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Abstract: We demonstrate supercontinuum (SC) generation at both 1550
nm and 1288 nm in a compact (< 5mm2) 45 cm spiral waveguide composed
of CMOS-compatible doped high-index glass. While both wavelengths
have weak dispersion and are near zero dispersion points, they present
different symmetries. At 1550nm, the normal dispersion regime takes place
at longer wavelengths, whereas at 1290nm it is at shorter wavelengths, and
we observe features in the SC spectra that clearly reflect this. In particular,
the spectrum at 1550 nm is more than 300 nm wide (limited by detection)
and is well reproduced by simulations based on the measured dispersion.
This work represents a practical on-chip broadband wavelength source with
potential use in many important applications.
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1. Introduction
Supercontinuum (SC) generation describes the creation of ultra-broadband spectra using
spectrally narrow pulses, and has applications to multi-wavelength and tunable sources,
spectroscopy, bio-imaging, pulse compression, optical coherence tomography and many
others (see [1] and references therein). In particular, an integrated SC source would be
invaluable for modern wavelength-division multiplexing (WDM) systems, where a single
laser employed with spectral filters could replace several laser sources, thereby reducing
costs, complexity and size. On a more fundamental level, SC generation is of interest to
researchers in nonlinear optics since it involves a rich tapestry of many different processes,
such as self-phase modulation (SPM), cross-phase modulation (XPM), four-wave mixing
(FWM), soliton fission, Raman self-frequency shift (SFS), and the generation of Cherenkov
radiation [1]. Much of this research has traditionally been performed in silica photonic crystal
fibers (PCFs) [1, 2] and tapered fibers [3–6]. To achieve SC generation in shorter lengths and
lower powers, nonlinear glasses have also been used in PCFs [7, 8] and in fiber tapers [9, 10].
More recently, on-chip SC generation has been reported [11–13], which can potentially
lead to integrated devices with compact footprints for low-cost mass-production. Silicon
waveguides have a very high nonlinear index (n2 = 5 x 10−14 cm2/W [14]), however they also
have relatively high linear losses (compared with glass) and nonlinear losses, characterized by
intrinsic two-photon absorption and the subsequently induced free carrier absorption, both of
which limit the spectral broadening [15]. Chalcogenide glass waveguides, such as As2S3, also
have a high n2 (n2 = 3 x 10−14 cm2/W [16]) while exhibiting very low two-photon absorption.
Recently, silicon nitride has also been shown to be a promising platform for nonlinear optics
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[17, 18], with an n2 approximately ten times larger than in silica glass and an index contrast of
25%.
In this paper, we demonstrate SC generation in a 45cm long high-index doped silica glass
spiral waveguide. Our waveguide core has a Kerr nonlinearity approximately five times
higher than that of pure silica (n2 = 1.1 x 10−15 cm2/W) [19], matched by a very low linear loss
coefficient, negligible nonlinear losses, and a very tight modal confinement afforded by the
high index contrast (compared to silica fibers) [20], leading to a nonlinearity parameter (γ) of
~ 220 W−1 km−1, roughly 200 times that of standard single mode fibers. Our very low linear
losses, much lower than those achievable in silicon or even chalcogenide glass waveguides,
allow very long spiral waveguides while maintaining a small device footprint. Moreover, our
waveguides are transparent from the near-infrared to the ultra-violet, and hence offer greater
potential in terms of a much broader continuum generation than in semiconductors or even
chalcogenides. A number of interesting applications have previously been demonstrated in
this material platform, including the detection of biomolecules [21], the fabrication of very
high order filters (80 dB extinction ratio) [22], as well as low-power nonlinear CW
wavelength conversion via four-wave mixing [23,24] and an integrated multi-wavelength
hyper-parametric oscillator [25]. Here, we demonstrate SC generation at two wavelengths 1550 nm and 1290 nm – both of which are in weak dispersion regions, each near a zerodispersion point (ZDP) characterized by different third order dispersions. At 1550 nm, the
normal dispersion regime is at longer wavelengths, whereas at 1290nm it lies at shorter
wavelengths. We achieve very broad output spectra at both wavelengths, exceeding 300 nm
(at −20 dB) for an excitation centered at 1550nm and more than 350 nm when launching at a
central wavelength of 1288 nm. Because the dispersion environment at the two ZDPs is
reversed, we observe a significantly different spectral evolution at the two wavelengths, with
the spectra at 1288 nm showing clearer soliton fission and Raman self-frequency shifting than
the ones observed at 1550 nm.
2. Device
The high-index glass spiral waveguide used in our experiments has a cross-sectional core area
of 1.45 x 1.5 µm2 contained on a footprint area as small as 2.25×2.25 mm2, as shown in Fig.
1. The core refractive index at 1550nm is 1.7, producing an index contrast with the cladding
region (standard fused silica glass) of 17%, in turn allowing for bend radii down to 40µm with
negligible loss. Linear propagation losses were estimated to be as small as 0.06dB/cm [19], a
result of the advanced CMOS-compatible fabrication process, whereas on-chip coupling
losses from single mode fiber pigtails yield a very low loss of < 1.5dB / facet.
The dispersion of these waveguides was previously [23] measured by fitting the resonance
wavelengths of a 135µm diameter ring resonator (with the same waveguide cross-section as
the spiral reported here) to a 4th order polynomial with the aim to obtain the propagation
constant β from 1460nm to 1640nm. The group velocity dispersion was then calculated as
GVD = β2 = d2β/dω2, where ω is the angular frequency of the propagating light. We found
that the waveguide dispersion was not affected by bending, either in the rings or spirals, and
this was confirmed numerically using RSoft FemSIMTM. The dispersion curves for both the
fundamental quasi-TE and quasi-TM modes are depicted by the solids lines in Fig. 2. The
zero-dispersion points were obtained at λ = 1560nm and 1595nm for the quasi-TM and quasiTE modes, respectively, in agreement with the modal analysis of the waveguide. The overall
dispersion is dominated by the waveguide geometry – as the material dispersion is very low.
As described in [26], we would expect two ZDPs for a step-index waveguide, and our fit
predicts another ZDP near 1300 nm, as shown by the dashed lines in Fig. 2. It is important to
note that the uncertainty in the projected dispersion outside of the experimental wavelength
range of 1460-1640nm is somewhat large due to the strong sensitivity to the fourth order
dispersion term, β4 . By fitting the measured dispersion over this range to a 4th order
polynomial, we extract a β4 of 3.5 x10−3 ps4 km−1 [23] with an uncertainty of roughly a factor
of 2, and the dispersion near the 1300nm ZDP represents the projection based on this value.
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Anomalous dispersion exists between the two ZDPs, which is particularly significant for SC
generation. Indeed, as it is described in [1], SC relies on a complicated cascade of many
nonlinear interactions, including four-wave mixing. When the phase matching conditions are
met, the FWM process can lead to broadband generation of new spectral components, thereby
contributing significantly to the overall continuum. It can be shown [24] that the ideal phase
matching conditions requires the pump to be placed in a slightly anomalous regime (as the
phase matching is a result of the combination of the dispersion and power contributions).
Thus, we observed SC spectra when light is launched near each of the predicted ZDPs.

Fig. 1. (a) Scanning electron microscopy image of the cross-section of the high-index
waveguide prior to the final deposition of the SiO2 upper cladding. (b) Theoretical mode
profile and (c) Top-down schematic view of the 45cm long spiral waveguide.

Fig. 2. Dispersion curves for the quasi-TE and quasi-TM modes. The shaded region indicates
the experimentally measured wavelength range (solid lines); the dispersion is extrapolated
outside this region (dashed lines). The two input pulse wavelengths are illustrated by the
vertical arrows.
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3. Experiment
The pump source used in our experiments was a Spectra Physics optical parametric oscillator
(OPO) generating 100 fs (200fs at 1300nm) long pulses (measured by autocorrelation
assuming a Gaussian profile) at a 80 MHz repetition rate. The spectral bandwidth of the pump
was 110 nm at 1550 nm (all widths here are measured at −20 dB), and 55 nm at 1288 nm.
Polarized pulses from the OPO were passed through a linear variable attenuator and then
coupled into a single mode fiber, followed by a reference tap using a 99/1 fiber coupler to
allow us to monitor the input power. The output of the waveguide was then directed to an
optical spectrum analyzer, and the resulting spectra were recorded for input peak pump
powers ranging from 0 to 1.7kW.
4. Results: super-continuum generation at 1550 nm
The experimental output spectra for the first series of measurements with the pump
wavelength at 1550 nm are presented in Fig. 3(a) for different input peak powers. At the
lowest input powers the pulse undergoes negligible spectral broadening on the scale of the SC
spectrum, and so the output spectra reflect the input spectra. As the power is increased, the
beam acquires self-phase modulation and the spectrum increases in width with increasing
input power [27]. At an input peak power of 1450 W, however, the spectrum widens
dramatically towards both the short and long wavelength sides, with the appearance of a new
spectral feature near 1450 nm. A further increase in pump power results in a spectral width of
more than 300 nm. We observed that some of the more subtle features in the SC spectrum
were polarization dependent, but the significant, broad, features – particularly the overall
width of the spectrum, were independent of polarization. This is not unexpected since the
quasi-TE and quasi-TM polarizations have similar dispersion characteristics on the scale of
the SC spectrum (Fig. 2). We verified theoretically that the contribution to spectral
broadening from the 1.5m input fiber pigtail was negligible, by including nonlinear effects
that are well understood at these power levels in standard SMF [27].
An important part of the evolution of the spectral broadening is soliton fission and
dispersive (Cherenkov) radiation. The propagation is expected to be extremely nonlinear with
a soliton number greater than 10 (for the highest peak power used in our experiments) [27],
whereas the soliton fission length [1] is expected to be on the order of the waveguide length.
Simulations were performed in order to verify this, using a generalized slowly-varying
envelope approach [27]:
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where the electric field of the pulse is defined as E = A(z,t) F(x,y) exp(-iω0t + iβ0z), and F(x,y)
is the transverse modal electromagnetic distribution (found through the use of a finite-element
mode solver), A(z,t) is the slowly varying envelope centered at an angular frequency ω0 and
with propagation constant β0 at ω0, respectively, α is the linear propagation loss (0.06 dB/cm),
R(T) is the Raman response function, T is the time frame moving with the pulse group
velocity (T = t - z/vg) and γ is the nonlinear parameter (= 0.22 m−1W−1 [16]). The Raman
response of our waveguides has yet to be accurately measured, and so we used the Raman
response of fused silica as a starting point in our simulations. A Gaussian input envelope,
with a small chirp (C = −0.1) to fit both the spectral width and the autocorrelated pulse width,
was propagated in the quasi-TE mode in our simulations with β2 = 10.5 ps2/km, β3 = 0.26
ps3/km, and β4 = 0.0035 ps4/km at λ = 1550 nm. This value for β4 in particular is about a
factor of 2 lower than that reported in [25] but is within experimental uncertainty, given the
larger error bars for the high order terms.
As it can be seen in Fig. 3(b), the simulations show the general behavior of the
experimentally observed spectral broadening. Whereas the features leading to
supercontinuum generation were hard to discern experimentally, simulations provided us with
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a good understanding of the contributions from the various nonlinear phenomena involved.
As the input pulse propagates, it begins to break apart temporally into its constituent
fundamental solitons. Initially this is a slow process, resulting in interference fringes as the
solitons shift spectrally due to stimulated self-Raman scattering. At an input power near 1450
W, we observe soliton fission, where the rate of this process increases rapidly with increasing
input power, and the spectrum becomes much broader. This is accompanied by dispersive
wave generation in the normal dispersion regime at longer wavelengths (our measurements
were limited by our spectrometer to below 1700nm). Due to the proximity of the ZDP, FWM
and modulation instability contribute to the energy transfer at shorter wavelengths. The lowpower spectral features observed experimentally between 1350 and 1450 nm (Fig. 3a) were
not modeled in our simulations since these were spurious contributions from the OPO not
associated with the optical pump pulses. We found, both theoretically and experimentally,
that these did not to contribute significantly to the SC process.
5. Results: super-continuum generation at 1288 nm

In contrast to the previous section, when pumping at 1288 nm the normal dispersion regime
lies at shorter wavelengths. This situation is in fact typical of most reported demonstrations of
SC generation, where many of the phenomena associated with SC generation are observed,
such as soliton fission, Raman self-frequency shifting and Cherenkov radiation, and we can
see a number of similarly interesting features in the experimental spectra shown in Fig. 4.
With a transform limited pulse of 200fs FWHM, and an estimated 50-60% coupling
efficiency, the maximum coupled peak power was ~1 kW. Thus, supercontinuum generation
is initiated at much lower powers when pumping at 1288nm than when pumping near
1550nm, implying a shorter soliton fission length. This could be due to the waveguide having
a larger dispersion than that estimated by extrapolation from the measured data. An easily
recognizable feature in the spectrum is soliton self-frequency shift due to Raman scattering,
marked as A. While it is difficult to observe the dispersive wave on the short wavelength side,
the growing spectra at the far side of the 1560 nm ZDP, marked as B on Fig. 4, can be
interpreted as dispersive radiation, since this grows in the long-wavelength normal dispersion
regime. All of these processes contribute to a 350 nm-wide spectrum (at −20 dB) at the
maximum power.
Note that we have not shown theoretical results for pumping at 1288nm. The dispersion of
the waveguide in this wavelength range was not measured directly but estimated by
extrapolating the dispersion measurements at 1460nm-1640nm. We did do simulations to help
our own understanding but given the rather large uncertainty due to the sensitivity to higher
order dispersion terms (β4) we did not see the merit in explicitly showing the results.
In terms of the achievable limits of the SC broadened spectra, in both of the experiments
(1288nm and 1550nm pump wavelengths) we found that the spectral broadening was limited
only by the input power of the source, with both sets of spectra still increasing in width at the
highest power levels used in the experiments. On the long wavelength side, the theory
predicts spectral broadening substantially beyond the limit of our measurement capability
(which was 1700nm, determined by the spectral response of the optical spectrum analyzer
(OSA)) - out to near 2000nm - at the higher power levels used in the experiments. Beyond
this, it is possible that bend loss and/or material absorption due to phonon resonances could
become a limiting factor, but this needs further experimental investigation, and indeed the
possibility of achieving mid IR SC generation in these devices is an intriguing possibility. For
the short wavelength limit, we also expect, in principle, to be able to achieve novel and useful
SC generation even into the visible wavelength range, since, unlike silicon, our waveguides
are transparent into the ultra-violet, although the exact nature of the spectral evolution may be
complicated by the waveguide becoming multimoded. At the highest power levels, the spectra
in Fig. 4 in fact do extend to shorter wavelengths located beyond the wavelength range
studied in this work. Investigating the true extent of the possibility for SC generation into the
visible wavelength range in this device will be the subject of future work.
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Fig. 3. (a) Experimental and (b) simulated output spectra as a function of coupled peak power
for optical pump pulses at 1550 nm. The offset between spectra is proportional to the peak
power.
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Fig. 4. Experimental output spectra for different input peak powers at 1288 nm. The offset
between spectra is proportional to the peak power. (A) and (B) are features described in the
text.

5. Conclusions

We demonstrate SC generation in an integrated, CMOS compatible, 45cm long high index
doped silica glass spiral waveguide. We perform SC experiments both in a weak normal and
in a weak anomalous dispersion regime, at 1288 nm and 1550 nm respectively. This was
found to have a significant impact on the processes contributing to the SC spectra. We
obtained a SC spectral width of more than 300 nm at both 1290 nm and 1550 nm. The
dispersion of these high-index glass waveguides should allow for SC generation via the
injection of relatively high peak power pulses at any wavelength between these ZDPs.
Additionally, due to the extended transparency window of our waveguides (reaching visible
wavelengths), it should be also possible to achieve SC generation at much shorter
wavelengths by engineering the waveguide ZDPs, thus creating visible SC sources.
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