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Abstract

Silicon photonics lacks a second-order nonlinear optical (x(?)) response in general because the typ-
ical constituent materials are centro-symmetric and lack inversion symmetry, which prohibits 2
nonlinear processes such as second harmonic generation (SHG). Here, we realize record-high SHG
efficiency in silicon photonics by combining a photo-induced effective x> nonlinearity with resonant
enhancement and perfect-phase matching. We show a conversion efficiency of (2,500 + 100) %/W,
which is 2 to 4 orders of magnitude larger than previous field-induced SHG works. In particular, our
devices realize milliwatt-level SHG output powers with up to (22 = 1) % power conversion efficiency.
This demonstration is a major breakthrough in realizing efficient x(2) processes in silicon photonics,
and paves the way for further integration of self-referenced frequency combs and optical frequency

references.



Second-order (X(z)) nonlinear optics is a cornerstone for many classical and quantum applica-
tions!. For example, to achieve compact functionalities for optical frequency synthesis>> and op-
tical atomic clocks®*, frequency combs based on third-order (x(3>) nonlinear processes need to be
self-referenced by efficient second harmonic generation (SHG), ideally on the same silicon chip.
However, common materials in silicon photonics, including silicon (Si), silicon nitride (SizNy),
and silicon dioxide (SiO;), do not support x® response in bulk within the electric-dipole approxi-
mation!. It is therefore particularly challenging to realize efficient SHG on a silicon chip (e.g., for
f-2f locking in frequency combs®). As a result, systems based on silicon photonics technology
have often relied on conventional platforms such as centimeter-scale periodically-poled lithium
niobate waveguides for x? functionalities>*. Alternatively, there has been considerable progress
in realizing efficient SHG in non-silicon-based thin film platforms, including aluminum nitride
-9, gallium arsenide!?, and lithium niobate!'~!>. Such advances generally require heterogeneous
integration with a silicon-based platform'® for optimized performance in the aforementioned fre-
quency comb applications. On the other hand, silicon carbide nanophotonics has recently made
major strides, demonstrating X(z) processes in both photonic crystal cavities!” and microring res-
onators'®. However, the fabrication processes that realize high performance in SiC!7!8 suggest
that its integration with the rest of the silicon photonics platform may be challenging.

There has also been work aiming for demonstrating effective (2) processes directly in typical
silicon photonics materials. One approach uses the weak (2 nonlinearity present in silicon-based
systems (for example, due to symmetry breaking) in conjunction with perfect-phase matching in
high quality factor (Q) microcavities to boost the normalized SHG efficiencies to 0.1 %/W'° and
0.049 %/W?°. These efficiencies can be improved by optimized input/output waveguide-resonator
coupling, but are ultimately limited by the weakness of the x? nonlinearity. Another approach
uses a large effective x(z) nonlinearity created through the combination of an electric field and
the medium’s %®) nonlinearity in photonic waveguides without cavity enhancement. This elec-
tric field can be induced directly by external electrodes?!' or optically through the photogalvanic

t2272 and has resulted in x(z) nonlinearities up to 41 pm/V and normalized SHG efficiencies

effec
as high as 13 %/W?!. The induced field not only produces a nonlinearity that significantly ex-
ceeds the existing intrinsic nonlinearty, but also supports quasi-phase-matching, with phase either
pre-determined?! or self-organized/photo-induced?3>?%. However, the above approaches, when
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used separately, are inefficient compared to devices using traditional x(z) materials ,and as a

result are far from generating milliwatt-level continuous-wave SHG output.



To realize efficient SHG, we engineer devices that take advantage of both a strong effective

2) nonlinearity and resonant enhancement. We use the Si3Ny platform?” that has been success-

%
fully applied to many wide-band nonlinear photonics demonstrations, including octave-spanning
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frequency combs , classical/quantum frequency conversion”>”“, and optical parametric oscil-
lation®3. Here, the physical process in use is photogalvanic field-induced SHG, first discovered
in germanium-doped glass fibres decades ago®*. In contrast to reports of a photo-induced x(z)
in non-resonant geometries such as SisN4 waveguides?>~2® and SiO, fibres’*38, we demonstrate
an effective photo-induced x? nonlinearity in a high-Q Si3N4 microresonator. We show that
this resonantly-enhanced, photo-induced % nonlinear process enables high efficiency SHG with
appreciable output power for continuous wave inputs.

The physical process behind our approach involves three %(2) and %) nonlinear interactions
among three modes. The modes are illustrated in Fig. 1(a), and consist of a direct-current (DC)
mode, a pump mode, and a second harmonic mode. The three interactions are illustrated in
Fig. 1(b)-(I-11I):

e Seedling SHG — This process yields a nanowatt-level SHG signal due to a small intrinsic x®
nonlinearity, e.g., from the surface symmetry breaking?®.

e Photogalvanic effect’>*? — This process coherently builds up a DC electric field through the
pump field and the seedling SHG field. The DC field can be very large, up to 107 V/m*!.

e Field-induced SHG** — The electric field generated by the photogalvanic effect combines
with the medium’s %®) to create an effective 3% nonlinearity, which in turn amplifies the SHG
field (and hence the photogalvanic effect).

Importantly, the scheme is unique in the context of photo-induced SHG in realizing perfect-
phase matching for both the intrinsic x(2> process and the field-induced X(z) process simultane-
ously. Such perfect-phase matching is sometimes referred to as modal phase matching; however,
we use perfect-phase matching here specifically to distinguish from cases where engineered modal
dispersion and quasi-phase matching are used together!>*3. First, phase and frequency matching
of the intrinsic x? process, as shown in Fig. 1(b)-(I), is supported by recent techniques developed
in nanophotonic dispersion engineering®2. Once such matching is fulfilled, the %) processes, as
shown in Fig. 1(b)-(ILIII), are automatically matched given the nature of the DC field, which is sta-
tionary with zero angular momentum and has a frequency of ® = 0. The X(z) and x(3) processes can

therefore work together seamlessly, that is, the induced %@ can feed upon the intrinsic seedling

SHG to self-start (Fig. 1(b)), rather than relying on external electrodes®! or a SHG laser for ini-



tiation®. Second, the field-induced (?) in our scheme, through perfect-phase matching with a
DC field, is more efficient than those reported previously, which are achieved through quasi-phase

matching with radial-frequency (RF) fields?!-23:24:26

, as shown in Fig. 1(c). Due to such perfect-
phase matching, our induced X(z) from the DC field is always at its maximum, instead of having
periodic modulations which decrease the effective %) to 2/m and 1/x times the maximum value
for square”! and sinusoidal?>?*2° longitudinal profiles of the RF fields, respectively. Moreover,
the resonance nature enables the induced x(z) to remain spatially uniform inside the resonator,
instead of forming build-up and decay-down regions as observed in waveguide geometries>>>42%.
Through this phase-matched, photo-induced, and resonant SHG process, we report a SHG con-
version efficiency of (2,500 £ 100) %/W in a Si3N4 microring resonator, which is 2 to 4 orders
of magnitudes larger than previous works in typical silicon-based materials!2%*. Our absolute
SHG efficiency is (22 & 1) % at an output power of (1.9 4= 0.1) mW, with an input pump power of
(8.8 = 1.0) mW. This performance level is promising for f-2f self-referencing of octave-spanning
microresonator frequency combs within a common Si3Ny platform>#2%-3°. Moreover, considering
the recent integration of SizN4 photonics with Rb vapor cells*>*#0, high-performance stabilization

of telecom lasers — which have also recently been integrated with SizN4 photonics*743

4

— through
efficient SHG that connects the lasers to narrow linewidth atomic transitions** may now be possi-
ble within a single integrated photonic platform.

The SHG device is a SizN4 microring integrated with two coupling waveguides, as shown in
Fig. 1(a). A pump laser in the telecom band (= 1560 nm) is coupled by a straight waveguide
(bottom) into the microring, in which the 1560 nm light is frequency doubled to 780 nm, and the
780 nm light is out-coupled by a separate waveguide (top). This top waveguide only supports the
780 nm light, and does not support any modes for 1560 nm (see Supplementary for more details
on coupling). Inside the microring, three modes are involved in the process, the DC mode, the
pump mode (1560 nm), and the SHG mode (780 nm). The DC mode is stationary (resonance
frequency of ® = 0) with zero azimuthal angular momentum, and can be characterized by (n, m)
= (0, 0), when depicted in the whispering-gallery-mode terminology, where n represents radial
mode number and m represents azimuthal mode number. To perfectly match the mode numbers
for the pump and SHG, we use the fundamental transverse-electric (TE1) mode for the pump
and the third-order transverse-electric (TE3) mode for the second harmonic, with the respective
mode profiles in Fig. 2(c,g). Finite-element-method simulation indicates that the (1, 154) and (3,

308) modes, which are clearly matched in angular momentum, have nearly matched frequencies



in a microring with 23 um radius, 1.2 um ring width, and 600 nm thickness (additional details
regarding dispersion engineering are in the Supplementary).

To guarantee perfect-phase matching of the underlying intrinsic x? process, we identify the
azimuthal mode numbers using the selective mode splitting method>® that has recently been ap-
plied to wide-band microcavity nonlinear optics’>. With this method, we pattern some devices
with small modulations in ring widths (an amplitude of 20 nm) and angular periods of T/m to
deterministically scatter and split the m-th mode, while leaving other modes unperturbed, as illus-
trated in Fig. 2(b, f). For example, spectra from two devices exhibiting a targeted mode splitting
at =~ 1548 nm (m = 155) and ~ 1557 nm (m = 154) are shown in Fig. 2(b). We also use this
method to identify the 780 nm modes, as shown in Fig. 2(f). Devices on the same chip with nom-
inal dimensions, but without the mode splitting pattern, show very similar resonance wavelengths
(Fig. 2(a, e)), so relative modes for all devices on the chip can be identified. The tight constraint as-
sociated with perfect-phase matching using high-Q WGM resonances results in a spectrally clean
SHG response once the fundamental and second harmonic modes are frequency matched, without
unwanted conversion into modes other than the targeted one, as shown in Fig. 2(i).

While phase matching is quantized and is perfect once the appropriate modes are identified,
frequency matching of those modes typically needs thermal/power tuning®, as shown in Fig. 3(a,b).
The device has loaded quality factors of > 0.5 x 10 and intrinsic Qs > 1 x 10° for both pump and
SHG modes (Fig. 2(d,h)). These high Qs necessitate frequency matching to be within ~ 0.3 GHz
(the cavity linewidth). The resonance wavelengths of the pump and SHG modes are 1557.785 nm
and 778.877 nm, respectively, recorded by a wavemeter at room temperature, when optical power
is small so that both Kerr and thermo-optic shifts are negligible. The SHG mode thus needs a ~
7.7 GHz (15.5 pm) red-shift relative to that of the pump mode to enable frequency matching, as
illustrated in the top panel of Fig. 3(b). Such a frequency mismatch can be compensated by both
thermal and Kerr effects. In particular, the thermal shift can make up for this frequency mismatch
by heating at a rate of 0.291 GHz/°C (0.585 pm/°C) (see the Supplementary for details).

The thermo-optic bistability exhibited by the high-Q cavity, indicated by dashed red triangles
in Fig. 3(a,b), requires the pump laser to be scanned from blue-detuning to red-detuning to drop
power into the cavity. When pump power is first dropped into the cavity, illustrated by region (i) in
Fig. 3(a,b), the pump and SHG mode are mismatched in frequency, similar to the cold cavity case.
Here the seedling SHG process is only resonantly enhanced by the pump cavity mode but not by

the SHG cavity mode, and yields no observable SHG signal (the minimum power our detector can



resolve is 0.1 nW). Without such seedling SHG, effective photo-induced SHG cannot self-start.
When the pump laser is tuned into region (ii) in Fig. 3(a,b), the two cavity modes start to have
spectral overlap, which results in an appreciable seedling SHG power to start the photogalvanic
effect.

To reach optimal SHG power, both forward and backward tuning of the pump laser are required,
with the specifics dependent on the laser-cavity detuning. These two tuning methods are illustrated
in the inset of Fig. 3(a). For example, the SHG power of 1.15 mW can be directly generated by
forward tuning, where the laser is tuned from < 1558.06 nm to 1558.09 nm, as indicated by the
blue arrow. But the larger SHG power of ~ 1.2 mW at 1558.08 nm can only be accessed through
backward tuning, that is, the laser is first tuned in the forward direction from < 1558.06 nm to
> 1558.09 nm, and then tuned in the backward direction to 1558.08 nm, as indicated by the red
arrow. In comparison, when the laser is directly forward tuned from < 1558.06 nm to 1558.08
nm, no SHG signal is observed. Such a hysteresis is likely due to pump depletion, as the cavity
frequency matching is different when SHG just starts (without depletion) in comparison to when
it has already started (with depletion). We have verified that with a lower input power (= 4 mW),
such hysteresis is significantly decreased.

As discussed earlier, when the pump laser is set to a wavelength between 1558.09 nm and
1558.15 nm, SHG can self-start simply by forward tuning. The response time of the process is
determined by the photogalvanic process. This time critically depends on the cavity frequency
matching. When the frequency is matched well (the top panel (ii) of Fig. 3(b)), i.e., A, = 1558.09
nm to 1558.11 nm, the response time is within a few seconds. In contrast, when the cavity modes
are not well frequency matched (the bottom panel (ii) of Fig. 3(b)), i.e., A, = 1558.12 nm to
1558.15 nm, the SHG has a slow build-up time ranging from 20 seconds to over a minute, as
shown in Fig. 3(c). Note that our photogalvanic build-up time is much shorter than those reported
in previous works. Even the slowest case has a response of ~ 110 s, and this response time is in
general 2 to 3 orders of magnitude faster than previous photogalvanic work in waveguides?>->+2,
Such a significant change in response time is related to the cavity enhancement in the SHG effi-
ciency. While in the waveguides the SHG signal has to build up longitudinally, the SHG signal can
pass through the cavity ~ 5,000 times to build up coherently. This number of roundtrips of light is
estimated by F/(2m), where ¥ is the cavity finesse. Finally, when the laser is further detuned into
region (ii1) in Fig. 3(a,b), the cavity frequency mismatch is over-compensated, so that the SHG

mode is red-shifted relative to the pump mode.



We repeat this method at various pump powers and temperatures to optimize the normalized
conversion efficiency (1) and output power (P»g), as shown in Fig. 4(a). The top panel shows
that the maximal normalized conversion efficiency (M = Py /P(%) is (2,500 4+ 100) %/W. The
maximal value is realized by optimizing pump power, cavity detuning, and device temperature.
This value is related to several factors, including frequency matching, changing nonlinearity, and
pump depletion, which are difficult to disentangle. At the lower power end, efficient SHG is not
achieved, and such an abrupt change depends on temperature (higher temperature allows smaller
pump power to have efficient photo-induced SHG). We note that the reason we use the %/W figure
of merit is because it is commonly cited in the silicon photonics community and we want to provide
a point of comparison to the earlier works.

In comparison, as shown in Fig. 4(b), this efficiency (dashed red line) is > 100 the previous
record 13 %/W in silicon photonics?! (dashed orange line). Our results have superior efficiency
than previous works due to the use of perfect-phase-matching and resonant enhancement in com-
parison to quasi-phase-matching in waveguides>!=2%%* (dashed blue line) and silica fibres’*7,
while our much larger nonlinearity leads to improved performance relative to all other resonant
schemes in silicon photonics!®?? (dashed purple line). We note that the efficiency does not show

a linear dependence with pump power, because unlike an intrinsic x(z) or a ng) enabled by a con-

stant electric field (e.g., via electrodes), the ng) here is optically induced and its value depends on
the generated SHG signal.

Although our normalized SHG efficiency of (2,500 £ 100) %/W is only 1 % of the recently-
reported x® record in lithium niobate microrings!>, our absolute SHG efficiency of (22 + 1)
% (see Supplementary Material) is comparable to state-of-the-art %(?) nanophotonic devices’>.
Moreover, the maximal SHG power we obtained is ~ 2.2 mW SHG in the waveguide with ~
15 mW input pump power (the bottom panel of Fig. 4(a)). Achieving such milliwatt-level output
SHG powers with high conversion efficiency is indicative of how this work is the first demonstra-
tion of photo-induced SHG that is comparable to state-of-the-art x?® works” 415 The Supple-
mentary presents a more detailed discussion of this comparison, as well as the estimated induced
x(z), DC field, and related discussions.

The maximal induced % value is 32 = (0.20 & 0.04) pm/V (see Supplementary), near the
lower end of previous Si3N4 photogalvanic results?>~2®, which range from 0.3 pm/V to 3.7 pm/V.
The electric field is estimated to be (0.6 = 0.1) MV/cm, which is ~ 15 % to 20 % of the electric

breakdown voltage of Si3N45 I ie, 3 MV/cm to 4 MV/cm. Our induced nonlinearity is cur-



rently limited by pump depletion and likely can be further improved. For example, in previous
work?!, the applied field is 0.25 MV/cm, which is 62.5 % of the electric breakdown voltage of Si
(0.40 MV/cm). Operation near the breakdown field of silicon nitride, e.g., 4 MV/cm, suggests an
upper bound estimate of 1.3 pm/V as potentially accessible in our system.

Efficient SHG only occurs in our system at sufficiently high (milliwatt-level) injected pow-
ers, and an unsolved problem for photo-galvanic SHG is the origin and value of such threshold
powers. Previously, such threshold behavior has only been reported empirically in fibre (5 kW

> and waveguide (10 W peak power)??, both using quasi-phase matching and pulse

peak power
pumping. We believe our system, with perfect-phase matching and continuous-wave pumping at
milliwatt levels, is a promising platform to probe the origin of this threshold, for example, whether
it comes from the photo-galvanic process alone or the overall nonlinear process.

In summary, we demonstrate efficient photo-induced second harmonic generation (SHG) with
perfect-phase matching in silicon photonics, achieving record-high conversion efficiencies in com-
parison to prior silicon-based devices, and absolute efficiencies and output powers on par with the
highest values demonstrated in nanophotonic media with much larger intrinsic %3 nonlinearities.
Our demonstration opens up promising avenues for x(z) nonlinear silicon photonics, including
f-2f locking for x3)-mediated octave-span frequency combs, SHG-based connections between
telecom lasers and atom-based frequency standards, sum-/difference-frequency generation, and
electro-optical modulation. Going forward, the integration of external electrodes to create the DC
electric field can enable efficient SHG across a wider range of input powers, produce a larger
effective (%) response, and realize additional levels of tunability and control.
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are available from the corresponding authors upon reasonable request.
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FIG. 1: Photo-induced second harmonic generation (SHG) in a Siz;N, microring resonator. a, Illus-
tration of the device and modes involved in perfect-phase matching. A SizN4 microring is integrated with
two coupling waveguides for pump (®) and SHG (2w) light. Within the microring, the mode profiles of
three interacting modes at 20, ®, and DC frequencies are shown from top to bottom. Red and blue indicate
positive and negative phase of the electric fields, that is, pointing outwards or inwards in radial direction.
The darkness of the colours depicts the local field strength. These modes satisfy perfect-phase matching
for both (2 and ) processes. We note that while the azimuthal distribution of the DC field is uniform
(due to the perfect-phase matching), the exact radial distribution pattern of the DC field is unknown and is
assumed to be uniform here as a rough estimate when, for example, extracting the device’s effective x(2.
b, Photogalvanic SHG with perfect-phase matching in a microring. (I) A small seedling SHG (2) field
is generated with a weak intrinsic x® nonlinearity. (II) This 2 field, together with the  field, builds
up a DC field through the coherent photogalvanic effect, which is distinctively slow (up to minutes) com-
pared to ordinary nonlinear optical processes (< 1 ps). (III) The generated DC field and the pump field in
turn generate SHG light through a field-induced SHG effect, i.e., DC Kerr effect. Once seeded by (I), (II)
and (II) work together to build up the SHG field. ¢, Our SHG scheme (red) is superior in power efficiency
than other processes in (2 silicon photonics, including biased-QPM?! (orange), photogalvanic-QPM?3-24:26
(blue), and high-Q resonators with weak nonlinearities'>?° (purple). This toy model is used to compare the
physics of our scheme to related SHG processes in silicon photonics, and is qualitative in nature. It only
considers quasi-phase matching and the threshold of the process, and cavity Q enhancement is not consid-
ered for illustration purposes. The cavity will provide an additional enhancement related to its finesse. See
the Supplementary for more details. PG: photogalvanic. PPM: perfect-phase matching. QPM: quasi-phase

matching. wg.: waveguide.
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FIG. 2: Device transmission shows perfect-phase matching with high-Q resonances. Pump (a-d) and
SHG (e-h) mode characteristics. a, e, Normalized cavity transmission (7) in the 1550 nm band and the
780 nm band, respectively. The modes are labeled as (n,m), where n and m represent radial and azimuthal
mode numbers. In particular, the (1, 154) and (3,308) modes (labeled in red) satisfy perfect-phase matching
and are used in experiment as pump and SHG modes. b, The pump mode number is identified using mode
splitting devices targeting (1, 155) and (1, 154), respectively, and the corresponding cavity modes are clearly
identified by mode splitting of ~ 0.7 nm. f, For 780 nm band modes, that is, (3, 310) and (3, 308) modes,
the mode splittings are ~ 45 pm, as shown in the insets. ¢, g, Cross-sectional field profiles for the pump and
SHG modes. d, h, The pump and SHG modes, that is, (1, 154) and (3, 308), have wavelengths of 1557.785
nm and 778.877 nm at 21.9 °C in the cold cavity (without Kerr shift or thermal bistability). Their intrinsic
Q values are (1.240.1) x 10% and (2.4 40.1) x 10°, and the loaded Q values are (6.0 £ 0.5) x10° and (1.6
+ 0.1) x 10, respectively. The errors represent one-standard deviation uncertainties in nonlinear fitting of
the resonances. i, The measured SHG response (from the 2®m waveguide depicted in Fig. 1(a)) once the
fundamental and second harmonic modes are frequency matched has a clean spectrum without conversion
into untargeted modes. The background increase at shorter wavelengths is from the noise floor of the optical

spectrum analyzer.
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FIG. 3: Laser detuning to optimize photo-induced SHG in the microring. a, b, Experimental results
(a) and illustrations (b) show three regions with distinct SHG response. In (b), the x axis represents the
wavelength, and SHG can happen when the pump mode wavelength (Am) and twice the SHG mode wave-
length (ZiZm) overlap (it is equivalent to the overlap of V,,, and 2V,,, but the schematic is drawn from the
experimental perspective in which light is injected into the telecom mode as the wavelength is increased,
as in (a)). In regions (i) and (iii), the device has no observed SHG response, because of the inefficient
seedling SHG process, as the cavity modes are frequency mismatched. In region (ii) (green area), the cavity
frequencies match and photo-induced SHG can self-start, either through forward (blue) or backward (red)
laser tuning. As shown in the inset, both tuning methods requires forward tuning at first to drop laser power
into the cavity, because of thermal bistability indicated by the dashed red line, whose height is proportional
to the pump power that is dropped into the cavity. In region (ii), photo-induced SHG can self-start and the
response time depends on the laser detuning, which affects the cavity frequency mismatch, as shown in (b)-
(i1). Darker green indicates a faster response in region (ii). The dashed black line in (a) indicates the output
SHG power after the laser is tuned for 10 seconds. The errorbars in (a) represent one-standard deviation
uncertainties from the calibration of the on-chip power. ¢, The response takes a few seconds or less than
a second when the pump is below 1558.11 nm, and takes from 20 seconds at 1558.12 nm (green) to 110
seconds at 1558.15 nm (red). This slow response is a signature of the photogalvanic process, in contrast to
other nonlinear processes that are typically ultrafast (< 1 ps). The dashed black line indicates a time of 10

seconds after laser tuning, corresponding to that in (a). The lines are a guidance for viewing.
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FIG. 4: Record-high efficiency is achieved by photo-induced SHG in silicon photonics. a, An efficiency
of (2,500 £ 100) %/W is obtained with the laser detuning and thermal tuning (top). Here the normalized
efficiency is given by | = Pyy/P2, where P, and P»g, represent pump and SHG powers in the waveguides
on chip, respectively. The SHG power is (2.2 & 0.1) mW when pumped with 15 mW at 26.9 °C (bottom).
The error bars represent one-standard deviation uncertainties from the calibration of the on-chip power. The
dashed line is a guidance for viewing. b, A comparison with other SHG works in silicon photonics shows
that our SHG efficiency is record-high. Inset shows the generation of SHG light by a telecom pump. The
CMOS camera is responsive to 780 nm light but not telecom light. The image clearly shows the generation
of SHG light in the microring and the coupling of light into the top waveguide, as indicated by the arrow.

wg: waveguide. The dashed lines are a guidance for viewing.
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In this document, we first present a toy model that is used in Fig. 1(c) of the main text. We then introduce a
realistic model in our case, photogalvanic DC-field-induced SHG, and estimate the effective x(z) and the induced
DC field by this model. We also provide simulation data for dispersion, coupling, and mode overlap, and offer
additional experimental data on thermal shift of optical modes and the absolute SHG conversion efficiencies.

I. A TOY MODEL FOR COMPARISON PURPOSES

In this section, we review a simple model to understand the differences in efficiency of various approaches to SHG, as

illustrated in Fig. S1(a) (same as Fig. 1(c) in the main text). This toy model compares the SHG response from cavities and
waveguides in perfect-/quasi-phase matching (PPM/QPM) cases.

As shown in Fig. S1(b), the effective nonlinearity in our case is always maximal, as it is induced by a DC field with perfect-
phase matching (solid red). For photo-induced SHG with perfect phase-matching in a waveguide, because the build-up of the
photogalvanic effect requires certain thresholds for the input light fields, the nonlinearity needs some time to be turned on (solid
blue line in Fig S1(b)). In the quasi-phase matching cases, for both cavity (dashed red line) and waveguide (dashed blue line),
the effective nonlinearity has a sinusoidal modulation compared to the perfect-phase matching case. In the waveguide (dashed
blue line), this modulation also leads to a slower response in the build-up of the nonlinearity. Finally, any seedling nonlinearity

(x§2>) is much smaller than the effective/induced nonlinearity (ng)); we assume x§2> =0.1 ng) here (solid purple line). Here
the decay-down of quasi-phase matching in the propagation direction, a practical issue for waveguide/fibre systems, is not
considered. Moreover, cavity enhancement in time is not considered in this simple model (the cavity Purcell effect provides a
factor of ~ 5,000 speed-up in time).
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FIG. S1: Toy model for comparison. a, The SHG response in the toy model for a cavity and waveguide in both perfect-/quasi-phase matching
(PPM/QPM) cases. The cavity PPM case (solid red) is the best among all the schemes. b, A comparison of the build-up in the nonlinearities
for the corresponding schemes, with the same colour scheme as shown in (a). The cavity PPM case is most effective because the field-induced
nonlinearity is the largest and remains constant in the propagation direction.



The equations that describe the build-up of the nonlinearity in these systems within this simple model are given as follows:

Xl(Vz : cavity PPM,
X1(v2>/(1 +En/Exe) +ng2) wg. PPM,
x? = xl(pz) sin(2nL/a) cavity QPM, (1)
22 sin(2nL/a) /(1 + En/Ex) + % wg. QPM,
7 seedling SHG only,

where xl(;z) is the field-induced second-order nonlinearity, i.e., Xl(pz) =x®Epc. Xéz) is the small seedling SHG nonlinearity.

For illustration purposes, we use ng) =0.1 xl(.,-z) here. Ey, represents the threshold electric field amplitude to excite the photo-
galvanic effect and a represents the period of quasi-phase matching. We note that the threshold of photo-galvanic process is only
an empirical assumption and its origin has not been understood or verified yet.

II. A FULL MODEL FOR PHOTO-GALVANIC DC-FIELD-INDUCED SHG

In this section, we review second harmonic generation (SHG) in high-Q microresonators, and present an estimate of related
physical parameters, including mode overlap (), effective mode volumes (V), induced nonlinearity (x?)), and electric field
(Epc). In particular, we look into the cases where pump and SHG modes are quite different in frequency. In high-Q microres-
onators, because light propagates many round trips before being lost (e.g., scattering or absorption) or appreciably coupled out
from the cavity, we can treat the loss and coupling as if they are uniformly distributed in time and space. Following a formalism
similar to that of Refs. 1-3, the slowly varying light fields satisfy the following equations:

dA C s .

T: = (iAo, —Typ/ Z)Ap""iyASA;—i_ircléZSP’ @
dA, . ~ .~

d: = (iAo, —T/2)A +2i7A2, 3)

where A, (m = p,s) are the intra-cavity light fields for pump and SHG modes, sitting on the fast-oscillating background of e ~/®n!

where , is the angular frequency of the light. Frequency conservation requires s = 2, which is assumed in deducing the
equations. The cavity fields are normalized so that |A|* = Uy, (m = p,s), which represents the intra-cavity energy. The first
terms in Eqs. (2-3) describe the free cavity evolution (without sources or nonlinear effects), where Awy, (m = p,s) represents the
detuning of laser/light frequency (®n,) from the natural cavity frequency (®Wop,), i.€., A®n = Oy — Wom. ['em describes the decay
of the intra-cavity energy Up,, which includes the intrinsic cavity loss and the out-coupling to waveguide, 'y, = I'oyy +T'cry. Here
the decay term Iy, is related to optical quality factor Oy, by:

Flm:%, (I=1t,0,c; m=p,s). €]
le
G waveguide b ® X3) X(FZ) =x3) Foe
> s -
Pw Fep ™22 NN (
Fop
Loj
YLLL\ (DOp \’ z

———> Opc

microring

FIG. S2: Illustration of device parameters and effective second-order nonlinearity. a, Device blueprint for SHG. Three fields, the pump
field, SHG field, and DC field, are present inside the microring. Uy, represents intra-cavity energy, where m = p, s, i represent pump, SHG, DC
fields, respectively. The intrinsic loss (from absorption and scattering) of each field is described by I'gy,. Two waveguides are used to couple
pump (top) and SHG light (bottom) with rates of I'cp and I'cs, respectively. b, When the pump and SHG modes are matched in frequency,
the DC Kerr effect, a third-order nonlinear process, is equivalent to SHG, a second-order nonlinear process. The effective second-order
nonlinearity is the product of the third-order nonlinearity and the induced DC field.



We use I instead of Q so that it is more straightforward to describe the physics of the cavity, as shown in Fig. S2(a).
The second terms in Egs. (2-3) describe the SHG processes. Here the nonlinear parameter Y is given by
~ (2
= Smpnx(F )
423/ gV ’

where T characterizes the spatial overlap of interacting optical modes and is therefore a dimensionless real parameter from O to
1, with its value given by:

(&)

e Jvdv V& EE;
32,7 3 3/2, 7 1371/3°
(Jydv &P\ E, P23 (fy dv e E,P)1/3

(6)

Here Ep, represents the dominant electric field components of the m = p,s mode. This field is related to Ay by Un = \Am|2 ~
Jyav €m|En|*. Here the approximation is made possible when the other electric field components are much smaller than the
dominant one, for example, |E,|, |[Ey| < |E;| for transverse-electric (TE) modes. The mode overlap is estimated to be 67.6 %

using finite-element method simulation. In Eq. (5), xl@ = %3 Epc, where 2((3) is short for x®)(es; @y, ®y,0) and represents
the third-order nonlinearity at ®; with the inputs at ®,, ®p, and a DC field. Epc is the equivalent DC field amplitude from the
photo-galvanic effect, assuming that such a field is evenly distributed inside the microring and that the mode volume and the

mode overlap of %) and x®) are similar. 7 represents average linear refractive index 71 = (n2ns)!/?. Likewise, V represents

)

average mode volume V = (V2V;)!/3, where individual mode volume is given by:

~ 2.3
dv &n|E,

(Jydv e’ |Enl’)

We use finite-element method simulation to calculate the mode volumes of the pump and SHG modes to be 60.6 um> and 54.0
um?>. The effective mode volume is therefore 58.3 um>. Note that the nonlinear parameter y described in Eq. 5 is related to
nonlinear coupling strength?, i.e., g, with a normalization of photon energy given by Y= g/+/h;.

The last term in Eq. (2) is the source term that represents the pump laser coupled into the cavity. The coupling rate I'c, is
given by Eq. 4 and the input field S, is normalized in such a way that |§p |> = P, represents the input power of the pump laser in
the waveguide (Fig. S2).

We note that terms representing phenomena such as nonlinear absorption and free carrier effects are not considered in Egs. (2-
3), as silicon nitride (Si3Ny) is wide-bandgap and does not have such effects in the frequency ranges of interest in this work. In
addition, four-wave mixing (FWM) of the cavity fields is not considered in these equations. Self/cross-phase modulation and the
thermo-optical shift, although not considered explicitly, can be included in the detuning of the pump and SHG modes (A, and
Awg). See Section IV for details. Quantum fluctuation of the pump and signal bands is also not included because we are only
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FIG. S3: Estimate of the photo-induced x(z). The inferred nonlinearity as a function of pump depletion is given by the red line (Eq. 9).
In our work, the pump is deeply depleted by ~ 72 % (Section V), indicated by the vertical black line. The intersection of the black and red
lines gives a solution of (0.20 £ 0.04) pm/V (dashed black line) for the second-order nonlinearity. The error is propagated from the one-stand
derivation uncertainties in conversion efficiencies and optical quality factors. The blue line represents a plot of Eq. 8 with Aw,, = I'yp.



interested in the classical regime. When considered in steady-state in the continuous-wave case, Egs. (2)-(3) reduce to:
[A@p + (Tp/2)*]Up + 7 UpUs = LpPo, ®)
(A0 + (T /2)2)Us = 47°U, )

In the perturbative (small signal without pump depletion) regime, the second term in Eq. (8) can be neglected and system
response is linearized, therefore resulting in the SHG efficiency:

1—‘cs rgp
Awg + (Tis/2)? A2 + (T /2)2)

N= Pao/ P = 47 (10

When the pump is depleted, that is, Y < I'ip/As, Eqgs. (8)-(9) lead to a nonlinear dependence on Up. We solve this equation
graphically in Fig. S3, and retrieve a Xz = (0.20 & 0.04) pm/V, where the error is propagated from the uncertainties in conversion
efficiencies and optical quality factors. This value corresponds to a DC field of (0.6 + 0.1) MV/cm, using %3 =339 x
1072'm?/V? as the third-order nonlinearity*. The error is propagated from the one-standard-deviation uncertainty in estimating
xF- This estimation assumes that DC field is a uniform radial electric field, and that pump and SHG fibre-chip coupling and
laser detuning (i.e., frequency matching) are all optimized in the experiment. This Xr value is near the lower end of previous
Si3Ny4 photogalvanic results®~, which range from 0.3 pm/V to 3.7 pm/V. The electric field is estimated to be (0.6 &= 0.1) MV/cm,
which is = 15 % to 20 % of the electric breakdown voltage of SisN4 !0, ie., 3 MV/cm to 4 MV/cm. Our induced nonlinearity
is currently limited by pump depletion and likely can be further improved. For example, in previous work!!, the applied field
is 0.25 MV/cm, which is 62.5 % of the electric breakdown voltage of Si (0.40 MV/cm). Operation near the breakdown field of
silicon nitride, e.g., 4 MV/cm, suggests an upper bound estimate of 1.3 pm/V as potentially accessible in our system.

The SHG process could be more power efficient if the device has a higher Q or larger FSR (smaller volume), which enhances
the light intensity in time or space, respectively. However, since a larger device typically has a higher Q and smaller FSR (larger
volume), it remains to be investigated what the optimized device size is. Besides the consideration of Q and FSR, a larger device
is easier to work with in terms of frequency and phase matching.

III. DEVICE SIMULATION AND FABRICATION
In this section, we provide extra data for the device dispersion and coupling. In the main text, the two optical modes used
in the experiment have radial and azimuthal mode numbers of (1, 154) for the pump mode and (3, 308) for the SHG mode.
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FIG. S4: Device parameters. a, Schematic of the SHG device. Two waveguides are used to couple pump and SHG light separately. Three
parameters control the dispersion of the microring: thickness (H), microring width (RW), and microring radius (RR). Two parameters are
needed to define the coupling to the straight waveguide (wg.): waveguide width (W) and gap (G). b, The simulated frequency mismatch (Av)
of pump and SHG modes with mode numbers of (1, 154) and (3, 308), respectively. The device with H = 600 nm and RW = 1200 nm has
the smallest frequency mismatch of -150 GHz. ¢, A parameter table for the typical geometries studied in the main text. d, The simulated
gap-dependent coupling with various waveguide widths for both pump (1560 nm) and SHG (780 nm) light.



We calculate the frequency mismatch of these two modes by finite-element method (FEM) simulation, as shown in Fig. S4(b),
where the ring width (RW) and thickness (H) vary while the ring radius (RR) is fixed. The FEM simulation is carried out
using a fully vectorial eigenmode solver on a radial cross-section (2D) with m-th (m = 154, 308 for pump, signal respectively)
azimuthal symmetry. The nominal device structure has RW = 1200 nm, H = 600 nm, and RR = 23 um and its frequency
mismatch Av = vg — 2v,, = -150 GHz. This frequency mismatch is sensitive to device geometries (e.g., RW and H) and can be
tuned by rates of 3(Av)/ORW =2 44 GHz/nm and 3(Av)/8H = 50 GHz/nm. The device used in the experiments has a frequency
mismatch of 7.7 GHz, which is small enough to be compensated for in practice via thermal and Kerr effects (Section IV). Two
waveguides are used to couple the pump and SHG modes separately, as shown in Fig. S4(a). The coupling calculation is carried
out separately with a coupled mode theory approach!?. The nominal device parameters of the coupling waveguides are given in
(c). The nominal parameters yield coupling Q = 10° for both pump (left) and SHG (right) modes, as shown in Fig. S4(d).

The device layout was done with the Nanolithography Toolbox, a free software package developed by the NIST Center for
Nanoscale Science and Technology'3. The Si3Ny layer is deposited by low-pressure chemical vapor deposition on top of a 3 um
thick thermal SiO; layer on a 100 mm diameter Si wafer. The wavelength-dependent refractive index and the thickness of the
layers are measured using a spectroscopic ellipsometer, with the data fit to an extended Sellmeier model. The device pattern
is created in positive-tone resist by electron-beam lithography. The pattern is then transferred to Si3Ny4 by reactive ion etching
using a CF4/CHF; chemistry. The device is chemically cleaned to remove deposited polymer and remnant resist, and then
annealed at 1100 °C in a N environment for 4 hours. An oxide lift-off process is performed so that the microrings have an air
cladding on top while the input/output edge-coupler waveguides have SiO, on top to form more symmetric modes for coupling
to optical fibres. The facets of the chip are then polished for lensed-fibre coupling. After being polished, the chip is annealed
again at 1100 °C in a N; environment for 4 hours.

IV. THERMAL SHIFT

We measure the thermal shift of the pump and SHG modes by temperature tuning as shown in Fig. S5. At room temperature (=
21.9 °C), the SHG wavelength (778.877 nm) is 15.5 pm smaller than half of the pump wavelength (1557.785 nm). However, the
thermal shift rate of the SHG mode (11.11 pm/°C) is larger than half of the rate of the pump mode (10.525 pm/°C). Therefore,
this mismatch can be compensated at a rate of 0.585 pm/°C by heating the device. Thus, at 46.4 °C, these two modes are
matched in the cold cavity. Here we only consider the frequency shift through temperature tuning in the cold cavity case, that is,
the optical power causes no thermo-optic bistability. In the pumped cavity, the optical power creates heat inside the microring by
increasing the temperature of the device locally. Moreover, the optical power also induces a Kerr shift, which is larger for cross-
phase modulation on the SHG mode than self-phase modulation on the pump mode, and also helps compensate the frequency
mismatch. In the experiment, as shown in Fig. 3(a), the cavity is found to match well at ~ 1558.10 nm, with temperature of
27.8 °C, where both thermal and Kerr effects contribute to realizing frequency matching.
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FIG. S5: Thermal shift to compensate frequency mismatch. At room temperature (= 21.9 °C), the SHG wavelength is ~ 15.5 pm smaller
than half of the pump wavelength. The thermal shifts of the SHG mode and pump mode are different, so that at 46.4 °C, these two modes can
match (within 1 pm). The measurements are done in the cold cavity case, where the optical power is small and causes no thermo-optic or Kerr
shifts.



V. ADDITIONAL DATA

In the main text, we show the comparison of SHG conversion efficiency normalized by the pump power. We show here
the absolute conversion efficiency Pag ye/Pwwg in the experiment, as well as the conversion efficiency normalized to dropped
pump power (i.e., pump power coupled into the cavity), P we/Po.caviry- Each data point is optimized in pump detuning by the
backwards tuning method described in the main text. The absolute conversion efficiency, that is, SHG power versus pump power
in the waveguide (on chip), Prq v/ Po,wg» T€aches up to = 22 %, as shown in Fig. S6(a). As shown in Fig. S6(b), the conversion
efficiency normalized to the dropped pump power is as high as Po yg/Pu cavicy = 36 %. As the SHG mode is close to critical
coupling (Fig. 2(b)), so that Prg cavity = 2 Pag,we> UP t0 Pog caviry/ Po,cavity = 72 % of the pump light is depleted inside the cavity.
Such depletion explains why the optimization requires backward tuning, and also why it is not stable beyond this optimized
point when tuned further in the backward direction. We note that, in the main text, we typically use the pump and SHG powers
in the waveguide (unless explicitly specified otherwise), because these values are more relevant to practical applications. For

theoretical estimate of ng) and the DC field, however, pump and SHG intra-cavity powers are more relevant.

We point out that the estimates of ng) and Epc in this work (and other previous works) assume a uniform distribution of

the electric field in the radial direction (in the waveguide case, along the waveguide cross-section’s lateral dimension), and this
might not reflect the true field pattern. Therefore, the estimates of ng) and Epc made in this work are meant for qualitative
comparison purposes only, and their accuracy requires further investigation on the detailed behavior of the DC modes.

VI. COMPARISON TO %(? PLATFORMS

In the main text, we have shown that our SHG result is the most power efficient within the context of silicon photonics. In this
section, we compare our results to state-of-the-art x(z) results. To do so, we consider recently reported results for periodically-
poled lithium niobate (PPLN) microrings'# and aluminum nitride (AIN) microrings .

We use three metrics for SHG: peak normalized conversion efficiency (units of %/W), absolute conversion efficiency (units
of %), and on-chip output power (units of mW). It is important to consider all three metrics for the following reasons: (1)
peak normalized efficiency is often used in the community to relate against conventional SHG. However, in nanophotonic
implementations it is not necessarily the best metric, as this efficiency is often only available at very low powers (too low
to produce a useful output signal); (2) peak absolute efficiency gives a better sense of how well the device performs in an
application, but it is unclear under what pump power this efficiency is reached; (3) Maximum on-chip output power gives a
sense of the strength of the available SHG output to be used in detection.

We have tabulated our performance against the papers the referee mentions below. Though our peak normalized efficiency is
one to two orders of magnitude lower, our absolute peak conversion efficiency is actually a bit higher. In addition, the output
power we achieve is comparable to the results from the AIN platform, particularly taking into account the efficiency at which
this output power is achieved. Although the relative importance of the different metrics will depend on the specific application
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FIG. S6: Absolute SHG conversion efficiencies. a, Absolute SHG conversion efficiency, determined by the ratio of SHG power versus pump
power in the waveguides on chip. b, Absolute SHG efficiency normalized to dropped pump power into the microring. The errobars in (a)
represent one-standard deviation uncertainties from the calibration of the on-chip power.



TABLE S1: A comparison of our photo-induced SHG results with state-of-the-art PPLN and AIN works.

Platform Peak normalized efficiency Peak conversion efficiency Output power @ Normalized efficiency
Si3Ny microring 2,500 %/W 22 % 22 mW @ 1,000 %/W
PPLN microring!4* 250,000 %/W 15 % 0.017 mW @ 250,000 %/W
AIN microring!? 17,000 %/W 17 % 10 mW @ 100 %/W
AIN microring'® 16,000 %/W 21 % ~¢ 1 mW @ 4,200 %/W
PPLN mm-cavity!’ ~° 4,500 %/W 50 % 123 mW @ 2,000 %/W

* Another recent PPLN microring work'8 is close in peak normalized efficiency, but smaller in peak conversion efficiency and output power. ¢ Not explicitly
claimed, but estimated from data plotted in the references.

at hand, this comparison helps put our results into perspective, namely, that photo-induced SHG in silicon nitride microrings can
have performance approaching that of the best (2 platforms shown to date.
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