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We experimentally demonstrate efficient and broadband
supercontinuum generation in nonlinear tantala (Ta2O5)
waveguides using a 1560 nm femtosecond seed laser. With
incident pulse energies as low as 100 pJ, we create spectra
spanning up to 1.6 octaves across the visible and infrared.
Fabricated devices feature propagation losses as low as
10 dB/m, and they can be dispersion engineered through
lithographic patterning for specific applications. We show a
waveguide design suitable for low-power self-referencing of
a fiber frequency comb that produces dispersive-wave radia-
tion directly at the second-harmonic wavelength of the seed
laser. A fiber-connectorized, hermetically sealed module
with 2 dB per facet insertion loss and watt-level average-
power handling is also described. Highly efficient and fully
packaged tantala waveguides may open new possibilities for
the integration of nonlinear nanophotonics into systems for
precision timing, quantum science, biological imaging, and
remote sensing. © 2020 Optical Society of America

https://doi.org/10.1364/OL.396950

Nonlinear waveguides based on integrated photonics can
enable broadband and coherent supercontinuum genera-
tion (SCG) with picojoule pulse energies [1–4]. Leveraging
nanoscale fabrication techniques, these waveguides can reduce
the size, complexity, and power consumption associated with
spectral broadening compared to traditionally used nonlin-
ear fibers. Moreover, dispersion engineering via changes to
the waveguide geometry can enable fine optimization of the
output spectrum specific for individual applications [5–7].
While sub-micrometer dimensions are a key feature for non-
linear waveguides, they require the use of precision multi-axis
positioning stages for alignment to standard free-space or
fiber-coupled laser systems. A compact and sturdy packaging
solution that does not compromise coupling efficiency is nec-
essary for wide adoption of nonlinear SCG waveguides and for
applications outside the laboratory.

Many different nonlinear photonic materials suitable for
broadband SCG are available [8–14]. One particularly promis-
ing option is tantalum pentoxide (Ta2O5, henceforth, tantala)

[15]. Tantala is a commonly used and low-loss optical mate-
rial in high-reflector dielectric Bragg mirrors [16] and has
been demonstrated to support ultra-low waveguide propa-
gation losses below 3 dB/m [17]. It is suited for applications
in broadband nonlinear photonics due to its extremely broad
transparency window spanning from the ultraviolet (300 nm) to
the mid-infrared (8000 nm). Additionally, the nonlinear refrac-
tive index (n2 = 6.2× 1015cm2/W) is three times higher than
silicon nitride, and it has processing temperatures < 550◦C
for back-end compatibility with other integrated-photonics
platforms [18].

In this Letter, we use telecom-wavelength femtosecond seed
pulses at 1550 nm to experimentally demonstrate dispersion-
engineered SCG in tantala waveguides that span 1.6 octaves
across the visible and near-infrared spectral regions. The wave-
guides exhibit low propagation and coupling losses and can have
either an air-clad or fully oxide-clad geometry. We demonstrate
a fully packaged SCG module designed for efficient f -to-2 f
self-referencing of a fiber frequency comb. The module features
an oxide-clad tantala waveguide, polarization-maintaining fiber
leads, and hermetic sealing in a stainless-steel enclosure.

To fabricate the air-clad waveguide devices, we first deposit
tantala to a thickness of 570 nm on a thermally oxidized silicon
substrate via ion-beam sputtering. To reduce propagation losses,
the films are then annealed overnight in a 25% O2 environ-
ment at 550◦C. The mask pattern is transferred to the tantala
layer via electron-beam lithography (EBL) and a subsequent
fluorine-based inductively coupled plasma (ICP) etch. After
substrate cleaning, the wafer is diced into chips via deep reactive
ion etching. To improve coupling to lensed fibers and free-space
optics by increasing the mode size, the air-clad waveguides taper
to a width of 3µm at the facets.

Oxide-clad devices are made in a similar manner, and they
have a tantala layer thickness of 800 nm for optimal dispersion
engineering with telecom-C-band pump sources. Due to the
high etch resistance of tantala and the additional layer thickness
compared to the air-clad devices, we use a two-step etch, includ-
ing a 180 nm titanium hard mask. We create a pattern for the
titanium layer by way of EBL, and we transfer the pattern with
Cl2 plasma etching. The patterned substrate then undergoes
a fluorine plasma etch to pattern the tantala layer. We strip the
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wafer and remaining titanium before we deposit a top SiO2
cladding layer via ICP chemical vapor deposition (ICP-CVD)
to a thickness of 2µm. Then, we perform rapid thermal anneal-
ing at 500◦C for 1 h before dicing to reduce cladding absorption
losses. The oxide-clad devices have inverse tapers at each facet
with a length of 200 µm and a minimum width of 200 nm for
efficient edge coupling.

The experimental schematic for characterizing our tantala
SCG waveguides is shown in Fig. 1(a). We use a mode-locked
all-polarization-maintaining fiber laser, producing 80 fs pulses
with a center wavelength of 1560 nm, an average power of
100 mW, and a repetition rate of 100 MHz as the seed for SCG
[19]. We collimate the laser output in free space; the beam passes
through a half-wave plate and polarizing beam splitter pair for
linear attenuation of the pulses incident on the waveguides. An
aspheric lens with a numerical aperture of 0.6 is used for the
input coupling to the fundamental quasi-transverse-electric
mode of the waveguide. For loss measurements, a second iden-
tical aspheric lens is used to collimate the waveguide ouput to
measure out-coupled power. However, for SCG spectrum mea-
surements, a butt-coupled fluoride multi-mode fiber collects
the waveguide output and delivers it to an optical spectrum
analyzer.

We characterize the per-facet coupling loss (αfacet) and propa-
gation loss (αprop) by fabricating a chip containing multiple
waveguides of varying lengths L , but with identical widths
(w= 1.4 µm) and edge couplers. We wrap the waveguides in
a meandering pattern [see Fig. 1(a)] with a radius of 100 µm to
minimize bend-induced losses. We measure the ratio of incident
laser power Pin to out-coupled power Pout in free space for each
length of waveguide and calculate the losses by fitting a line of
the formα =−10 log(Pin/Pout)= 2αfacet + Lαprop.

Figure 1(b) shows the measured total loss (α) for both air-clad
and oxide-clad waveguides as a function of length. We assume

Fig. 1. Tantala waveguide characterization. (a) Experimental
schematic for SCG measurements. PBS, polarizing beam splitter;
HWP, half-wave plate; MMF, multi-mode fiber; OSA, optical spec-
trum analyzer. (b) Measured waveguide propagation loss for air-clad
(blue) and oxide-clad (red) devices. Dashed lines indicate the extracted
total facet-coupling losses.

the coupling losses are consistent for a few chips produced at the
same time from one wafer; hence, the data all have the same y-
intercept point. We estimate αfacet = 3.4 dB for air-clad devices
and αfacet = 0.7 dB for oxide-clad devices, which have inverse
tapers for mode matching. The fitted slope yields a propagation
loss at 1560 nm of αprop = 0.1 dB/cm for the air-clad wave-
guides and αprop = 1.2 dB/cm for devices with a top oxide
cladding. We attribute the additional absorption losses in the
oxide cladding to a combination of residual contamination from
the titanium mask and to hydrogen impurities originating from
the SiH4 precursor gas used in the ICP-CVD deposition [20].
The SiO2 top-cladding loss could likely be reduced to negligible
levels by instead using a tetraethyl orthosilicate (TEOS)-based
precursor [21] or by directly sputter depositing the oxide film
onto the patterned tantala wafer [17].

Like other material platforms available for high-confinement
nonlinear waveguides, tantala supports broad group-velocity
dispersion (simply dispersion below) engineering capabilities
through control of the geometric dispersion. Figure 2 shows
how the supercontinuum power-spectral density (PSD) in
air-clad 570 nm thick devices can be tuned by changing the
waveguide width alone. For example, the short-wavelength
dispersive wave can be tuned from ∼640 nm at a waveguide
width of 1.2 µm to∼900 nm for a width of 1.7 µm. The input
pulse energy (0.9 nJ) in each case is well beyond the threshold for
soliton fission and is chosen to accentuate the dispersive-wave
shifts. In each case, the plotted spectra are stitched together
using a grating spectrometer for wavelengths <1750 nm and a
Fourier-transform spectrometer for wavelengths >1750 nm.
The plotted PSD is scaled to intra-waveguide levels by adding a
constant offset of+6.7 dB, to account for broadband coupling
losses to the butt-coupled multi-mode collection fiber.

The calculated dispersion for each waveguide in Fig. 2 is
shown in (a) and is obtained from a finite-difference mode

Fig. 2. (a) Calculated waveguide dispersion for 570 nm thick
air-clad devices of varying widths w. (b) Material cross section (not
to scale) for the air-clad tantala waveguides. (c) Experimental super-
continuum PSD from four different waveguide widths at 80 fs pulse
duration and 0.9 nJ/pulse.
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Fig. 3. (a) Calculated waveguide dispersion for 800 nm thick
oxide-clad devices of varying widths w. (b) Material cross section
(not to scale) for the oxide-clad tantala waveguides. (c) Experimental
supercontinuum PSD from four different waveguide widths at 80 fs
pulse duration and 0.9 nJ/pulse.

solver [22], using refractive index data for SiO2 from [23] and
tantala index data measured via ellipsometry. A more precise
understanding of the tantala dispersion and its role in nonlinear
processes, such as SCG, is a goal of future work.

The SCG spectral measurements and dispersion calcula-
tions, repeated for the 800 nm thick oxide-clad waveguides, are
shown in Fig. 3. The dispersion profiles for waveguides of width
>1.5 µm suggest that the long-wavelength dispersive wave in
these devices should extend out to a wavelength of 3000 nm.
However, this is not observed experimentally, likely due to
absorption losses in the oxide cladding [11]. To take advan-
tage of the full mid-infrared transparency window of tantala, a
suspended-ridge geometry could be explored [24].

Low-power f -to-2 f self-referencing of an optical frequency
comb is one application that can benefit from the dispersion
engineering offered by nanophotonic waveguides [3]. By
generating a 780 nm dispersive wave at the second-harmonic
wavelength of the pump laser directly from the waveguide, the
frequency-doubling component of f -to-2 f detection can be
completely decoupled from the SCG. This simplifies the f -to-
2 f detection process in comparison to techniques that double
light from the long-wavelength portion of the SCG spectrum.

In the oxide-clad waveguides, a 780 nm harmonic dispersive
wave corresponds to a waveguide width of 1.45 µm. The wave-
guide output, collected by a lensed fiber, is shown in Fig. 4(a)
as a function of incident laser power by attenuating the beam
with the free-space half-wave plate and polarizer. The plotted
PSD has a + 3.7 dB offset to account for additional coupling
losses in the output lensed fiber and is representative of the intra-
waveguide power levels. Figure 4(b) shows a line-out spectrum
at an incident laser power of 12.0 mW.

Efficient and durable fiber-to-chip coupling interfaces [25–
27] are needed for nonlinear integrated photonics devices to be
used outside of the laboratory. However, SCG waveguides still

Fig. 4. (a) Experimental output spectrum of an oxide-clad wave-
guide designed for f -to-2 f stabilization as a function of incident laser
power. (b) Line-out spectrum at 12.0 mW incident power [dashed
white line in (a)]. Waveguide parameters: w= 1.45 µm, L = 5 mm,
800 nm thickness.

pose critical challenges for photonics packaging since both high
peak and average optical powers must be supported, while also
efficiently coupling large (>10 THz) optical bandwidths.

The packaged tantala waveguide shown in Fig. 5(a) is
designed to produce a 780 nm dispersive wave for f -to-2 f
self-referencing of a low-power 1560 nm fiber frequency comb.
The waveguide itself is fully oxide clad, has a length of 13.4 mm,
a width of 1.45 µm, and a thickness of 800 nm. The stainless-
steel enclosure is hermetically sealed and has a total volume
<12 cm3. The input and output fibers (PM1550 and PM780,
respectively) are polarization maintaining, and we splice them to
1.5 mm segments of ultra-high numerical-aperture fiber (NA=
0.35) for mode matching to the waveguide’s inverse-taper edge
couplers. Each fiber butt-couples to the waveguide facet, and
we hand-apply a small drop of low-shrinkage UV-curable adhe-
sive to each side of the fiber. Because the fiber is pressed tightly
against the chip, no realignment is necessary after applying the
glue. This approach avoids any adhesive interacting with the
optical mode but still maintains a direct bond between the fiber
and chip.

After curing, the PM1550 input fiber has a fiber-to-chip
insertion loss of 2 dB. When pumped at 1560 nm with a 200 pJ
230 fs pulse, the single-mode PM780 output fiber collects
the spectrum shown in Fig. 5(c). The 780 nm dispersive-wave
output exhibits good power stability during extended operation
[power over 23 h period shown in Fig. 5(b)] for reliable comb
stabilization. Figure 5(d) shows the detected offset frequency
after optically heterodyning the output of a similar tantala mod-
ule and 780 nm light generated via second-harmonic generation
of the seed comb in a separate doubling crystal [3].

The package design is capable of withstanding>10 kW peak
powers and>1 W average powers with no loss in coupling per-
formance, though the ultimate performance limits have not yet
been characterized. This wide operating range of optical powers
is an important consideration for scaling SCG to higher repeti-
tion rates where higher average powers are necessary to deliver an
equivalent pulse energy to the waveguide [28].
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Fig. 5. (a) Photo of packaged supercontinuum module with lid
removed. (b) Power stability of the module’s fiber-coupled 780 nm
dispersive wave over 23 h. (c) Output spectrum in PM780 fiber when
pumped at 1560 nm with 230 fs pulses. The pulse energy in the
PM1550 input fiber is 200 pJ. (d) Offset frequency of a 100 MHz
repetition-rate comb detected at 780 nm after broadening in a
packaged tantala waveguide. SNR, signal-to-noise ratio.

Our results suggest that tantala-based nonlinear waveguides
can reduce the power requirements for ultrabroadband non-
linear optical processes at visible and infrared wavelengths.
Further reductions in pulse energy compared to the present
results are expected by fabricating longer waveguides and/or
using shorter pump wavelengths [2,15]. The platform may also
support all-in-one comb stabilization via f –3 f self-referencing
[3], eliminating the need for external frequency doubling in
comb applications. The combination of robust packaging along
with low coupling and propagation losses will support demand-
ing applications outside of the laboratory in the academic,
commercial, and defense sectors.
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