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Optically reconfigurable quasi-phase-matching in
silicon nitride microresonators

Edgars Nitiss'3, Jianqi Hu'3, Anton Stroganov? and Camille-Sophie Brés®1

Quasi-phase-matching has long been a widely used approach in nonlinear photonics, enabling efficient parametric frequency
conversions such as second-harmonic generation. However, in silicon photonics the task remains challenging, as materials best
suited for photonic integration lack second-order susceptibility ('), and means for achieving momentum conservation are
limited. Here we present optically reconfigurable quasi-phase-matching in large-radius silicon nitride microresonators, result-
ing in up to 12.5-mW on-chip second-harmonic generated power and a conversion efficiency of 47.6% W-"'. Most importantly,
we show that such all-optical poling can occur unconstrained from intermodal phase-matching, leading to broadly tunable
second-harmonic generation. We confirm the phenomenon by two-photon imaging of the inscribed *® grating structures within
the microresonators as well as by in situ tracking of both the pump and second-harmonic mode resonances during all-optical
poling. These results unambiguously establish that the photogalvanic effect, responsible for all-optical poling, can overcome

phase mismatch constraints, even in resonant systems.

sion on-chip has long been one of the main goals in integrated
photonics'~. In particular, embracing second-order nonlin-
earity (y®) in integrated devices could provide a means for higher
conversion efficiency (CE) and increased functionality in applica-
tions related to metrology, quantum photonics and optical commu-
nications. So far, lithium niobate (LN)’-!! and some III-V materials
(for example, AIN'>", GaN'*"*, GaAs'®", AlGaAs'® and GaP'**) are
the most common waveguide material platforms that naturally pos-
sess ¥ nonlinearity. Yet, despite the tremendous developments in
these emerging platforms in past years, they are still far from being
optimal options given the fabrication complexity, device capability
and cost. Silicon photonics, on the other hand, has matured sub-
stantially towards low-cost and high-volume manufacturing, and
holds the promise for complementary metal-oxide-semiconductor
(CMOS)-compatible co-integration with electronics. However, the
materials that are typically employed—that is, silicon, silicon nitride
(Si;N,) and silica (SiO,)—lack a y® response due to being either
centrosymmetric or amorphous. To this end, considerable efforts
have been made to induce effective @ in silicon photonic materials.
These include symmetry-breaking in silicon waveguides mediated
by an externally applied electric field*' or charged defects?, intrin-
sic symmetry-breaking at a SiO, interface” and, recently, all-optical
poling (AOP) of Si;N, waveguides*~*. Si;N, is of particular interest
because of its excellent linear and nonlinear properties®. Indeed,
Si;N,-based optical devices have been widely used for linear signal
processing’! as well as various nonlinear applications like supercon-
tinuum*” and Kerr comb® generation based on third-order nonlin-
earity (). The possibility to exploit y® processes adds essential
new functionalities to the already strong portfolio of Si;N,.
Photo-induced y® nonlinearity in Si;N, waveguides is gener-
ally initiated by a high-power pulsed laser source”*. Although
this approach allows for broadly tunable second-harmonic (SH)
generation, it remains less efficient than the non-centrosymmetric
platforms mentioned above. As such, a doubly resonant con-
figuration, as explored in many other platforms®*, has recently

| he demonstration of efficient parametric frequency conver-

been adapted for SH generation in Si;N, (refs. *>**). The use of a
high-quality-factor (Q) Si;N, microresonator not only facili-
tates the onset of optical poling, but also achieves an ultrahigh
CE on-chip*, benefiting from the doubly resonant enhancement
both at the pump and SH. In addition to energy conservation, it is
well known that phase-matching of the pump and SH waves must
also be fulfilled. Generally, intermodal phase-matching (perfect
phase-matching)'>**' or 4-quasi-phase-matching (4-QPM)'®-*
can be employed in such doubly resonant configurations. To achieve
intermodal phase-matching, the azimuthal mode number of the
interacting SH resonance needs to be exactly twice that of the pump
resonance. For material platforms possessing 4 crystal symmetry, a
90° rotation around the 4 axis naturally corresponds to a crystallo-
graphic inversion'®. Therefore, the light circulating in one roundtrip
effectively encounters two periods of domain inversions, allowing
for 4-QPM in an unpoled microresonator. Nevertheless, similar to
intermodal phase-matching, the azimuthal mode numbers of the
participating pump and SH resonances still have to be carefully
matched in 4-QPM, and are thus subject to very limited reconfig-
urability. An alternative approach is QPM mediated by externally
induced periodic domain inversions, as has recently been imple-
mented in LN microresonators®''. However, this option involves
additional complex fabrication steps while still providing fixed and
narrowband operation. In Si;N, microresonators, AOP has been
demonstrated at a single resonance with a uniform direct-current
(d.c.) field inscription inside the microresonator, restricted by the
perfect phase-matching condition®. This inevitably imposes strin-
gent constraints at the design stage of the microresonators and lim-
its the SH tunability.

In this Article we show, for the first time, that automatic QPM
can be induced in doubly resonant Si,N, microresonators. Here
AOQP is simply initiated by a continuous-wave (c.w.) pump with
moderate power. An initial weak SH wave (for example, arising
from intrinsic nonlinearity at an interface and defects****) is res-
onantly enhanced together with the pump, and seeds the photogal-
vanic process. Similar to AOP in optical fibres’*~*’, the interference
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Fig. 1| Diagram of photo-induced quasi-phase-matching in Si;N, microresonators. a, |llustration of SH generation by AOP. The fundamental TE mode of
the pump FH1 (w) inside the waveguide is coupled to the microresonator. AOP inscribes a nonlinear grating on the circumference of the microresonator
and provides QPM for efficient SH (2w) generation. b, Dynamics of the AOP process. 4, pump wavelength; 1., SH wavelength; 4,, pump resonance
wavelength; 4., SH resonance wavelength. In region | neither pump nor SH is resonant. In region ll, as 4, is tuned into pump resonance 4, (resonant for
pump), both 4, and 4, redshift due to the thermal and Kerr effects, compensating the mismatch between the virtual A, and 4, (still not resonant for SH).
In region llI, once being doubly resonant for pump and SH, efficient AOP takes place. A nonlinear grating is inscribed and SH at A, is generated. In region
IV, SH generation is sustained, albeit 4, walks off from Ag,,. €, Artistic representation of @ grating structures inscribed in the 146-GHz microresonator.
The shapes and periods of the @ gratings are given by the interference between the fundamental TE mode at the pump and several TE modes at the

SH (SH1 to SH5 are depicted). d, An experimentally obtained TP image of the entire microresonator, reconstructed from the superposition of several
depth-scanned TP measurements. Eleven QPM grating periods are clearly recognized in the 146-GHz microresonator poled at 1,543.00 nm.

of an intracavity pump and SH gives rise to a self-organized space
charge grating along the direction of light propagation. This is con-
firmed experimentally by imaging the inscribed nonlinear grating
structures with two-photon (TP) microscopy*>”. The images also
allow the unambiguous identification of interacting SH modes
based on the measured grating periods and shapes. We observe
that multiple SH modes can participate in the AOP process with-
out azimuthal mode number matching. Therefore, SH genera-
tion in the AOP Si;N, microresonator is unconstrained from the
perfect phase-matching condition, substantially simplifying its
design and allowing for unprecedented device performance based
on QPM. With relatively small free spectral range (FSR) micro-
resonators, we are able to optically reconfigure the y® gratings
for SH generation in multiple pumped resonances. Our devices
could output up to 12.5mW of SH power on-chip with CE values
reaching 47.6% W~'. Moreover, we introduce an in situ technique
that simultaneously probes pump and SH resonance detun-
ings during the AOP event. We observe that, once the y® grat-
ing is inscribed, it is self-sustained and even enhanced when
the pump is further detuned, albeit the SH resonance walks off.
This enables remarkable SH wavelength tuning capability within
one pump resonance. The demonstrated results provide new
insights towards achieving complete ® and »® nonlinearities on
CMOS-compatible platforms.

Results

AOP of Si;N, microresonators. Figure la presents a schematic
illustration of photo-induced QPM for SH generation in Si;N,
microresonators. By launching the fundamental transverse electric
(TE) mode of the pump from the bus waveguide into the micro-
resonator, AOP inscribes an intracavity QPM grating, which sub-
sequently ensures efficient SH at the output. The doubly resonant
condition sets the prerequisite for initiating AOP, as detailed in
Fig. 1b. The pump wavelength 1, is initially set on the blue side
of the cold pump resonance 4,, while the virtual SH wavelength

Asa=4p/2 is expected to be on the red side of a particular SH mode
resonance /4, (region I). As the pump is red-detuned closer to the
pump resonance, both pump and SH resonances would also be
redshifted due to the thermal and Kerr effects in the microresona-
tor (region II). It is important to note that the SH resonance red-
shifts faster than that of the pump** (Supplementary Note 1). As a
consequence, the pump and SH resonances eventually match with
Ap and Agy, respectively; that is, the pump and SH become doubly
resonant (region III). A seed SH signal then efficiently initiates the
photogalvanic effect, leading to photo-induced QPM and SH gen-
eration. A remarkable feature of the device manifests itself once
the pump wavelength is further red-detuned. Despite the walk-off
of the SH resonance and deviation from the ideal QPM condition,
efficient SH generation is still maintained (region IV). The gener-
ated SH and the intracavity y® grating form a dynamic equilibrium
by means of self-sustaining feedback.

Figure 1lc presents an artistic representation of the inscribed
¥? gratings (not the exact number of periods, due to illustration
purpose) for the 146-GHz microresonator we used in the study,
along with the simulated spatial mode profiles at the SH wave-
length (Supplementary Note 1). These are based on the interactions
between the fundamental TE mode at the pump (FH1) and the first
five TE,,(n=0, 1, 2, 3, 4) modes at the SH (denoted SH1 to SH5).
The inscription of the self-organized y gratings bypasses the need
for perfect phase-matching®. Regardless of the resonating SH mode
in AOP, the QPM grating automatically compensates the phase mis-
match between the involved pump and SH modes. As will be shown
later, the doubly resonant condition implies an integer number of
grating periods inscribed in the microresonator. This is experimen-
tally observed in Fig. 1d using the TP imaging technique. By super-
imposing a number of depth-scanned measurements, we are able
to reconstruct the TP image of the entire 146-GHz microresonator
poled at 1,543.00nm. Here 11 QPM periods are clearly recogniz-
able. Figure 1d also serves as a direct proof of photo-induced QPM
in Si;N, microresonators.
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Fig. 2 | AOP experiment. a, Experimental set-up for AOP of microresonators
and probing the detunings of pump and SH resonances. PC, polarization
controller; EOM, electro-optic modulator; EDFA, erbium-doped fibre
amplifier; DBS, dichroic beamsplitter; BS, beamsplitter; RC, reflective
collimator; PD1and PD2, photodetectors for pump and SH light,
respectively; PD3, 1-GHz silicon photodetector; VNA, vector network
analyser. The sample temperature can be varied using a proportional-
integral-derivative controller and a Peltier module. b, Measured on-chip
pump transmission (primary axis) and generated SH power (secondary
axis) during the AOP process. The fundamental TE mode at the pump and
second TE mode at the SH (SH2) are responsible for this AOP process,

as confirmed by grating imaging. ¢, Measured VNA response map during
the AOP process. Two distinct traces are observed corresponding to the
detunings of the pump and SH resonances, respectively. In b and ¢, AOP
regimes (I-IV) are indicated in accordance with Fig. 1b.

Figure 2a shows the experimental set-up for AOP of Si;N, micro-
resonators (Methods). Light from a tunable c.w. laser is amplified
and coupled to Si;N, microresonators using a lensed fibre. Although
AOP in Si;N, microresonators can be realized in both TE and trans-
verse magnetic (TM) polarizations, we chose to operate at TE exci-
tation so as to facilitate TP imaging of the y® gratings, because the
charge separation takes place in the sample plane. The output pump
and SH light from the chip are collected using a microscope objec-
tive, then separated and measured at their respective photodetectors
(PD1and PD2).In the experiment we use two Si,N, microresonators,
with radii of 158 pm (FSR~ 146 GHz) and 119 pm (FSR~ 196 GHz),
respectively, and both of them exhibitloaded Q~ 0.75 X 10° for pump
resonances around 1,550 nm (Supplementary Note 1). Because the
microresonators were intentionally designed for light coupling at
the telecom band using a single bus waveguide, direct characteriza-
tion of the relevant SH mode resonances is difficult. Nevertheless,
this does not affect the occurrence of photo-induced QPM, and an
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additional bus waveguide can be introduced for efficient SH in and
out coupling™. Instead, we propose an effective method for dynamic
tracking of both the pump and SH resonance detunings while pol-
ing (Methods). In this scenario, the laser is weakly phase-modulated
in an electro-optic modulator (EOM) by a scanning microwave sig-
nal from a vector network analyser (VNA). The generated signal at
the SH band is measured by a fast silicon photodetector (PD3) to
obtain the VNA response. The transfer function measured by the
VNA is explicitly described in Supplementary Note 2, and is found
to provide the detuning information of both interacting resonances.
A typical AOP processisexperimentally demonstrated in Fig. 2b,c.
When the laser scans over a pump resonance from blue to red, we
record the pump transmission and SH power on-chip (Fig. 2b) as
well as their resonance detunings (Fig. 2¢). Before the pump enters
the pump resonance (region I) and before the seed SH light is reso-
nantly enhanced (region II), no SH signal is generated. Once being
doubly resonant (region III), we observe a sharp rise in SH signal,
indicating that the AOP is initiated, here for a pump wavelength
around 1,548.60 nm. For this particular resonance, the ¥ grating
results from the interference of the fundamental TE mode at the
pump and the second TE mode at the SH (SH2), as inferred by TP
imaging. The SH generation is then maintained until the pump
is tuned out of its resonance (region IV). To gain insight into this
behaviour, we apply the aforementioned method to track the detun-
ings of both resonances. Figure 2c illustrates the normalized VNA
responses at different wavelengths. After AOP occurs, we observe
two peaks in the measured transfer functions, which respectively
correspond to pump and SH resonances (Supplementary Note 2).
During the wavelength sweep, the positions of the peaks shift
according to the detunings of the pump and SH resonances. The
peak closer to the d.c. response indicates the pump resonance,
while the other peak indicates the SH resonance. Noticeably, the SH
continues to be generated even when the SH resonance has greatly
moved away from the SH wavelength. The VNA response maps for
some other resonances are provided in Supplementary Note 3.

Reconfigurable QPM and grating imaging. Figure 3a illustrates
versatile AOP of the 146-GHz microresonator in the wavelength
range between 1,540 nm and 1,561 nm. When the wavelength sweep
is performed without external temperature control (T= Ty,,), 11 out
of the 18 available resonances show occurrences of AOP. By leverag-
ing thermal control, the relative frequency offsets between the pump
resonances and various SH mode resonances can be effectively mod-
ified. For example, when the chip holder temperature is stabilized at
T=45°C, some additional resonances can support SH generation.
The AOP is enabled by the highly flexible doubly resonant condition
between the fundamental pump mode and several SH modes. Such a
doubly resonant condition with detuning terms is given by

2R effa(b) xR

1
Ap(SH) ()

= 21y (v) — Oa)

where R is the radius of the microresonator and #g,,, 1,4, and 6,
are the effective refractive indices, azimuthal mode numbers and
phase offsets of the pump and SH modes, respectively. For pump
and SH wavelengths in the vicinity of their corresponding reso-
nances we have |6,,,/2n| < 1. The phase offsets can be expressed as
O,y = Ouivy! Afpsrawy Where 0, represents the effective detunings in
angular frequency and Afy ) the FSRs at pump (SH) wavelengths.
Besides being doubly resonant, the phase-matching condition is
also required in the SH generation process. The phase mismatch
between the pump and SH is given by

_ 2Mhper  AMNger M — 2mMa Gy — 20,
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Fig. 3 | SH generation via reconfigurable quasi-phase-matched ¥ gratings. a, On-chip pump transmission and generated SH power during the wavelength
sweep in the 146-GHz microresonator: without temperature control (T= T, solid lines) and with temperature stabilization (T=45°C, dashed lines).

The interacting SH modes confirmed by TP microscopy imaging are indicated. ‘A" denotes SH generation from a grating inscribed in the previous resonance.
b,c, Experimentally retrieved (b) and simulated (¢) y*? gratings along the circumference of the microresonator. The grating structures (from left to right) are
obtained at AOP wavelengths of 1,552.15 nm (SH1), 1,548.80 nm (SH2), 1,553.38 nm (SH3), 1,559.33 nm (SH4) and 1,560.50 nm (SH5).

where the second equality is obtained using equation (1). In
AOP, such a phase mismatch is automatically compensated by the
self-organized y® grating, that is, Ak=2n/A, where A is the grating
period. The y® grating structure follows the interference of pump
and SH fields*:

2P(¢) ~ () Esn exp (iAkR) + EpEgy exp (—iAkRp)  (3)
where E, and Eg, are the optical fields at the pump and SH, respec-
tively, ¢ denotes the azimuthal angle with reference to the centre
of a microresonator, and * stands for complex conjugate. Notably,
when phase offsets satisfy 6,=20,, an integer number of grating
periods N=2aR/A =|my—2m,| is inscribed on the circumference of
the microresonator.

To reveal the y® gratings we image the poled microresonators
using a TP microscope (Methods). Such a technique has previously
been applied to capture the y® response in poled optical wave-
guides®”. We observe the formation of versatile y*? gratings by
performing TP imaging of microresonators poled at various reso-
nances. Figure 3b shows several retrieved grating structures along
the circumference of the 146-GHz microresonator after coordi-
nate transformation (Supplementary Note 4). By spatially resolved
Fourier analysis we also acquire the spatial frequency graphs
(Supplementary Note 4), allowing for precise identification of the
grating periods and shapes. The observed y grating periods are
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the result of the interaction between the fundamental pump mode
and various SH modes. To unambiguously account for the partici-
pating SH modes, the grating periods and shapes are simulated as
displayed in Fig. 3c. By comparing the experimental and simulated
grating images we are able to identify the possible interacting SH
modes from the fundamental SH mode (SH1) up to the fifth SH
mode (SH5). AOP via SH modes higher than SH5 is not experi-
mentally observed, which may be attributed to the increased total
losses, resulting in insufficient SH enhancement for initiating the
photogalvanic effect.

Occasionally, we also observe two distinct y® gratings subse-
quently inscribed within the same pump resonances, for example,
the resonances near 1,552.0nm and 1,553.2nm as indicated in Fig.
3a. For these cases, SH generation is initiated by the resonant condi-
tion of one SH mode and is then taken over by another SH mode
with further laser detuning. This is verified by imaging the y® grat-
ing structures and can also be inferred from the VNA measure-
ments (Supplementary Note 3).

SH generation bandwidth and »? grating characteristics. A
remarkable feature of photo-induced SH generation in micro-
resonators is its unusual bandwidth. Figure 4a—-d shows AOP of
the 146-GHz microresonator at a particular pump resonance near
1,542.8nm. The on-chip pump transmission (Fig. 4a) and gener-
ated SH power (Fig. 4b) are recorded at different pump power levels
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Fig. 4 | SH generation and y® grating characteristics based on the pump and SH4 mode interaction in the 146-GHz Si;N, microresonator.

a,b, Pump transmission (a) and generated SH power on-chip (b) during wavelength sweeps over the pump resonance near 1,542.8 nm, at different

pump power levels. The colored lines from dark red to orange represent increasing coupled power levels. ¢, VNA response map recorded with a pump
power of 22.2 dBm (corresponding to the dashed black lines in a and b). d, ¥ characterization at different wavelengths with 22.2-dBm pump power.

e, Measured y? grating structures with periods of 90.1pm, 80.6 pm and 70.7 pm, obtained at 1,542.90 nm, 1,549.10 nm and 1,559.35 nm, respectively.

The corresponding numbers of grating periods inside the microresonator are 11, 12 and 14, respectively. f, Simulation of the 4@ grating periods. Red crosses
indicate the experimentally retrieved ¥ grating periods from e. The dashed line shows the simulated y® grating period. The yellow region indicates the

simulated grating period variation, considering device fabrication tolerances.

during the AOP event. As expected, the pump thermal triangle is
prolonged at high pump power due to the thermal-induced pump
resonance drag. Moreover, once AOP is initiated, we observe the
exceptionally broad spectral bandwidth over which SH generation
can be maintained. At the highest pump power we measure a 10-dB
SH generation bandwidth as large as 605pm. Figure 4c depicts
the VNA map measured with 22.2-dBm on-chip pump power,
which corresponds to the dashed curves in Fig. 4a,b. Both pump
and SH resonance detunings are clearly observed in the measured
VNA responses. This confirms again that AOP can be effectively
sustained despite a large walk-off of the SH resonance. To under-
stand this behaviour, we characterize the ¥ strength inside the
microresonator at different detunings (Supplementary Note 5), as
shown in Fig. 4d. Counter-intuitively, we find that the measured
12 is weakest immediately after the initiation of AOP, that is, when
the pump and SH are doubly resonant. When the SH resonance
gradually walks off from the generated SH wavelength, the strength
of ¥ is enhanced. The inscribed y®® then reaches an equilibrium
that depends on the magnitude of the photogalvanic current and
waveguide material conductivity”. This explains, in part, the ultra-
broad SH generation bandwidth in the AOP process, yet the full
theoretical model describing the doubly resonant AOP still needs
further investigation.

Given the FSR difference between the fundamental pump mode
and the SH mode (Supplementary Note 1), the interaction of the
same pump-SH mode pair can be matched several times within the
pump sweep in the telecom band (Fig. 3a). However, for a specific
pump-SH mode pair, the mismatch of the participating azimuthal
mode numbers m, —2m, is not identical throughout the sweep.
Hence, the number of y® grating periods N=|m, —2m,| inscribed
inside the microresonator should vary accordingly. Using TP imag-
ing we confirm such changes at different pump resonances in the
146-GHz microresonator. In particular, we study the fundamental

pump mode-SH4 pair because of the large resulting QPM period.
We experimentally identify three such AOP occurrences, which take
place at 1,542.90 nm, 1,549.10nm (T=45°C) and 1,559.35 nm. The
inscribed y® grating structures at these wavelengths are recorded
in Fig. 4e, with extracted grating periods of 90.1 pm, 80.6 pm and
70.7 pm, respectively. As shown in Fig. 4f, the retrieved grating peri-
ods are in excellent agreement with the simulated periods, consider-
ing fabrication tolerances. They roughly correspond to 11, 12 and 14
periods of QPM gratings in the microresonator, calculated based on
N=2nR/A. The slight discrepancy from integer numbers is probably
due to the imprecision of the grating period measurement. Notably,
the 11 grating periods estimated at 1,542.90 nm match exactly the
number of periods directly observed in Fig. 1d (obtained at the
same resonance but slightly different detuning). The FSRs at the
fundamental pump mode and SH4 are simulated to be 145.7 GHz
and 131.9 GHz, respectively (Supplementary Note 1). If we denote
the participating azimuthal mode numbers at 1,542.90nm as
(m,’, m,"), we can deduce from the simulated FSRs that the azi-
muthal numbers involved at 1,549.10nm and 1,559.35nm are
(m,”—5, my’—11) and (m," —14, m,’ —31), respectively. The rela-
tive changes in the azimuthal number differences m, —2m, are also
consistent with the retrieved number of QPM periods.

Performance of SH generation in Si;N, microresonators. The per-
formance of photo-induced SH generation in Si;N, microresonators
is illustrated in Fig. 5. To initiate AOP, the pump and SH need to
be doubly resonant. As the pump and SH resonances show distinct
thermal shifts (Supplementary Note 1), the initial mismatch between
them can be effectively compensated during the thermal-induced
resonance drag at the pump. Therefore, with higher pump power,
the probability of the occurrence of AOP also increases with the
extended thermal triangle. This is demonstrated experimentally
in 146-GHz and 196-GHz Si;N, microresonators, as shown in
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to the eye. ¢, Maximum on-chip CE for the SH modes (SH1to SH5) of the 146-GHz microresonator, obtained at different pump power levels during the

wavelength sweeps.

Fig. 5a. The AOP occurrences are recorded by varying the input
pump power throughout the wavelength range between 1,540 nm
to 1,561 nm. Specifically, by pumping the 146-GHz microresonator
with an input power of 23.7 dBm, the microresonator can be poled
at 14 of 18 available resonances. We also notice that a higher AOP
probability is achieved for the 146-GHz microresonator than for
the 196-GHz one. This is mainly attributed to the smaller FSR and
larger cross-section of the 146-GHz microresonator (Supplementary
Note 1), which holds a higher probability for resonance matching
and supports more interacting modes at the SH. Figure 5b records
the maximum generated SH power on-chip throughout the wave-
length sweeps. It is evident that the maximum SH power grows with
the input pump power, which is generally obtained at a higher-order
SH mode due to the large external coupling rate (Supplementary
Note 1). Moreover, both microresonators could output more than
10dBm of SH power with moderate pump power.

With wavelength sweeps at different pump power levels carried
out for the 146-GHz microresonator, together with TP imaging for
identification of the involved SH modes, we are able to quantify
the on-chip CE for each SH mode (Supplementary Note 6). Here
CE is defined as CE = Psy/P3, where Py, and P, are the on-chip
SH and pump power, respectively. Figure 5¢ shows the maximum
CE observed for SH1 to SH5 after pump power optimization. The
highest CE is generated from the higher-order SH mode (SH5),
despite the highest total loss rate. It is noted that the coupling
from the microresonator to the bus varies substantially among the
SH modes, and is extremely small for the lower-order SH mode
(Supplementary Note 1). This implies that the CE of the device is
dominated by the SH out coupling. Although contrary to the exter-
nal CE, the circulating SH power inside the microresonator is maxi-
mized for the lower-order SH mode due to the minimal loss rate
and optimized overlap. This suggests that our current CE may be
substantially improved with efficient output coupling, for instance,
by using a dedicated bus waveguide for SH extraction™.

Discussion

A comprehensive comparison of state-of-the-art microresonator
platforms for SH generation is summarized in Table 1. The ultra-
broad bandwidth demonstrated in AOP of Si;N, microresonators
allows for tunable SH generation within a pump resonance, which
is unparalleled by most of the other microresonators. Because our
devices are not optimized for out coupling at the SH, the on-chip
CE is limited compared to y*® microresonators based on LN
and AIN'>". Still, our devices were able to output the highest SH
power among the platforms. Such high-power and tunable SH
generation is favoured in many practical applications, such as f~2f
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self-referencing of Kerr combs on-chip**. Most importantly, the
automatic QPM in AOP greatly facilitates the SH generation in
Si;N, microresonators. In the experiment, we could easily inscribe
and reconfigure the self-organized y' gratings for nearly all the
pumped resonances. This is in stark contrast with the delicate
intermodal phase-matching'>'*'>**** and 4-QPM'** or the compli-
cated poling achieved by high-voltage sources®'" required in other
platforms. Also, as highlighted by the bold entries in Table 1, the
recent progress made for SH generation in integrated silicon pho-
tonic platforms®***** should not be overlooked. Undeniably, Si;N,
stands out as the most promising candidate in nearly every aspect of
resonant SH generation. Besides the recent demonstration of ultra-
high CE*, we address in this work the unique benefit of extremely
flexible photo-induced QPM in Si;N, microresonators. These find-
ings tend to indicate that past works on SH generation® (or SH
combs’*?) in Si,N, microresonators are most likely due to QPM
instead of intermodal phase-matching, unless specifically designed
for exact matching of azimuthal mode numbers.

In this study we explore the AOP of 146-GHz and 196-GHz Si;N,
microresonators for SH generation. Leveraging small FSR and over-
moded microresonators, AOP is easily induced in multiple pumped
resonances. Temperature and pump power controls offer additional
degrees of freedom for optimizing the doubly resonant condi-
tion. Although the AOP threshold could be lowered and efficiency
increased by using microresonators with larger FSRs*, the possi-
bility of AOP is substantially reduced. Therefore, given the recent
development of Si;N, microresonators with high Q values and small
FSRs***, we clearly envision SH generation with combined ultra-
high CE and poling probability in small-FSR designs. Under such
conditions, SH may be generated for every single resonance in an
ultrafine FSR grid, thanks to automatic QPM rather than intermo-
dal phase-matching. From our various VNA measurements, we also
note that AOP could take place prior to the exact detuning con-
dition mediated by the integer number of grating periods, that is
6,=26, or 6,~25,. We even observe AOP when the fundamental SH
resonance is at the blue side of the generated SH (6,>0 and §,<0),
as shown in Supplementary Note 3. These observations provide
important insights into the detuning information at AOP initia-
tion, being slightly in advance of the exact QPM condition. Also,
the optically inscribed ' in microresonators is characterized to be
detuning-dependent, with the maximum measured value reach-
ing ~0.03pm V™! for the pump and SH4 interaction. This value is
indeed smaller than another reported y® value (~0.2pmV~!) in
Si;N, microresonators* and the typical y*® in Pockels materials™". It
should therefore be possible to further enhance the photo-induced
x? to approach the fundamental limit predicted by the breakdown
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Table 1| Comparison of state-of-the-art microresonator
platforms for SH generation

Platform  10-dB On-chip CE  On-chip Phase-matching
bandwidth (% W) SH (PM) condition
power

LN® NA 90 22.5pW  QPM (electric-field
poling)

LN® NA 230,000 21pW QPM (electric-field
poling)

LN™© 1.9pm 250,000 01mW  QPM (electric-field
poling)

LN" 0.4pm 5,000,000 20pW QPM (electric-field
poling)

AIN'™ 418 pm 2,500 3.2mW  Intermodal PM

AIN" NA 17,000 10mwW Intermodal PM

GaN™* NA 0.015 22pW  Intermodal PM
(claimed)

GaN™ 200 pm 0.0002 24pW  Intermodal PM

GaAs'® 300pm 5 0.6nW  4-QPM

GaAs"” 20pm 100 13pW 4-QPM

AlGaAs®  2,000pm  0.07 5nW 4-QPM

GaP"” NA 44 47 nW 4-QPM

GaP? NA 400 25uW 4-QPM

Si0,” 13pm 0.049 6nW Intermodal PM

SiC# NA 360 W Intermodal PM

Si;N,* NA 0.1 0.ImW  Intermodal PM
(claimed)

Si;N,* 60pm 2,500 2.2mW Intermodal PM

Si;N, (this 605pm? 47.6 12.5mW Reconfigurable QPM

work)

NA, data not available. The best values extracted from references are shown. Bold entries refer
to typical silicon photonic platforms. 2Bandwidth for a single pump resonance. SH generation is
achieved for 14 out of 18 resonances in the telecom band.

field of Si;N, (~1.3pmV~')*. For example, optically** or electri-
cally’ assisted poling could provide additional means for enlarg-
ing the achievable nonlinearity in Si;N,. Besides, motivated by
early works on the AOP of doped SiO, fibres*, introducing more
defects into Si;N, waveguides may also enhance ¥, but could lead
to increased loss, such that a trade-off would have to be considered.
Future studies are needed, in particular in relation to how external
fields or defect states would influence the photogalvanic current
and photoconductivity.

In conclusion, we have demonstrated versatile SH generation
in Si;N, microresonators via photo-induced y® gratings. The grat-
ing structures are organized following the interference of doubly
resonant pump and SH fields, which are extremely flexible and
automatically adapt to the required QPM periods. We have experi-
mentally characterized the inscribed y® gratings by TP imaging
and also evaluated the induced y* strengths. We have also imple-
mented an in situ method for tracking the interacting resonance
detunings during poling events and observed an ultrabroad SH
generation bandwidth in the AOP process. Such a technique, based
on VNA measurements, is a powerful way to study all kinds of
resonant harmonic generation system. The findings in this work
not only further anchor y® nonlinearity in the toolbox of silicon
photonics, but also motivate a SH generation paradigm with fully
reconfigurable QPM mechanism and simultaneous high perfor-
mance (in terms of CE, SH power, bandwidth and so on). Similar to
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Pockels materials***’, the combination of y® and ¥ nonlinearities
in Si,N, microresonators will trigger new nonlinear applications in
CMOS-compatible platforms.
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Methods

Optical poling and detuning measurement set-ups. In our set-up, a tunable
telecom-band c.w. laser was polarization-controlled and amplified using an
erbium-doped fibre amplifier (EDFA). The amplified pump was aligned at TE
polarization and injected into the bus waveguide of a Si,N, microresonator
using a lensed fibre. The input coupling loss was estimated to be 2.4 dB. At

the output of the chip, both the residual pump and the generated SH were
collected using a microscope objective before being separated by a dichroic
beamsplitter and directed to their respective photodetectors (PD1 and PD2).
To measure the effective detunings of both pump and SH resonances, the c.w.
laser was first weakly phase-modulated in an EOM before amplification. The
applied modulation signal was a sweeping microwave tone from the VNA that
scanned from 5kHz to 1.5 GHz. Two weak optical sidebands were thus created
at the pump wavelength, amplified together with the pump, and coupled to the
microresonator. Part of the generated light at the SH was tapped to a reflective
collimator and then directed to an a.c.-coupled fast silicon photodector (PD3)
with 1-GHz bandwidth. Finally, the retrieved microwave signal was sent back
to the VNA. It is noted that, although our probing method resembles that in
ref. *°, the fundamental difference is the use of the photodetector at the SH
wavelength rather than the pump wavelength. Under such a configuration, no
signal is detected before AOP occurs. When the ¥ is inscribed, in addition to
SH generation, there is also sum-frequency generation between the sidebands
and pump. Eventually, the beating between the sum-frequency components and
the SH component gives the VNA response. The transfer function in VNA was
found to reflect the detuning information of both the pump and SH resonances
(Supplementary Note 2).

#? grating imaging and estimation. The inscribed y® gratings in the poled
microresonators were measured with a TP microscope (Leica LSM 710 NLO) in an
upright configuration. A He-Ne laser operating at 633 nm was used for microscope
alignment. For excitation of SH in poled microresonators we used a Ti:sapphire
laser (Coherent Chameleon Ultra II IR) producing 1,010-nm horizontally
polarized light relative to the image plane. In the measurement, the focal point

was raster-scanned across the sample in the grating plane and then its generated
SH signal was recorded. The measured grating shape was slightly distorted in
regions where the waveguide tangent was not perpendicular to the incident light
polarization. The optical resolution of the obtained TP images was estimated to be
310nm. These images were then replotted in the radial and tangential coordinates
of the microresonators (Supplementary Note 4), as shown in Fig. 3b. As such, the
x? grating periods could be extracted easily (their spatial frequencies are shown

in Supplementary Note 4). The y® values in the poled microresonators were

estimated based on a comparison with the calibrated »*? in a poled waveguide
(Supplementary Note 5).
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