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Abstract. While frequency comb generation in passive nonlinear optical cavities has been demonstrated in
purely quadratic and Kerr platforms, the interplay between y® and 1(3) effects is yet to be fully understood.
In this work, we propose a doubly resonant AlGaAs microring design for second-harmonic Kerr-comb genera-
tion. We compute the full dispersion profile of the guided modes to describe the resulting dynamics. The doubly
resonant condition implies the use of a double envelope mean-field model, and the confined field owns spectral
components around both the pump and second harmonic wavelengths. The fabrication of such devices is
discussed, and preliminary experimental results are presented. Due to its record nonlinear performance, we
address AlGaAs as a promising platform for the generation of such novel microcomb sources.
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1 Introduction

Optical frequency comb (OFC) generation based on second-
harmonic (SH) nonlinear frequency conversion was first
demonstrated in a bow-tie optical cavity [1, 2], and a
cascade of X(Q) processes was found to mimic a Kerr effect
resulting in a modulation-instability (MI) OFC regime [3].
Besides, Kerr whispering-gallery-mode resonators with a
toroidal shape have been used to generate octave-spanning
microcombs [4] and temporal cavity solitons (CSs) [5], as
predicted a couple of decades earlier [6].

Today, novel architectures have been demonstrated
to excite robust CSs dynamical attractors [7], while innova-
tive pumping schemes, such as chirped-pulse pumping,
have been proposed to achieve complete control on the
CS dynamics [8]. In the same context, on-chip integration
of quadratic platforms at the pm-size scale is receiving
increasing attention with a view to possibly achieving
lower-power pump thresholds [9]. This is witnessed by the
recent records of ¥'*) microring optical parametric oscillator
(OPO) [10], Pockels micro-comb [11], and bicolor CSs [12].

At the same time, III-V semiconductors have proven
interesting for nonlinear optical applications due to their
energy bandgap tunability, which provides direct solutions
for waveguide-dispersion engineering, and their typically
high second- and third-order nonlinear response. As such,
they led to paradigmatic demonstrations: SH vortex gener-
ation [13] and spin-orbit coupling [14] using nonlinear meta-
surfaces, entangled-photon sources [15, 16|, ultralow-power
Kerr OFC [17, 18], and photonic crystal cavity (PhC) OPO
[19, 20]. Moreover, second harmonic generation (SHG) has
been reported for (Al)GaAs [21-23] and (In)GaP alloys in
both type I [24, 25] and type II [16, 26, 27] phase-matching
(PM) schemes. Further perspective examples are broad-
band SHG [28] and electrically injected OPO [29].

Here, to model the OFC generation in a SHG-Kerr
cavity [30, 31|, we consider a double-envelope mean-field
model, as was previously done to describe e.g. the field
evolution of SHG [32, 33] and third-harmonic generation
(THG) [34] in doubly resonant cavities. With this approach,
one can predict Kerr-induced MI [35] and bistable soliton
solutions [36] in a waveguide configuration. The case of an
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OPO resonator was presented in reference [37], and a two-
wave model was used to describe the interplay between
(3) and y ) surface effects in a silicon-nitride resonator
[38] As a general rule, whenever a non-negligible frequency
conversion occurs into far different spectral domains, multi-
envelope mean-field models are more convenient [39].

The scheme of our OFC generation setup is shown in
Figure la. A monochromatic continuous-wave (CW)
driving field S, around a resonance frequency vy = wy/2m,
is coupled evanescently in a SHG-Kerr ring resonator from
a bus waveguide. Thanks to quadratic nonlinear effects, an
important fraction of power is converted to the SH at 2wm,,.
The intracavity field consists of two nonlinearly coupled
waves (A, B), whose spectral broadening is due to the
1(2) + 1(37) interactions. The resulting output OFC owns
spectral components around both the carriers wy and 2wg.
Figure 1b provides our technological choice for the
waveguide cross-section: an AlGaAs core on top of a SiO,
cladding and a Si wafer.

In the following, we present the two-wave nonlinear
dynamics resulting from the y® + & interplay in AlGaAs
waveguides. Since we focus on the relevant case of a pump
wavelength in the telecom range, we discuss the crucial
problem of the strong normal dispersion in the spectral
domain around the SH Agy ~ 0.775 um. A valid solution
is represented by a systematic dispersion engineering
approach, which exploits local Bragg mirroring effects [40]
and resonance frequency splittings [41] in a hybrid PhC-
microring system [42]. Novel inverse design techniques of
waveguides [43] or microcombs [44] address this specific
topic.

The manuscript is organized as follows: in Section 2 we
present the design of a doubly resonant AlGaAs microring;
in Section 3 we model the resulting SHG-Kerr comb gener-
ation dynamics; in Section 4 we propose a purely y @ optical
feedback and we model the SHG; in Section 5 we discuss
fabrication and present preliminary linear measurements;
finally, in Section 6 we draw our conclusions and give some
perspectives.

2 AlGaAs ring design

The alloy Alo 18GaggoAs was chosen to both guarantee a
high ( ) ~ 238 pm/V at 2 ~ 1.55 pm [45]) and avoid
two- photon absorptlon (TPA) at Ao = 1.55 pm.

The AlGaAs crystal allows to achieve directional quasi
phase matching (4-QPM) between guided modes at
and 2wy [46, 47], and the main design parameters are the
waveguide width w, height h and bending radius R. Since
optimal dispersion for Kerr-comb excitation around g
occurs for waveguide cross sections with (h, w) ~
(400, 600) nm [17, 18], we investigate geometries with
h = 400 nm and we let w free to vary around its optimum.

2.1 Phase matching and frequency doubling efficiency

We make use of a commercial software (Lumerical, package
FDE [48]) to compute the waveguide eigenmodes and their
effective index (ng). A modal PM condition between
fundamental transverse modes (either TEqq or TMgg) at

Wo 2(4)0
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Figure 1. (a) Scheme of a passively driven doubly resonant
SHG-Kerr ring resonator. (b) Transverse cross-section with
height h and width w.

the driving wavelength and a higher-order transverse mode
(TEg2) at SH is found. The energy density of the phase-
matched eigenmodes is reported in Figure 2a, while Figure 2b
reports the PM diagram of n. as a function of the waveguide
width. The blue marker corresponds to a type-II PM point,
found for w~ 470 nm. This occurs as the average of the n.g of
two pump modes (black dashed line) equals the neg of the
SH mode. The red marker indicates a type-I PM point
(found for w~ 610 nm), which occurs whenever the effective
index of the pump mode is equal to that of the SH.
We next compute the SHG efficiency [25, 26]:

Wo€p 2) _zx
= 4 /Q X.(zy)ze2é00 (ewo lewo 2 + ewn Qeu)U 1) dQ7 (1)

where €, 1, €4,2 and ey, are the electric fields at a)o and
2wy, respectively, Q is the waveguide cross-section, y @)
the second order susceptibility tensor, ¢, is the electrlc
permittivity, and z, y and z are the spatial coordinates.
The symbol * indicates the complex conjugate, and tensor
index contraction follows the Einstein summation conven-
tion. In equation (1) we use the standard normalization
€wom = €/VN [25], with N=(1/2) (e xh") -%dQ, h
the magnetic field, = the propagation direction and X the
vector product. Since y(2) is a tensor, x is strongly influ-
enced by the orientation of the propagation direction with
respect to the crystalline axes. For this reason we define 0
as the angle, in the (001) plane, between the propagation
direction and the [100] axis. The SHG generation efficiency
|x|? is reported in Figure 2c for both type-I and type-II PM
conditions. We note that the x assumes comparable values
in these two cases. In what follows we will consider the type-
I PM case for two main reasons: 1) it results in a better dis-
persion profile; 2) for the type-II modal PM we are close to a
degeneracy point w = h, which is detrimental for broadband
applications. Finally, as introduced above, in a ring config-
uration the condition 4-QPM implies slightly different opti-
mal w. The corresponding waveguide cross-section is thus
set as (w, h) = (630, 400) nm
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Figure 2. (a) Energy density of the phase-matched guided modes at wg (TEqy and TMgg) and 2wg (TEgg sn)- (b) negr vs. w diagram of
type-I (red marker) and type-II (blue marker) modal PM. (c) SHG efficiency as a function of the angle 6 between the propagation
direction and the [100] axis. (d) Effective index neg, (e) group velocity f1, and (f) GVD f; for the TEgo pr (blue dashed line), TMyo pr
(blue pointed line) and TEg sy modes (red dashed line). In (d, e, f) the colored arrows indicate the corresponding z-axis.

2.2 Chromatic dispersion

Chromatic dispersion plays a pivotal role for broadband
frequency generation, as the propagation constant has a
different spectral dependence for each mode. It is conve-
nient to expand it in Taylor series around a carrier
frequency wy [49]:

Bo) = nalo) 2= S5 200

where 5, = [dkﬁ /dwk} o /3;] is the group velocity and
B the group velocity dispersion (GVD). In a mean-field
approximation, which has been largely proven to accu-
rately describe the physics of OFC generation [50], the
crucial quest for spectral broadening is that of anomalous
dispersion, i.e. f < 0. This is meant to compensate and
balance nonlinear effects, directly responsible for the
formation of novel spectral components. Moreover, a
small |fo] is typically preferable to minimize the OPO
power threshold. In the ideal case, the target is 3 < 0
and |fls] ~ 0 in a large spectral domain.

When SHG effects are non negligible, a substantial part
of the driving field might be converted into the SH spectral
domain. Under the doubly resonant condition, the energy
carried by the SH wave remains confined in the optical
cavity. In such situations, a double-envelope model provides
accurate and physically consistent descriptions [39]. This
considers two mean-field equations coupled by Kerr
and SHG terms, describing the field evolution around the
fundamental frequency (FF) and the SH components,

respectively, with different propagation constants frr and
Psu. In a doubly resonant SHG-Kerr cavity, besides the
usual requirement of anomalous GVD for both S5 pr and
Pasn around FF and SH, also the corresponding
group velocities f pr and fy gy must take on prescribed
values. In particular, the group velocity mismatch
APy = Pisu — Pipr must be moderately small, or ideally
zero [32]. To model realistic situations, it is crucial to incor-
porate a detailed representation of dispersive effects into the
dynamics. For this reason, we compute the full dispersion
profiles for the phase-matched modes, and Figures 2d—2f
reports ney, f1 and Py around wy and 2m,. It is apparent
that we have anomalous dispersion at @y but not at 2w.
In the next section, we will see how this is detrimental for
CS generation.

It is worth to mention that, beyond the propagation
constant, other parameters exhibit a non-zero chromatic
dispersion. For instance, variations in the waveguide mode
profiles over a broad spectral domain could slightly affect
the resulting dynamics [51]. In this work, we neglect these
effects for simplicity, and we ascribe all the dispersive effects
of the underlying dynamics solely to f(w).

3 OFC dynamics
3.1 The model

Let us consider the system of two mean-field equations pas-
sively driven and damped, coupled by means of nonlinear
Kerr and SHG terms [32, 33, 38, 52]:
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where A and B are the FF and SH field envelopes in units
of VW, S is the CW driving field, oy 2 are the optical
losses, tr is the round trip time, L is the total cavity
length, 0 is the phase detuning between the optical source
and the closest cavity resonance, Af; is the walk-off,
y12 are the self-phase modulation (SPM) coefficients,
12,21 are the cross-phase modulation (XPM) coefficients,
and x is the SHG contribution defined in equation (1).
We adopt a two-time scales description, where the fast
time T governs the intra-cavity field evolution, while the
slow time t describes the evolution of the system over time
scales larger than tg. Its definition relies on the Tkeda map
approximation [53]:

OA(t = nig,7)
R

5 =A,1(2=0,7)— A4,(z=0,7). (5)

The use of the full dispersion profile [54], computed and
discussed in the previous section, is implemented in a well
known split-step algorithm [49] in the Fourier domain.
For further details on the numerical implementation, we
address the reader to Appendix.
The Kerr SPM and XPM coefficients have been esti-
mated from the transverse mode profiles through [55]:
No

=== 6
ym,n c Qm,nv ( )

with the overlap integral @, defined as [34, 56]:

/|et,m|2|et,n|2dQ
Qm,n: = . (7)
/|emn|2dQ/|et,n|2dQ
Q Q

Here, e, and e » are the profiles of the transverse interact-
ing modes, Q the waveguide cross-section, n, = 26 X
107" m®W™' [17] the nonlinear refractive index of
AlGaAs, whose dispersion is neglected for simplicity (i.e.
ny is considered constant in the whole spectral domain).
We computed the Kerr coefficients (y1, 9, 712, J21) =
(732, 1716, 499, 732) m "W,

From our previous discussion, the SHG efficiency x has
a spatial dependence k = x(0). In the dynamical simulation,
this results in a fast time dependence k = k(t), which we
will take into account to properly embed the 4-QPM ring
configuration.

We next show the simulations results considering an
input power P, = 100 mW and optical losses
o; = 10 dB/cm, ap = 20 dB/cm.

3.2 Simulation results

To simulate the OFC generation dynamics from the
coupled equations (3) and (4), we spectrally sweep a cavity
resonance around the driving wavelength 4 ~ 1550 nm.
This procedure, which mimics the experimental comb exci-
tation, is shown in Figure 3a. We start the simulation in a
blue detuned regime, i.e. by pumping the system at wave-
lengths Ap slightly smaller than a given reference resonance
o (Ap < Zg), then we linearly increase ¢ until we reach a
red-detuned regime Ap > Ag. At this point Ap, and conse-
quently 0, are kept constant to verify the stability of the
excited OFC regime.

Figure 3b shows the energy stored in the cavity versus
the total number of round trips, in the different energy
scales associated with waves A (E4) and B (Ep). These
are computed as the fast-time integral of the intra-cavity
intensities |A|* and |B*:

tr/2
EA:/ |A*dz. (8)

tr/2

These two quantities differ by about three orders of magni-
tude, being most of the power carried in the spectral domain
around the driving wavelength Ao. Nonetheless, we can
notice an important energy build-up of the FF wave while
0 increases and we approach the resonance condition. Above
a certain power threshold, a chaotic transition clearly
arises and, accordingly, we observe a chaotic nonlinear
coupling to the SH domain. Finally, the emergence of a step
indicates the likely excitation of a CS regime.

To sustain these statements and fully describe the
comb generation, Figure 3 shows four different snapshots
of the intra-cavity field (Figs. 3d, 3f, 3h, 3j) and their corre-
sponding spectra (Figs. 3¢, 3e, 3g, 3i). In Figures 3¢ and 3d,
the system is in a blue-detuned regime but close to a reso-
nance condition (Ap — 4y = —34 pm). We observe a para-
metric oscillation which couples efficiently the two
spectral domain wg & 2wg. In Figure 3d, we can observe
how the two waves have opposite phases. As the detuning
increases and bandwidth broadens, the phase drift between
the periodic patterns at wy and 2wy can be read as a
signature of the non-zero walk-off which is detrimental to
synchronize the dynamical evolution in the two separate
spectral domains. Notably, typical SH powers are at a
mW level, while the FF wave is three orders of magnitude
more powerful (~1 W), and the same conclusion can be
drawn for the other reported OFC regimes. Increasing
the detuning (Ap — 49 = 86 pm), we can observe, in
Figures 3e and 3f, a MI regime and the associated primary
comb. The FF wave dominates the resulting dynamics, as
the envelope A forms a periodic pattern while B is slaved
to it. In the chaotic regime (Alp — 49 = 170 pm, Figs. 3g
and 3h), similarly, most of the power is carried by the FF
wave and is chaotically coupled to the SH domain. Finally,
Figures 3i and 3j show the final excited comb state (for a
detuning Ap — A9 = 860 pm). This consists of a single FF
cavity soliton which, due to efficient SHG, couples part of
the intracavity power around the SH. Thus the resulting
dynamics consists of a single CS confined around the FF
and coupled to a dispersive wave at SH. The anomalous
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Figure 3. Optical frequency comb generation dynamics. In (a) we report the laser cavity detuning, while in (b) the intra-cavity
energy of the FF (blue) and SH (red) fields. In the bottom part of the figure, we report the snapshots for different spectral (c,e,g,i) and
temporal (d, f, b, j) OFC regimes: (¢, d) OPO, (e, f) modulation instability, (g, h) chaos and (i, j) a FF CS coupled to a SH dispersive

wave.

dispersion around wy (farr < 0) sustains the soliton
propagation. On the other hand, normal dispersion at 2w
(B2sm > 0) does not allow for temporal confinement of
the spectral components in the SH domain. As a conse-
quence, all the power converted at 2wy by the FF CS is
rapidly dispersed by the system.

Therefore, the generation of bicolor CSs [12] in the
AlGaAs-on-insulator (AlGaAs-OI) platform at telecom
wavelengths is intrinsically limited by the normal dispersion
profile at shorter wavelengths (i.e. around 2wyg). This is a
direct consequence of the absorption peak close to the SH
wavelength gy = 0.775 um. Notably, a pumping scheme
Ap ~ 1.95 pm for a SHG assisted supercontinuum genera-
tion has been recently proposed [57]. In this specific case,
supposing that a phase matching condition for the process
Wy S 2wy is satisfied, the dispersion profile is optimal at
both @y and 2m,, see Figure 2f. As a consequence, the
generation of bicolor CSs is not just possible, but it also
represents a strong dynamical attractor.

In a telecom pumping scheme, a suitable solution con-
sists in engineering the chromatic dispersion, for instance
by a proper longitudinal modification of the waveguide
profile [40, 41], which introduces local mirroring effects
and frequency splittings that are exploitable for dispersion
management. Recently, some prototypes of rings [42, 58]
or Fabry-Perot [59, 60] resonators of this sort have been
reported.

An alternative apg)roach could involve decoupling the
nonlinear problem }5( ) + 1(2), by designing two separate

photonic devices, which should be eventually integrated in
a single circuit. An example can be a pure Kerr microring
with a SHG optical feedback. With this solution in mind,
let us proceed to describe an optimal AlGaAs waveguide
design for efficient frequency doubling.

4 U-shaped AlGaAs waveguide design for
efficient frequency doubling

If we aim at narrow-band SHG without caring about dis-
persive effects, we can target the PM condition between
the TEq and TMy modes [22] with no further constraints
on the waveguide cross-section. This approach enhances the
nonlinear process thanks to the larger overlap integral
between fundamental modes. This process can be general-
ized by letting the waveguide turn and be wrapped in a
snaky fashion [47]. The scheme of the problem is depicted
in Figure 4a, where we show a U-shaped waveguide with
a TEqy mode excited at 49 = 1.55 pm and phase-matched
to the TMy, mode at its SH. The design must optimize
SHG all along the waveguide. For this reason, the waveg-
uide width wy in the straight section differs from the the
width w, of the curved section, so as to preserve the
modal-PM and 4-QPM conditions, respectively. Specifi-
cally, type-I modal PM arises whenever the difference of
the effective indices Aney corresponding to the interact-
ing modes is null, i.e. An.g = 0. In a curved section, the
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Figure 4. (a) Scheme of U-shape waveguide design for frequency doubling. (b) Color map of the azimuthal number difference
Am between the TEy, mode at wq and the TMy, mode at 2wy. (¢) Am vs the waveguide width for height A = 110 nm. Modal PM and
4-QPM conditions are reported in red and gray dashed line, respectively, while the markers correspond to PM. (d) Fraction of the
power converted from FF to SH. The red line refers to the optimal situation where a change of the waveguide width enables to fulfill
the 4-QPM condition in the curved section. The blue dashed line considers a constant width through the whole trajectory. (e) Spectral
evolution of Isgg. (f) Asymmetric SHG spectrum of a U-shaped ;{(2) waveguide.

condition for PM takes into account the difference between
the azimuthal orders, i.e. Am = 2mpp — mgg — £2.

From the map of Am vs. h and w reported in Figure 4b,
we can see that typical waveguide sections for phase match-
ing between TEq, (w) and TMy, (20) modes are much shal-
lower than those considered above for A = 400 nm.
Specifically, we note a more pronounced aspect ratio which
tends to a quite-planar waveguide (h < w). The resulting
guided modes have typically steep dispersion profiles which
are hardly manageable in a broadband domain.

Let us now set, for convenience, h = 110 nm. The result-
ing Am vs. w diagram is reported in Figure 4c, which shows
the 4-QPM and MPM conditions. The intersection with the
black dashed line determines the corresponding PM widths
for wy and wy. Interestingly, they differ by about hundreds
nm, which means that changing the waveguide width in the
straight-to-curved section transition may significantly
improve the SH conversion.

In order to show that, let us calculate the SHG intensity
Ispe under the undepleted-pump approximation. We sup-
pose two straight arms of 100 pm connected by an arc of
radius R = 50 pm. Figure 4d shows the two cases: I) both
the modal PM and 4-QPM conditions are respected in
the straight and the curved section, respectively (with
phase matched widths wy # w); II) the modal-PM
condition is satisfied in the two straight sections, but the
4-QPM condition is not fulfilled in the arc section and the
width is kept constant (wp = w;). To take into account

the dependence of k on Am, namely x = k(Am), we calcu-
late the resulting accumulated phase ¢ between the inter-
acting modes TEy (w) and TMg, (2w) along the
propagation trajectory in equation (1), i.e. k = k(Pp(Am)).
In the plot we show the fraction of converted power
Isuc/ Iy, being Iy the driving field intensity, as a function
of the propagation length z. We can see that the parabolic
trend of the SH intensity buildup is preserved in the
straight arms for the two cases, since the modal PM condi-
tion is fulfilled. In the curved section, the typical QPM
trend occurs for case I [61], while Isgg/ Iy goes down for case
IT (phase mismatch).

Interestingly, in the ideal case where PM is satisfied all
along a U-shaped lossless waveguide, the net power conver-
sion is ~16% for a total propagation length of just
~300 pm. It is worth mentioning that, in the seek of max-
imizing the SHG efficiency, it is crucial to consider realistic
pump depletion and optical losses, here neglected for sim-
plicity. While this will be dealt with in future work, for
the moment we may clearly state that AlGaAs may lead
to an efficient wy — 2w on-chip conversion in an integrated
circuit with minimal propagation length.

4.1 SHG spectral symmetry breaking

Besides the monochromatic frequency conversion
Wy — 2wy, if we aim to integrate the y 2) U-shaped waveg-
uide in a compact X(z) + X(‘g) device, it is important to
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estimate the spectral dependence of the frequency doubling
process. This can be done if we calculate the chromatic
dependence of the total accumulated phase between the
interacting modes TEq, and TMyy, all along the propagation
trajectory. The resulting expression for the SHG efficiency of
equation (1) now takes the form x = k(¢ (Am, 1)). Notably,
the dependence of the accumulated phase ¢(Am, 1) on
Am and A differs between the straight and the curved
sections, given that Am has a strict waveguide width depen-
dence (namely, Am = Am(w)). In what follows we compute
the spectral dependence of the U-shaped design, phase-
matched in both the straight and curved section.

The results of these calculations, reported in Figures 4e
and 4f, are again performed under the undepleted-pump
approximation. In Figure 4e, we report the 3D color map
of the total intensity Igpg converted around the SH vs
the propagation length x and the wavelength /, normalized
to the driving field intensity I. The spectrum of Ispa(z, 1)
is clearly peaked at the SH wavelength Aq/2, for which the
constructive power build-up is guaranteed by the design, all
along the U-shaped waveguide. On the contrary, we have
not expressly optimized the conversion for the adjacent
wavelengths, since it could possibly attenuate the conver-
sion at Ag/2. The resulting SH narrow-band power build-
up exhibits an unclear behavior which is not necessarily
constructive in the whole spectral domain and along the
whole waveguide length. Moreover, a spectral asymmetry
is evident with respect to the typical sinc® shape [61]. This
is even more evident in the plot of the final Iy in Figure 4f.
Here the sinc? symmetry breaking is due to the fact that, to
preserve a constructive power build-up at 1y/2, we change
the waveguide width wy — w; while switching from the
straight to the curved section. This responds to the quest
of fulfilling both the MPM and 4-QPM conditions, respec-
tively. While doing that, we span Am over the narrow-band
SHG spectrum, spanning also over different partially con-
structive interference conditions. As a result, the symmetry
of the sinc® SH generated intensity, resulting from a straight
propagation through a 1(2) phase-matched waveguide, is
broken in a U-shaped geometry where PM is granted all
along the waveguide at Ag/2.

In perspective, it is interesting to note how a wrapped
snaking waveguide, composed by different U-shaped sec-
tions optimized for different SHG wavelengths, could be
designed to optimize a broad-band or comb-like SHG
spectrum.

5 Fabrication process

The technology we have developed to fabricate AlGaAs-OI
waveguides [62] is based on adhesive bonding [17, 63]
between a GaAs substrate, with the desired epitaxy of
AlGaAs on top, and a thermally oxidized Si carrier wafer
(see Figs. ba—bd, for the entire process).

In Figure 5a, we schematize the bonding process. The
AlGaAs epitaxy is grown by molecular beam epitaxy
(MBE) on a (100) GaAs substrate and it consists of two
layers: an active Aly;18GaggoAs membrane (400 or
110 nm, depending on the design) and a sacrificial

Al sGag»As etch-stop layer. A SiOs layer is then deposited
on the AlGaAs wafer to improve adhesion in the following
bonding process. A thin benzocyclobutene (BCB) layer is
spin coated on the thermal SiO, (2 pm) of the Si carrier,
and then the AlGaAs wafer is back-flipped on it. The
bonding is carried out by applying pressure and heat.

The 350 pum-thick GaAs substrate is removed in two
steps using a citric acid/hydrogen peroxide solution
(volume ratio 5:1): the first one at 60 °C to rapidly remove
most of the substrate, the second one at 20 °C to remove
the last 50 pm at a slower etch rate to minimize the toler-
ances due to the etching process. The sample is then rinsed
in deionized water and quickly cleaned with HCI [22]. The
etch-stop layer is removed using a buffered oxide solution
(BOE 7:1). The result of this process is sketched on
Figure 5b.

After the substrate removal, a thin SiO, protective layer
is deposited on the Aly13Gag13As membrane. The e-beam
lithography (EBL) is carried out using hydrogen silsesquiox-
ane (HSQ) resist (Fig. 5¢). Finally, the patterns are trans-
ferred to the semiconductor membrane by ICP-RIE using
a SiCly/Ar gas mixture (Fig. 5d).

With this process we fabricated optical waveguides and
ring resonators (Figs. 5e and 5f). In Figure 5e, we show a set
of micro-rings with a radius R = 50 pm with bus waveg-
uides wrapping around to optimize the evanescent coupling.
In Figure 5f, we show four scanning electron microscope
(SEM) pictures: two narrow coupled waveguides (top left),
PhC waveguides for dispersion management [40] (top
right), a waveguide facet (bottom left) and sub-wavelength
(SW) grating couplers [64] (bottom right).

5.1 Experimental characterization

The nonlinear characterization of the structures described in
this paper is currently in progress and it will be the object of
future work. In Figures 5g and 5h we report a preliminary
linear characterization of a ring resonator. The particular
bell shape of the transmission spectrum (Fig. 5g) is due to
SW grating couplers used to inject and to extract light
into/from the chip. We notice a good extinction ratio, which
indicates the vicinity to the critical coupling condition. We
estimated quality factors of around ~10°. We measured a
group index (Fig. 5h) consistent with the designed disper-
sion profile. The associated group velocity dispersion
o ~ —2.5 psz/ m around the pump wavelength confirms
the prescribed anomalous dispersion regime, suitable for
solitons generation.

6 Conclusion and perspectives

While OFCs are deeply studied in either purely quadratic
[1-3, 32] or Kerr [4, 5% 7, 17, 18, 50, 53| systems, only
recently mixed }((2) + X(' ) nonlinear passive resonators have
been conceptualized and demonstrated [10-12, 30, 37, 3§],
thanks to key technological advances leading to the possi-
bility of efficient nonlinear micro-photonics integration
[55, 65]. In this work, we have proposed and discussed the
perspective impact of AlGaAs for @ + »® nonlinear
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Figure 5. (a—d) Fabrication process: (a) adhesive bonding of the AlGaAs epitaxy on a silicon substrate; (b) GaAs substrate removal;
(c) HSQ resist spun and patterned by electron beam lithography; (d) ICP RIE etching; (e) Ring resonators and bus waveguides;
(f) SEM pictures of fabricated devices: (top left) bus waveguide and ring resonator in the evanescent coupling region; (top right)
fabrication test of longitudinal corrugated PhC waveguides for dispersion engineering; (bottom left) waveguide end facet; (bottom
right) SW grating coupler. (g) Optical transmission of a ring resonator and (h) its associated group index n,, calculated for each
resonances (blue scatters) and fitted in function of A (red dashed line).

photonics at the telecom wavelengths. We found that
Kerr-like cavity solitons can be formed and coupled to
dispersive waves at SH, which tends to disperse most of
the SH power. For broadband SHG applications, this repre-
sents a detrimental effect that is due to steep and hardly
manageable dispersion profiles at 2. Dispersion engineer-
ing [41, 42, 44, 58, 59] and inverse design [40, 43] approaches
represent a valid perspective solution and it is currently
under investigation.

A possible alternative is decoupling the 3 + x(3) non-
linear problem and to design a Kerr nonlinear resonator
with a purely quadratic SHG optical feedback. We have
presented a U-shaped X(Z) design which is capable of about
~16% wy — 2w, conversion with a minimal propagation
length (~300 pm).

Interestingly, we have predicted a spectral symmetry
breaking due to the spanning over different phase matching
conditions, in a U-shaped or snaking waveguide geometries.
Notably, symmetry breaking is a key concept in physics:
besides being the basic mechanism for energy-to-mass con-
version in Gauge theory [66], in the field of optics it is of cru-
cial importance for spin glasses [67] or random lasers [68].
For Kerr mediums, a symmetry-breaking transition can
be responsible of periodic pattern generation [69], and in
the context of nonlinear passive resonators it can generate
a trapping potential for CSs [70]. Eventually, symmetry

can be recovered by a chirped pulse pump [8]. As a perspec-
tive, one can investigate the possibility of designing spectral
potential traps, as well as broadband SHG integrated
photonics.
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Appendix: Numerical implementation

A.1 Normalization

In the numerical implementation of the dynamics of equations (3)
and (4), it is important to adapt a proper normalization. In order
to minimize the computational cost and to maximize the accuracy,
good prescription is that the key parameters and variables assume
values close to the unity. In our simulations, we normalized the
system according to the following substitutions:

oy =oyfoq =1, oh =opfo, A=0/u,

t = Lt)t, T = \/%1:7 A B = A, B,

B/FF(SH) = ﬂFZ(ISH) ) ﬁ/l‘FF(SH) = mﬁl.ﬂ“(SHﬁ

ﬂfz.FF(SH) = ﬂlFF(SH)/'ﬁQ,FF' Nn=n/n=1 (Al)
75,12.21 = 72,12,21/717 K = 1’,1111’(7
S = #S,

where we have defined the normalized detuning A. The resulting
coupled equations are formally identically to the system of
equations (3) and (4), except for the prefactor tr/L on the
LHS, which vanishes. However, subject to this substitution,
the system is dimensionless and typical solutions are of the
order ~1. It follows that the machine virtual memory used is
minimized, and both the CPU efficiency and accuracy are
optimized.

A.2 Numerical algorithm

In our simulations we make used of a standard split-step Fourier

algorithm [49, 54]. In order to illustrate the procedure, we rewrite

the system according to:
ou

— =LU+NU+S,

T (A2)

where the linear £, nonlinear A’ and pump S operators are
defined, in normalized units, by comparison with equations (3)
and (4):

(A3)

' 2
—o, —iA— z‘ﬁzFF 88,2,
LU = 5 /;: 2 |4 (A4)
_a;—iQA—A/ﬁ%—i Z;H o
[z'yg AT +2iy, B’|2] A +ikBA"
M=o e (A5)
{zy/2|B| + 24y, | A | }B’—i—uc*A
S/
S = . A6
(5) (A6)

The two-steps algorithm works in both the time and Fourier
domain in a single discretization step At, which connects two
consecutive instants ¢, and #,,; = & + At. The linear block
OUL /0t = LU+ S is solved analytically in the Fourier domain.
The field U is first transformed to U by a standard fast Fourier
transform  (FFT) numerical operator, ie. U(t;,w)=
FET{U(t,7)}. Then, the linear contribution to the evolution of
the jth component of the field at the kth step is computed by:

Uy (e, 0) = Uy (L, w) 5> + Z_J (eﬁjm B 1)‘ (AT)

J

This expression is valid for the two-field components j = 1, 2, and
we can note that the second term on the RHS is null for j = 2.
Next, we transform back Uy ;(ty41,w) to the time domain by
means of an inverse fast Fourier transform operation (IFFT), i.e.
Uy j(trs1,7) = IFFT(Uy;(tp41,)). At this point, we calculate
numerically the nonlinear contribution by means of a 4th order
Runge-Kutta solver (RGK4) [71]:

L{Nj(tkﬂ, T) = RGK4(NUL‘j(tk+1, T)) (A8)
The two-steps (A7) and (A8) are subject to the condition that the
linear £ and nonlinear A/ operators act separately and indepen-
dently on the two waves field Y. This condition is mathematically
fulfilled if and only if their commutator vanishes, i.e. [£,N]U =0
[49]. This is true in the limit A¢ — 0, and thus the accuracy of pro-
cedure crucially relies on the choice of small enough discretization
steps At.

A.3 Dispersion effects

The contribution of chromatic dispersion effects is evaluated in the
Fourier domain and embedded in the linear operator £(w). The
system of equations (3) and (4) neglects leading order terms with
respect to the GVD. Within this approximation, the operator
L(w) reads as:

— o) — A + iffy e ? ) - (A9)

Ly~ | oo
—ay — 200 — Ao + iffy gy

This approximation is optimal in a narrow band spectral domain,
while for broadband dynamics can be detrimental. In our case, we
have a doubly resonant system which owns spectral components
covering the whole octave spanning FF — SH domain, with impor-
tant dispersive effects. For this reason, the use of a full dispersion
profile is of crucial importance for the implementation of reliable
and realistic models. In multi-envelope systems [39], we can expand
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in Taylor series the propagation constant ff(w) (Eq. (2)). The stan-
dard substitution reads as [54]:

Z %wk = p(w) — pio — . (Al())

£>2
With this procedure we can take into account leading order disper-

sive terms in equations (3) and (4). The full dispersion profile is
thus embedded rewriting the linear operator £ as:

_“,1 —iA+ Z(ﬁi“r (w) - ﬁ,I,FFw - ﬁ/().FF)

—o'y — 20A + Z<ﬁISH(w) + (Bypr — Qﬂ;,SH)w - ﬂ:]SH>
(A11)

L(w) =

A.4 Codes implementation

The numerical implementation of the dynamical models presented
in this work, has been fully developed by home-built codes using
Julia language [72].
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