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Nonlinear harmonic generation is widely used to extend the emission wavelength of laser sources. These devices typically require
high peak powers to generate sufficient nonlinear optical response. Here, we demonstrate experimentally and analyse theoretically
continuous-wave, visible emission from a silica microresonator on a silicon chip by third-harmonic generation. Emission is observed
with pump powers of less than 300 uW, and is verified to scale cubically with pump power. We also observe third-order sum-frequency
generation and mixing of the pump with a concomitant Raman laser within the same structure, giving rise to emission of various
colours. In addition to providing low-power operation, this result opens the possibility of silicon microphotonic emitters spanning
all the way down to the ultraviolet and operating continuously.

Silica glass has laid the foundation of the photonic revolution a

over the past decades as its durability and low optical loss over

a broad spectral window has enabled light transmission over

long distances by optical fibres. In this capacity, silica’s role is

both passive and active as erbium-based-fibre amplifiers'™ are

essential for signal regeneration. Moreover, silica is a mainstay

of optical technology on-a-chip*®, including recent efforts to

create new complementary metal-oxide—semiconductor (CMOS)-

compatible optical device technologies (that is, silicon photonics).

Furthermore, photonic-crystal fibre%” has paved the way for new Pump in | l
. . . . (~1,500 nm)

phenomena and technologies useful for manipulation of light.

In these new frontiers of silica-based applications, important

underlying themes are to leverage a perfected technology (modern

telecommunications in the 1.5 pm band and CMOS electronics) for

potential new gains. In this paper, this idea is extended in a new

way demonstrating a silica-on-silicon microplatform that links the

telecommunications window to the visible spectrum.

Here, we demonstrate experimentally for the first time broadly
tuneable, visible, continuous emission from a silica microphotonic
device by third-harmonic (TH) generation. The micro-emitter is
a CMOS-compatible silicon-photonic-based device, made of pure
silica on a silicon chip. Third-harmonic emission in silica has been
studied in the context of optical fibres®. However, the principle of
operation in the current work extends previous work on nonlinear
resonant enhancement in high-quality-factor optical microcavities.
In particular, we build on the work of Chang who pioneered
visible emission by using the TH nonlinearity in droplets®!. Our
work also extends other liquid droplet work'? as well as other
nonlinear phenomena studied in liquids'™ and solid spheres" and
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later in toroidal resonators'®. The visible TH is different to that of
semiconductor sources".

Third-harmonic light is observable at only 300 uW of pump
power operating at room temperature. Phase matching is achieved
by compensation of the material dispersion by the dispersion of the
cavity modes. The ability to produce 500 nm light from a 1,500 nm
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Figure 1 Experimental set-up. a, Infrared pump (of 300 kHz bandwidth)
evanescently coupled to a microring cavity by a tapered fibre, generating visible TH
emission. The TH emission is monitored by a camera, detector and a spectrum
analyser. b, Left: The tapered fibre via which the pump is evanescently coupled into
the ring cavity. Right: Top and side view of the cavity; TH power is visible in the
side view.
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Figure 2 Experimental results. a, Measured spectrum showing the 517.4 nm TH (blue) of the 1,553.9 pump (red). The inset photograph was taken during the spectral
measurement. The TH and the pump are not to the same scale. b, Measured TH power as a function of the pump input power. The solid curve is a cubic power fit to the data.
The inset photograph taken at an input power of 300 uW demonstrates that even at this low power, TH is observable. The error bars provide the standard deviation over
~200 data points. The error in x is smaller than the point size. Toroid major and minor radii are 13 and 3.26 um, and the quality factor was measured to be 2 x 107

at 1,500 nm.

pump, linking the mature capabilities of the near-infrared telecom
sources directly to the centre of the visible band, is of particular
interest. More generally, here the very broad silica window also
enables the experimental demonstration of multicolour emission
from the same device, allowing arbitrary-colour emission from
a single platform. The potential capability to produce ultraviolet
radiation is also significant.

Silica can function as a short-wavelength source as generation
of the TH signal allows emission at three times the pump
frequency, thereby conveniently linking the telecom band to the
visible spectrum. Generally, third-order effects are masked by
the much stronger® second-order effects”® . An exception is
centrosymmetric materials such as amorphous silica in which
inversion symmetry forbids competing second-order processes and
sets the TH process to be the first in line.

The TH power scales as pump-intensity cubed, and in resonant
cavities, this cubic relation translates to converted power being
proportional to (Q/V)’, where Q is the cavity quality factor
(inversely proportional to optical loss) and V is the volume of
the optical mode. Therefore, reducing size and optical losses in
a microresonator device will dramatically enhance the TH signal.
Furthermore, as other competing phenomena generally scale as
(Q/V)", where n < 3, the TH signal is not only absolutely
intensified when Q/V is increased but is also enhanced in
comparison with other optical phenomena.

The experiment takes advantage of resonance enhancement
in an ultrahigh-Q microresonator made of silica* (Fig. 1). The
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pump is coupled into the cavity via a fibre taper waveguide®?*.

To give a scale for the resonant enhancement achieved here, cavity
Q and diameter are such that 1 mW of pump power launched
on the optical fibre gives rise to 300 W circulating power in the
cavity. This circulating power is concentrated to a typical modal
cross-sectional area of only 2 um?, thereby creating an intensity
of approximately 10" W m™2. Measurements on the TH signal are
done by collecting the TH light scattered from the cavity, or the TH
light coupled via the taper (Fig. 1). The tapered coupler is designed
for efficient coupling of the infrared pump. Although this coupler
is not phase matched in the visible region, it does allow enough
coupling of TH radiation to confirm physical aspects of the TH
mechanism (for example, spectrum, pump power dependence).
With the motivation of being able to efficiently couple both the
infrared pump and the visible signal, we are now developing a
wavelength-independent fibre coupler?.

A typical measured emission spectrum is shown in Fig. 2a. In
this case, pumping at 1,553.9 nm creates a TH signal occurring
at 517.4nm, deviating only 0.1% from the expected wavelength
(1,553.9/3); deviation here is comparable to the spectrum
analysers’ resolution limit of 0.4 nm. No other emission lines were
observed within the spectrum analysers’ range (190-1,700 nm),
demonstrating experimentally that TH emission is possible with no
competition from other processes. The other processes are Raman
and parametric oscillation''®, which exhibit a clear threshold
pump power. Hence, by adjusting the threshold for either process,
TH emission can occur unfettered. The suppression of parametric
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Figure 3 Observation of directional emission of the TH signal. Although the visible scattering is uniform around the ring, scattering is mainly forward and hence collected
by the camera from a limited region. a,b, When the tapered fibre is coupled from behind the cavity (a), the pump circulates in the clockwise direction. In this case, the TH
signal also has a clockwise circulation (b). Note that the double image results from the mirror image (in both b and d) of the resonator reflecting from the surface of the
silicon wafer. ¢,d, When the pump is switched to rotate anticlockwise (by simply moving the tapered fibre to the other side of the cavity (¢)), then the signal scattering is
switched to the left-hand cavity side (d) indicating that the signal has switched its direction to co-circulate with the pump.

effects is well understood and involves adjustment of the toroidal
aspect ratio as described in ref. 16. Furthermore, because Raman
oscillation occurs in a distinct band of wavelengths in relation
to the pump wave, controlling Raman emission by increasing
its threshold (and without adverse effects on the TH process) is
possible by introducing resonant absorption or resonant scattering
in selected bands. The use of rare earths or the introduction of
holographic index gratings, both of which have been successfully
incorporated in either toroids® or silica microspheres®”, would
provide two possible means to achieve this result. For example,
the incorporation of erbium® would lower the Q (and hence raise
the threshold) for Raman over a band near 1,500 nm. This would,
in turn, free up operation from about 1,320 to 1,420 nm for TH
pumping (with a corresponding emission from 450 to 473 nm).
Gratings” could provide the opportunity to tune scattering (and
thereby selectively Q spoil) of any desired band.

Measurement of the TH emission power as a function of pump
power is shown in Fig. 2b. A logarithmic fit of the data gives an
x** dependency of the TH signal on the pump power, deviating
only 1.5% from the expected x* behaviour, and further confirming
the TH nature of the process. From this cubic power dependency
(and also from the measured spectra in Fig. 2a), we conclude that
other effects, if they co-exist, were at least two orders of magnitude
lower than the TH. The inset in Fig. 2b was taken at a pump power
of less than 300 uW, demonstrating that even at low input power
levels the TH signal is easily observable.
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Another important feature of the TH emission is its direction.
The basic principle of linear momentum conservation in the TH
process imposes a requirement that clockwise circulating pump
waves induce clockwise emission and vice versa (experimentally
verified in Fig. 3). Confirmation of phase matching in a coarse,
directional sense (as above) raises the question of precisely how
phase matching occurs over such a broad wavelength range (that
is, the near-infrared to visible range). Expressing the field in
cylindrical coordinates as E;(r, z)eli*=#i® (E;(r, z) is calculated
numerically with a vectorial finite-difference mode solver assuming
axial symmetry), momentum is conserved when the number of TH
wavelengths along the circumference is three times that of the pump
(B = 3B,). Although it is easy to find such a pair that satisfies
momentum conservation, energy conservation (wry = 3w,) is
not a priori satisfied as dispersion generally causes the pump to
circulate faster than the TH signal. More precisely, the generated
TH power for the selected pair Bry = 38, is:
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Here coupled-mode theory (for review, see ref. 30) is used for the
case of a cavity with third-order nonlinearity and optical losses.
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Figure 4 Phase matching between the infrared pump and the visible TH. a, Calculated normalized frequency mismatch between the pump mode and various TH modes
versus TH wavelength. The intersection of the red line with the abscissa represents phase matching of the seventh visible TH mode with the pump fundamental infrared
mode. The modes are numerically calculated for the cavity that was experimentally tested in Fig. 2b, where only symmetrical transverse-magnetic modes were considered.
All pump-TH pairs satisfy momentum conservation (8w = 38,), and at the intersection with the abscissa, propagation constants were S, = 270 and 8, = 90. The green
line illustrates the effect of increasing the cavity size by 10% on the phase-matching condition. The lines consist of a discrete set of resonances separated by a free spectral
range of ~1 nm (to represent this fact, the lines are dotted). b, Electric-field distribution for the pump fundamental infrared mode. The colour bar indicates the relative
intensities. ¢, Electric-field distribution for the seventh visible TH mode. d—f, A proposal for a future experiment. d, Adding a high-index layer (green) will allow phase
matching between the fundamental TH and pump modes. e, Plot of normalized frequency mismatch between the fundamental pump and the TH mode as a function of the
thickness of the high-index layer. The intersection with ‘zero’ represents phase matching. f, Calculated radial field distribution of the pump (red, top) and the TH (blue, bottom)
drawn over the approximate effective potential where the grey (solid), green (dotted) and black (dashed) lines represent silica, Si*N* and air.

n is the refractive index, x® is the third-order susceptibility,
&y is the vacuum permittivity, A is the optical wavelength and
1o =377 2. P and Q are the coupled power and quality factor. A
is the mode area calculated by integrating the normalized field over
the plane transverse to the propagation direction (the r, z plane).
The scaling Q,/(2mr) reflects the power build-up factor (that
is, circulating power/input power), whereas the 1/A, dependence
reflects the fact that it is intensity that counts in the TH process.
The cubic dependence of the TH power on circulating pump
intensity is evident from the second term. The numerator of the
last term is the spatial overlap integral between the electric field
of the pump and the TH field. The last-term denominator, which
accounts for the effect of dispersion-induced phase mismatch (as
given by Aw = 3w, — wry) in the resonant system, is of special
interest. In particular, the phase difference between the pump
and the TH (Awtry) acquired during the TH photon lifetime
(tru) should be small for proper phase matching. An important
degree of freedom, in this regard, is the existence of high-order
transverse modes for the TH signal. In Fig. 4a, we calculate Aw
for various TH transverse modes that satisfy By = 38,. When
the TH mode order is high enough, TH mode dispersion via
extension into the air cladding can fully compensate material and
waveguide dispersion. Furthermore, Fig. 4a also shows that the
wavelength of the optimal matching can be controlled through
adjustment of the cavity dimensions. Such mode-match techniques
have been used in optical fibres®”'; furthermore, the fact that clad—
core index contrast here (An = 0.46) is much higher than in
fibres is important in helping to compensate dispersion by using
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high-order TH modes. As expected, we experimentally observe in
Fig. 5a (with a high-numerical-aperture lens) that all of the TH
modes exhibited internal nodes (that is, non-fundamental mode),
although the precise number of nodes was not easily resolved.

This method of phase matching has several disadvantages. In
particular, the complex structure of the TH mode reduces its
spatial overlap with the pump and also with the fibre taper used
to couple to the toroid. Furthermore, the high-order TH mode
of the toroid does not phase match well to the fibre taper when
the fibre taper is, itself, first phase matched to the infrared pump
wave. The combination of these factors weighs heavily on the fibre—
taper coupling efficiency of the TH wave. In particular, whereas
the pump wave enjoys an excellent efficiency (in excess of 90%
from the fibre input), the TH coupling efficiency is in the range of
1%. In this regard, excitation of an appropriately phase-matched,
TH, fundamental transverse mode would be highly preferable. An
alternative structure shown in Fig.4d can provide a means to
address this issue. In this toroidal resonator, a sandwiched layer
of high-index Si*N* core is (chemical-vapour) deposited between
a toroidal silica core and an outer layer of silica, as shown in
the figure. In Fig. 4e, we calculate Aw/w, (for a mode pair with
Bru =3p,) as a function of the nitride layer width. The intersection
with the abscissa gives the width required for phase matching; and
the calculated field distribution in Fig. 4f possesses overlap between
TH and pump modes that is much better than for the mode-match
method (from Fig. 4a). The TH mode ‘fundamental’ transverse
profile also overlaps well with the fibre taper structure. Here, a
quantum-mechanical analogy®?, provided by plotting the ‘effective’
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Figure 5 Experimental observation of internal modes and multicolour generation. a, Use of a high-numerical-aperture objective allows imaging internal node structure in
the TH mode. We note that the fine mode structures are difficult to image. The white lines represent the approximate geometry of the toroid cross-section. b, A unidirectional
signal is generated by a unidirectional pump. ¢, Two, identical, counter-rotating pumps give rise to two counter-rotating signals. d, Two different pumps that also counter
rotate are giving rise to two counter-rotating signals of different colour.
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Figure 6 Measured spectra showing third-order sum-frequency generation where two 1,674 nm photons are summed with one 1,553 nm photon to generate
emission at 542 nm. The inset photograph was taken during the spectral measurement; the signal and pump are not to the same scale.

optical potential (along the radial direction) perceived by the  spherical coordinates to approximate the situation, Fig. 4f reveals a
modes in the silica/nitride microcavity, is useful in understanding  double-welled potential in which the TH wave populates the outer
the function of the nitride layer. Using the wave equation in  well, whereas the pump wave populates the (high-index silicon
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nitride) inner well (and hence is selectively slowed down). Using
equation (1), the efficiency for this Si’N* core device (Fig. 4d) can
be as high as 53% for a 140 uyW pump (Q, is the one measured
in Fig. 2b; Qry is assumed to be equal to Q, and the wavelength-
dependent refractive indices for the Si*N* and SiO* were taken from
ref. 33). This efficiency is high enough that pump depletion (which
has not been included in the analysis) would undoubtedly be a
factor even at these relatively low input powers. Developing this
multilayer technology is beyond the scope of this article and is a
matter for future research.

The broad silica transmission window has the virtue of
not limiting the device to a single colour output. This is
shown experimentally in Fig. 5b—d where several colours are
photographed from the same device. Simultaneous, two-colour
emission is also shown in Fig. 5d. In a similar manner, more than
two colours could be generated within the same device to synthesize
arbitrary-colour emission originating from a single platform. Yet
another degree of freedom here is the possibility to generate not
only the TH signal but also the third-order sum frequency from
two (or even three) different pump wavelengths: one such example
measured here (Fig. 6) is the generation of emission at 544 nm
by summation of two different frequencies from a pump and
concomitant Raman signal (2/1,674+1/1,553 =1/544).

To summarize, we demonstrated a durable device that exploits
TH generation for continuous visible emission. In addition to the
observation of continuous-wave TH emission, we did not observe
any Q degradation or damage to the devices, even using pump
intensities as high as 1 W (using an erbium-fibre amplifier to
boost the power of the pump laser). Although the devices used
here are currently unique in terms of providing ultrahigh Q in
a wafer-compatible, microscale platform, the sustained trend in
Q/V microcavity performance® > suggests that similar devices
over a wide range of platform types will soon be possible. In
particular, a non-reflow strategy to achieve Q factors of 50 million
has recently been demonstrated”. Such an approach simplifies
process compatibility with CMOSs. Recent advances in high-Q
photonic-crystal microresonators® are also intriguing, as such
structures achieve very high Q/V and could potentially provide
dispersion engineering techniques useful to address phase matching
of the pump and TH signal. Therefore, we consider the present
embodiment demonstrated here as being just one of many
possibilities that will be enabled by continued progress within the
broad field of microcavity research. Finally, a natural extension of
this work will be the use of the broad silica transmission band to
generate tuneable, ultraviolet emission using the present device.
Because of the cubic pump-band Q-factor dependence, efficient
emission into the deep-ultraviolet band (for example, 780 nm
sources to 260 nm TH) should be possible using this silica-based
structure. Furthermore, the emitting platform is not limited to be
made of silica and, in principle, any transparent centrosymmetric
material can be used; among these materials, CaF, is of particular
interest as high-Q cavities made of this material (CaF,) were
already demonstrated experimentally®® and it possesses capabilities
for extreme-ultraviolet emission as its transparency window goes
down to 160 nm. In the future, replacing the 1,550 nm source with
a 780 nm input to obtain ultraviolet TH will also allow shrinking of
the cavity by the same ratio without suffering increased radiation
loss. As TH scales with (QA/V)?, this size reduction means a
higher efficiency conversion (assuming similar Q) when compared
with the current visible result. Even though current Q factors are
not limited by silica’s intrinsic loss, this component of Q will
probably be higher in the ultraviolet region. Hence, the same
size scaling effect can help to extend efficient operation into the
ultraviolet region.
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