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Abstract: Second-order non-linear susceptibility (y°) is the cause of many non-linear processes in optics including second
harmonic generation, sum frequency generation and difference frequency generation. Optical frequency combs based on 4, i.e.
quadratic frequency combs, hold the promise of reducing the devices power consumption and footprint since »* materials
present a stronger non-linearity than y* materials, which suggests that higher efficiencies can be achieved. In this work, we will
revisit the latest quadratic combs experimental advances, concerning power threshold, span and wavelength conversion

efficiency.

1 Introduction

Nowadays, photonic devices such as polarisers [1, 2], modulators
[3, 4], switches [5], frequency combs [6-8] etc. are intensively
studied due to their vast field of application in photonics signal
processing [9, 10]. Photonic, plasmonic and hybrid systems have
been used to build these components [11, 12]. In particular,
frequency combs are relevant in diverse fields as optical clocks
[13], precision spectroscopy [14-16], ultraviolet and infrared
spectroscopy [17-19], precision distance measurement [20] etc.

Frequency combs based on third-order non-linear susceptibility
x exhibit high repetition rate from several GHz to THz, wide span
over hundreds of THz [21] and low-power threshold [22, 23].

Second-order non-linear susceptibility y° is intrinsically higher
than y°, which can help to increase the efficiency of non-linear
processes and decrease the power threshold. The phase-matching
condition for the three-wave mixing in y* materials does not
require anomalous dispersion, as it happens in Kerr, y’ materials
[24]. This significantly extends the pliancy of the pump source
choices and allows the comb generation over a wider spectral range
between mid-infrared and ultraviolet.

After the first report of second harmonic generation (SHG) in a
whispering gallery mode resonator [25], research became restricted
by stability problems that did not allow achievement of stable
wide-mode spectra around the pump and signal waves [26]. The
first satisfactory experimental realisation of broad frequency combs
in a resonator with y* non-linearity has been recently achieved [27,
28].

In this work, we will revisit the latest advances in quadratic
frequency combs (QFCs). At first, we will recall the process of
formation through cascaded SHG and optical parametric oscillation
(OPO). Next, we will revise the phase-matching techniques utilised
in QFCs. After this, we will describe a technique that allows
control of the frequency separation of the comb lines. Following,
we will list the most commonly used non-linear materials and we
will describe different resonator designs. Finally, we will explore
the state of the art related to comb span, power threshold and
wavelength conversion efficiency.
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2 QFC generation

As explained in [29], the QFC formation process has two main
steps, which are illustrated in Fig. 1. We consider a fundamental
pump light at frequency w.

The first step consists of SHG of the fundamental pump light.
Following, OPO of the SH light at 2w, gives rise to a signal and
idler beams at frequencies w + A. Through cascaded effects of
SHG and OPO, higher-order sidebands with separation A appear,
resulting in a primary comb around the initial pump light.

In the second step, the initial pump power is increased, so
secondary sidebands with a separation corresponding to one free
spectral range appear in the proximity of the original comb. These
secondary combs are born because of OPO of the SH of each line
belonging to the primary comb. We remark that the SH lights need
to surpass a threshold power to initiate OPO. Finally, when the
comb clusters are merged establishing a wide span comb.

In the process explained before, the separation A is settled by
the group velocity dispersion through SHG and OPO. However,
other quadratic non-linear processes such as sum frequency
generation (SFG) and difference frequency generation (DFG) can
complicate the mechanism of the comb growth as theoretically
discussed in [30, 31]. In particular, on the first step, SFG of the
fundamental pump light with the signal and idler light leads the
non-linear loss and, as a consequence, it significantly influences A.
Starting from the second or later steps of the cascaded SHG—OPO
processes, both SFG and DFG contribute to modulate the value of
A.

3 Phase-matching approaches

The underlying issue in achieving phase matching in QFCs is that
the phase of the second harmonic changes with respect to the
fundamental, due to the different light speeds in the crystal. In each
coherence length L. = 2x/Ak, where Ak corresponds to the
wavenumber bandwidth, the non-linear polarisation waves are
shifted in phase by # radians, and the relative phase slips by z/2.
After the first coherence length, the phase enters a regime, where
energy is lost from the field. In general, three methods are
preferentially chosen to achieve the phase-matching condition:
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Fig. 1 Conceptual illustration of the optical comb generation around the
fundamental pump light at the 1500 nm band (light violet) and SH light of
the pump. The horizontal axis corresponds to angular frequency. While the
waveguide only confines the 1.5 um light, the SH light output has comb
structure. Figure extracted from [29]
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Fig. 2 Comb separation control by using two pump lights. The pump light
at 1540 nm is fixed for all cases. The second pump wavelength is changed
from A,= —2nm to 4nm. The comb separation corresponds to the
wavelength difference A, of the two pump lights. Figure extracted firom [29]

quasi-phase matching (QPM), cavity phase matching (CPM) and
modal phase matching (MPM).

In QPM, a material with spatially modulated non-linear
properties is used. The idea is essentially to allow for a phase
mismatch over some propagation distance, and then reverse (or
turn off) the non-linear interaction so the involved waves become
in phase again. It is not necessary to have different polarisation
states of the involved waves; in fact, it is most common to have
equal polarisation states (The term ‘type-0 phase matching’ is
sometimes used.). Technologically the growth of such materials
does not require forming a stack of thin wafers. A more practical
approach is to use ferroelectric crystals forming regions of
periodically reversed polarisation domains by applying electric
fields; these domains remain intact when the applied field is
switched off. The most commonly used material to fabricate
quadratic resonators is periodically poled lithium niobate (PPLN).
A waveguide made of this material was used for the first
demonstration of an on-chip QFC in 2018 [29].

In CPM, the beam travels forward and backwards inside a
cavity. The length of the cavity is carefully chosen so that the
recirculation of light ensures that the forward and reflected lights
are exactly in phase in every circling. QPM requires an engineered
microstructure inside the non-linear medium to compensate the
phase mismatch by reversing orientation of the non-linear
polarisation; while in the case of CPM, the resonance recirculation
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Table 1 Most commonly used non-linear materials and their
properties

Material  4°, pm/V Refractive index Bandgap, eV
LN -20.6 [33] n=2.281[34] 4.9 [35]
GaP 100 [36] n=3.31at637 nm [37] 2.24 [38]

AIN 4.7 [39] n=2.2[40] 6.2 [41]

in the cavity can ensure that the travelling light and reflected light
are exactly in phase with every circling. QFCs using CPM have
been reported in 2018 [32].

In the MPM scheme, the phase mismatch is compensated by
multimode waveguide dispersion. The devices are designed such
that the effective indexes of the fundamental modes (TE(, and
TMqo) at 1550 nm are the same as that of higher-order guided
modes at 775 nm. This configuration allows the parametric
generation of twin photons at 1550 nm, starting from photons at
775 nm in the higher-order mode.

4 Frequency separation control

n [29], beyond the on-chip QFC, the control of the separation of
the comb lines was also accomplished. With this aim, two incident
beams, with a separation frequency éw,, were used. The lights are
combined before entering the waveguide in such a way that the two
incident frequencies are wj, + dw,/2. When the two pump lights are
injected into the material, SH light is produced at 2w, + dw,. Each
SH light interacts with their strong subharmonic pump light and, by
DFG, new peaks appear at w,+ 36wp/2. The repetition of the
cascaded processes generates the comb structure around the pump,
with a separation of dwy, which is defined only by the frequency
difference between the incident beams. The experimental results
are shown in Fig. 2.

5 Non-linear materials and resonator designs

Table 1 exhibits the properties of some materials widely used in
QFC devices: LN, aluminium nitride (AIN) and gallium phosphide
(GaP).

All of these compounds possess a large bandgap, which is
translated into wideband operation and suppression of the
unwanted effect of free carrier absorption.

The most used material is LN since, due to its ferroelectric
nature, it enables the fabrication of waveguides with different
polarisation domains, which is necessary for QPM. By applying
electric fields in different directions, this feature can be easily
achieved [42].

On the other hand, AIN is a semiconductor that possesses both
strong Kerr y* and Pockel's y* non-linear effects [43]. It has the
largest bandgap within the materials described here maximising the
advantages explained previously.

Another material used is GaP, which is a semiconductor. The
advantage of this compound is that, beyond exhibiting a significant
1’ it also possesses a high index of refraction compared with AIN
or LN, allowing the fabrication of ultra-low-mode volume
resonators on a wide variety of substrates.

When the devices have the shape of straight waveguides, they
are usually fabricated using a selective coating. For instance, in
[29], a high reflective coating for 1500 nm and an anti-reflective
coating for its SH light was added at both ends of a PPLN
waveguide. In this way, the recirculation of pump light on the
cavity was achieved while SH light just went through it, meeting
necessary conditions for the CPM process. In the case of
microdiscs, no coating is necessary.

6 Comb span and power threshold

When it comes to the power threshold and span of a frequency
comb, the quality factor Q plays an intrincated role. On the one
hand, a high Q is the key for the intensification of the parametric
processes in resonators and, as a consequence, for lowering the
power threshold. However, such high Q also increments the
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Table 2 Latest achievements in QFC. It is described the pump method, injected power, waveguide, phase-matching technique,

quality factor Q and span

Reference Pump method Injected power Waveguide Phase-matching Q Span (3 dB bandwidth)
technique
[28] modulated CW (pump power thr.: 3 mW GaP microring anomalous 2x105 100 nm for 1 W power
and probe) dispersion
[44] CW modulated in 620 mW modulation AIN microring QPM 7 %105 64 nm for 620 mW power
wavelength and power ratio: 0.6 dB
[29] CW 15 kHz linewidth power thr.: 70 mW PPLN waveguide QPM 5.5x 106 5 nm for 280 mW power
[32] pulsed wave 10 ns power thr.: 9 mW magnesium oxide- CPM 6.6 x 104 54 nm for 10 mW power
duration 10 Hz repetition doped LN
rate waveguide
[45] modulated CW power thr.: 0.32 mW single-crystalline LN MW resonator 1 4 x 108 6 nm for 100 mW MW power
microdisc resonance equal 0.32 mW optical power
to optical
resonator
resonance
[46] CW near infrared power thr.: 0.35 mW PPLN box resonator QPM 2x107 20 nm for 9.1 W power

In the phase-matching column, QPM means quasi-phase matching, CPM means cavity phase matching and MPM accounts for modal phase matching. Here, MW stands for

microwave.

Table 3 Wavelength conversion efficiency for resonators made of different materials

Reference Waveguide Wavelength conversion, nm Efficiency
[49] GaP on oxide ring resonator 1550-775 400% %
[50] PPLN ridge waveguide 1550-775 240% 1

w
[51] epitaxial AIN on sapphire ring resonator 1550-775

17,000% %

effective non-linear interaction length, reducing the phase-
matching bandwidth and making the phase-matching condition
tight. Table 2 summarises some of the latest publications regarding
QFCs.

In [28, 44], the span is calculated in the 3 dB bandwidth. In the
remaining cases, the 3 dB bandwidth span was estimated from
plots. The analysed plots were Fig. 2b in [29], Fig. 2a in [32], Fig.
3b in [45] and Fig. 3b in [46].

Observing Table 2 it can be seen that the wider spans are
achieved in [28, 44].

The wide span achieved in a GaP resonator in [28] is produced
by a mixture of y* and y’ processes. This is the reason why the
phase matching is attained by managing the waveguide dimensions
in order to have anomalous dispersion. To measure the y’
characteristics of the comb, a modulated pump is employed and a
detuned probe scans the comb at an adjacent mode. At sufficiently
high frequency, the response is dominated by the Kerr effect (y”).
At the same time, y° non-linearity enables frequency generation at
the SH light. Here, we see how the combination of Kerr and
quadratic processes can result in a wide span, low-power threshold
comb.

In [44] AIN is explored since it also presents strong y* and 7,
which make it a very strong candidate for frequency combs without
the need of external harmonic generators. In this work, the
stabilisation of soliton states inside a ring microresonator is
investigated. The principal issue to overcome is that the transition
from a chaotic state to a comb state is accompanied by a significant
power drop, which induces a blueshift of the cavity resonance
through a thermo-optical effect [47, 48]. The proposed solution is a
combination of input wavelength and input power modulation. The
input wavelength is swept across the resonance at a very high
speed while the input power is high at the red side of the resonance
and low when going to the blue side. With this technique, the
scanning time over the resonance becomes comparable with the
time constants of the system and the power drop in the cavity is
significantly reduced. This allows stabilisation of the soliton states
and a span of 64 nm is achieved with 620 mW input power.

Even though in GaP and AIN resonators, the widest spans have
been achieved, their performance is low when compared with LN
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since in these waveguides a lower power is required to achieve a
large span.

Within the group of LN resonators, the widest span is achieved
in [32], where the strict phase-matching condition is relaxed by
combining techniques. The chosen device is a doubly resonant
(pump and SH) Fabri—Perot cavity. The dispersion relation is
controlled by temperature to achieve natural phase matching, and
then the phase-matching bandwidth is extended through CPM. The
power threshold is reached using a pulsed wave of 860 mJ at a
frequency of 10 Hz, giving a power around 9 mW. This scheme is
shown to be the most effective since it accomplished a wide span
with low pump power and low Q factor.

Regarding the power threshold, the microdiscs of [45] enabled
the lower values within the LN devices group, at the cost of
narrower spans.

In [46], a very low-power threshold is also achieved due to the
fact of working in the mid-infrared zone (pumping at 1030 nm and
measuring SH at 2060 nm), which enables a near-material-limited
quality factor.

7 Wavelength conversion efficiency

At last, we analyse the wavelength conversion efficiency. Table 3
presents some of the latest results concerning wavelength
conversion efficiency calculated as P, /P;,, where P;, and P, are
the input and output powers, respectively.

In GaP resonators, an efficiency of 400% 1/W has recently been
achieved [49]. The chosen resonator was a GaP on oxide ring
resonator. The elevated refractive index of GaP enables low-mode
volume structures. Within these structures, a strong mode overlap
is produced facilitating the enhancement of the fundamental and
SH modes. A crucial point in achieving high conversion efficiency
is the critical coupling of both modes, so in this work, the necessity
of an input power coupling region separated from the output power
(SH) coupling region, as well as the requirement of optimising both
couplings to be critical, are emphasised.

In LN resonators, the highest efficiency reported to our
knowledge is 240% 1/W [50]. The resonator consists of a ridge
PPLN waveguide, where sub-wavelength dimensions and a low
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refractive index substrate (silicon dioxide), allowed high optical
confinement and large overlap between the two modes.

Finally, the highest efficiency, 17,000% 1/w, was achieved in an
epitaxial AIN on sapphire ring resonator [51]. In this work, a fully
etched AIN resonator was fabricated for the first time, minimising
power loss and achieving very high efficiency. The input and
output coupling regions were also separated in this design.

8 Conclusion

In this work, we have revisited the latest advances in QFCs and
have described the principal aspects being the non-linear materials
composing the resonators, the comb span and power threshold and
the wavelength conversion efficiency.

Concerning the comb span, the cavity phase-matched approach
has shown to be the most effective one since it allows extension of
the phase-matching bandwidth. The measured comb lines were
equidistant within the accuracy of the instruments [32], which
suggests the possibility for further active comb stabilisation.

When it comes to the power threshold, the lowest values are
close to hundreds of mW, which are of the order of the smallest
values reported in Kerr frequency combs [52].

It has been mentioned that incorporating independent coupling
regions for the pump and SH lights as well as achieving critical
coupling in both of them can dramatically improve the wavelength
conversion efficiency.

With respect to Kerr combs based on y° materials, y* combs can
be realised all over the transparency range of the non-linear
material with less severe constraints on the dispersive
characteristics [31].

Capitalising on the intrinsically higher efficiency of second-
order processes, y° is expected to help decrease the footprint of
integrated photonic devices that have the potential to be more
efficient than the y’-based counterparts.
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