except that
it is obtained thanks to the K, grating, and peak 7 comes from the coupling of the negative
counterpart of peak 3 through the +1 order of the K,, grating. Last, peak 8 corresponds to the
coupling, through the +1 diffraction order of the K,, grating, of the peak centered at 0. It must
be noted that peaks 5, 6 and 7 correspond to fields coupled-out in the substrate and superstrate.
Hence, we can expect a conversion efficiency slightly greater for structure DBR5-K,, than for
DBRS5-K,,,. Similar features are obtained with structures DBR2.5-K,, and DBR2.5-K5,,.
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The conversion efficiency factors obtained for the four grating-assisted phase-matched structures
are gathered in Table 6, where the conversion efficiencies for the two impedance-matched structures
with § = 2.5nm and § = 5 nm are also presented for comparison.

Table 6. Conversion efficiencies for the » and
2w-phase-matched, and impedance-matched

structures.
Structure n [W‘l] Structure n [W‘l]
DBR2.5-IM 0.647 DBR5-IM 0.255
DBR2.5-K,, 1.556 DBRS5-K,, 0.643
DBR2.5-K»,, 1.379 DBR5-K»,, 0.601

We observe that using a w-phase-matching grating gives slightly greater conversion efficiencies
than with a 2w-phase-matching, as can be expected from the field at resonance in the Fourier
space (Fig. 10 (b)). Higher conversion efficiencies are obtained for smaller ¢, due to the highest
Q-factor. Last, the comparison with respect to structures DBR2.5-IM and DBR5-IM shows
greater conversion efficiency for the grating-assisted phase-matching structures. About 70 % of
this improvement is due to the longer cavity in the grating-assisted phase-matching structures.

6. Conclusion

We numerically demonstrated high SHG conversion efficiencies using cavity-resonator integrated
grating couplers with a bi-atom GC base pattern. This particular pattern is close to the pattern of
the surrounding distributed Bragg reflectors and is not particularly challenging to fabricate. We
worked on a simple stack, composed from a dielectric grating on the non-linear material layer,
without aiming at direct phase-matching between a mode at the pump frequency and a mode at
the signal frequency. We explained the main design rules, necessary to match the effective index
of the modes within the GC section and DBR section, while keeping an efficient DBR and a high
Q-factor GC. We showed one order of magnitude improvement of the SHG conversion efficiency
n with respect to our previous publication relying on asymmetric structures [16]. Cutting the PS
into two parts decreases the scattering losses at the transitions between the GC, the PS and the
DBR, and leads to  greater than 0.1 W~! (impedance-matched structures). Finally, we explored
the benefit of introducing a grating phase-matching, either at the pump or signal frequency, which
doubles the conversion efficiency of the impedance-matched structure. This work demonstrates
how CRIGFs can achieve conversion factors of the same order of magnitude as waveguides or
nano-resonators.
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