Supercontinuum generation in tantalum
pentoxide waveguides for pump wavelengths in
the 900 nm to 1500 nm spectral region

JONATHAN R C Woobs,!" JAKE DAYKIN,' AMY S K TONG,?
CoSIMO LACAVA,2 PERIKLIS PETROPOULOS,?2 ANNE C TROPPER,'
PETER HORAK,2 JAMES S WILKINSON, 2 AND VASILIS
AposToLoprouLos’

1School of Physics and Astronomy, University of Southampton, University Road, Southampton, Hampshire,
SO17 1BJ, UK
20ptoelectr0nics Research Centre, University of Southampton, University Road, Southampton, Hampshire,

S0O17 1BJ, UK
*J.Woods @ soton.ac.uk

Abstract: We characterize the spectral broadening performance in silica clad and unclad
Tantalum pentoxide (TayOs) waveguides as a function of the input pulse central wavelength
and polarization, sweeping over a wavelength range from 900 nm to 1500 nm, with an average
incident power of 110 mW. The waveguides are 0.7 pm high and between 2.2 and 3.2 um wide,
and the SiO, top cladding layer is 2 um thick. We model the dispersion of the higher order spatial
modes, and use numerical simulations based on the generalized nonlinear Schrodinger equation
to analyze the nonlinear behaviour of the spatial modes within the waveguides as well as the
dispersive effects observed in the experiments. We achieve octave spanning supercontinuum
with an average power of 175 mW incident on the waveguide at 1000 nm pump wavelength.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

During the last two decades, supercontinuum and frequency comb generation through spectral
broadening in waveguide and micro-resonator systems has developed into a rich field of
research [1-6]. Planar waveguides offer small guiding areas and large index contrast between core
and cladding, leading to high modal confinement, increased effective nonlinear coefficient and
reduced bend loss. In the context of nonlinear optics, and in the limit of sufficiently low coupling
and propagation losses, tight guiding corresponds to high nonlinear conversion efficiencies.
Furthermore, careful design of waveguide geometry can facilitate tailoring of the second order
dispersion profiles. When combined, these properties provide a platform where supercontinuum
generation may be achieved in only a few millimeters of pulse propagation within the waveguides,
and Kerr comb generation may be achieved in exceptionally high repetition rate micro-resonators.
Among the various material systems, some waveguide materials may also be fabricated with a
CMOS compatible process, enabling low cost, mass producible fabrication in existing facilities.

Materials used in the fabrication of planar waveguides and micro-resonators include Si, SiO,,
Ge, SiON, Si3Ny, AIN, AlGaAs, and TayOs [1,7-10]: of which Tantalum pentoxide (or tantala)
has recently observed a spike in interest [11-15]. It is reported that Ta;Os has an optical
nonlinearity coefficient n, of approximately 3x that of SizNy [16, 17], as well as a thermo-optical
coefficient an order of magnitude lower than Si3N4 and two orders of magnitude lower than
Si [18-20]. Tantala also exhibits a broad transparency window between 300 nm and 8000 nm, a
high bandgap energy of 3.8 eV - which facilitates exceptionally low nonlinear 2-photon absorption
- and is also among the materials whose fabrication is CMOS compatible. Until 2017, the
lowest reported propagation loss in a Ta,Os5 waveguide stood at 0.06 dB/cm [12], which utilised
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waveguide cores fabricated from SiO;-TaOs. A record low propagation loss of 0.03 dB/cm was
reported in reference [14] where, owing to the very thin tantala waveguide layer, a large portion
of mode profile propagates in the SiO, cladding layer, which would make this geometry exhibit a
reduced effective nonlinear coefficient. An often overlooked yet fundamental advantage of tantala
as a material for waveguide fabrication is its ability to host rare-earth ions, which enables the
fabrication of waveguide optical amplifiers. To date, tantala waveguides have been demonstrated
to lase with Er, Yb, and Nd [21-23].

The majority of previous reports of spectral broadening in tantala planar waveguides have
explored specific waveguide geometries with a fixed pumping carrier wavelength [15,24-26].
Chaipiboonwong et al presented a numerical study of spectral broadening in rectangular Ta;O5
waveguides in the visible to NIR region (400 - 950 nm), over multiple spatial modes [25], and
the importance of the dispersion of higher order spatial modes when designing waveguides
is highlighted. We present an experimental and numerical characterisation of the spectral
broadening performance in silica (top) clad as well as unclad Ta,O5 waveguides as a function
of the input pulse central wavelength and polarisation, sweeping over a wavelength range
from 900 nm to 1500 nm. We discuss the experimental results using the calculated dispersion
curves of the guided (spatial) modes in the experimentally explored pump central wavelength
range, and we present numerical simulations of the generalized nonlinear Schrédinger equation
(GNLSE) [27,28] to further understand the waveguide system. Inverse tapers and indeed other
engineered waveguide coupling mechanisms have been incorporated into waveguide designs with
good success in the literature [29,30]. However, the addition of sub-pm coupling geometries
adds further degrees of experimental freedom and therefore complexity. Our intention here is to
avoid using waveguides of sub-um dimensions since they are very sensitive to fabrication errors.
We have studied an alternative and simple system of fully etched tantala waveguides between 2.2
and 3.2 ym wide for the entire wavelength range under investigation. With the chosen materials
and geometry, single mode operation throughout the pump wavelength range is not possible. An
objective intrinsic to this work is to investigate whether we can predict, in this waveguide system,
the spectral broadening performance of waveguides that support multiple spatial mode operation.
As Ta;Os5 combines high nonlinearity with the capability of implementing lasers with output
wavelengths in the range of 1 to 2.2 um, there is scope that it can be an appropriate material for
integrated supercontinuum generation in an extended wavelength range.

2. Waveguide fabrication and experimental setup

Our fabrication process begins with 4" silicon wafers with a 2.5 um thick thermal oxide layer
on the top (polished) face. On top of this silica layer we deposit the desired thickness of Ta;Os

Fig. 1: Tantalum pentoxide waveguide fabrication schematic, depicting the clad and unclad
waveguides that we have fabricated by RF sputtering and annealing a tantalum pentoxide layer on
top of a thermally oxidised silicon wafer. We have fabricated waveguides that are 0.7 um high
and between 2.2 and 3.2 ym wide. BC: bottom cladding, TC: top cladding, Si: Silicon, SiO;:
Silicon Dioxide, Ta;Os: Tantalum pentoxide.
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Fig. 2: Experimental apparatus showing how the laser pump was coupled into our waveguide
system and the coupling to the optical spectrum analyser.

by RF sputtering, and anneal at 600 °C for 2 hours in an oxygen atmosphere for improved
stoichiometry and to relieve stress in the film. The sputtering conditions are the same as those
used for the fabrication of the low loss erbium-doped Ta;Os slab waveguides presented in [31].
Resist (ZEP-520A) is spin-coated on the wafer before e-beam lithography is used to pattern the
waveguides. The wafers are then (fully) etched by ion beam milling to generate the spatial profile
of the waveguides, see figure 1. At this point, in order to achieve buried (clad) waveguides from
the existing ridge (unclad) waveguides, a 2 um thick layer of SiO, is deposited by RF sputtering.
The waveguides are isolated from the rest of the wafer by dicing, and the end faces are polished
to achieve a good optical coupling interface. We have measured the losses in similar waveguides
to those used in our experiments by performing a Fabry-Perot cavity spectral measurement of
the light at the output of the waveguide [32] using a narrow linewidth, tunable external cavity
diode laser around 1550 nm emitting on a single fundamental spatial mode. Our measurements
on a comparable 0.7 x 2 um thick, SiO, clad waveguide show that the propagation loss is ~
1.4 dB/cm. Furthermore, since the higher order spatial modes that we investigate in this work
will usually have greater propagation loss, we expect that the loss measurement represents only a
lower limit. During numerical modelling, we use propagation loss values between 3 and 4 dB/cm
for the cladded waveguides. We expect that the propagation losses to be increased for unclad
waveguides due to the sidewall surface roughness. Indeed comparison between the NLSE model
output and the 2.2 X 0.7 um unclad waveguides revealed that the values for the propagation loss
were typically higher in order to achieve the closest matches; in the range of 5 - 6.5 dB/cm.

The experimental configuration used for this work is given schematically in figure 2. In order
to investigate the spectral broadening behavior of the waveguides as a function of the pump pulse
central wavelength, we use a Coherent Chameleon laser and optical parametric oscillator (OPO)
as a highly tunable source of mode-locked laser pulses. The Chameleon system is capable of
generating 150 fs pulses at 80 MHz repetition rate with a Ti:Sapphire laser oscillator, where the
pulse central wavelength is tunable from 750 nm to 1050 nm. The long wavelength region may
be extended into the near IR with the use of the OPO, which gives us access to the wavelength
range between 1050 nm and ~1500 nm. While the OPO system provides mode-locked pulses in
this extended frequency range, a side effect is marginal broadening of the pulse temporal profile
to < 200 fs. Throughout this work, we use the term pump wavelength, which refers to the central
(carrier) wavelength of the mode-locked pulses that are coupled to the tantala waveguides.

The bypass and signal outputs from the OPO are aligned coaxially before entering a variable
power controller (VPC) used to attenuate the average beam power down to 150 mW. Once
attenuated, a half waveplate (HWP) is used to select the TE and TM polarisations before the
beam is directed through a 40X microscope objective (NA =0.75) for coupling to the waveguide.
At the output of the waveguides, a single 4.5 mm focal length aspherical lens (NA =0.55) is
used to collect and collimate the emitted light which, subsequently, is coupled to a multimode
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Fig. 3: Demonstration of an octave spanning supercontinuum spectrum emitted from a
2.6 um X 0.7 um, SiO, clad waveguide. Approximately 175 mW of average power was incident
on the input waveguide facet in the TM polarisation.

fiber and input into the Optical Spectrum Analyser (OSA). It should be noted that 150 mW is
the measured power before the microscope objective. The transmission through this objective
reduces the incident power on the entrance facet of the waveguide to approximately 110 mW.

3. Spectral broadening performance

We have compared the spectral broadening performance of silica clad and unclad tantala
waveguides using a mode-locked laser pump source over a range of central wavelengths from
900 to 1500 nm, using the system shown in figure 2. When designing a waveguide geometry
there is a range of desirable characteristics, such as high mode overlap with the nonlinear region,
low propagation loss, efficient power coupling, single mode operation and high refractive index
contrast. It is quite challenging to satisfy all these attributes especially when a wide wavelength
range is investigated as it is here. We have generally investigated waveguides between 2.2 and
3.2 ym wide and ~ 18 mm in length.

Our initial result in figure 3 was taken using a 2.6 um X 0.7 um, SiO; clad waveguide, where
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Fig. 4: Optical spectra collected for a 3.2 um wide, SiO; clad waveguide in the (a) TM and (b)
TE polarisations, and with 110 mW of average pulse power at the input facet to the waveguide.
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Fig. 5: Optical spectra collected for a 2.2 um wide, unclad waveguide in the TM and TE
polarisations, and with 110 mW of average pulse power at the input facet to the waveguide.

we achieved an octave spanning emission at around the noise level using an average power of
175 mW incident on the waveguide. The input beam was orientated in the TM polarisation and
the pump wavelength was 1000 nm. The results are shown in figure 3, where a comparison is
made between the collected emission spectrum of the waveguide and the shape of the input pulse
spectrum.

In figures 4 and 5, the spectral broadening performance as a function of the pump wavelength
is shown for the 3.2 x 0.7 um, SiO, clad waveguide and the 2.2 x 0.7 um, unclad waveguide.
In each case, the sub-figures (a) and (b) correspond to the input polarisation aligned in the
TM and TE orientations (normal and parallel to the waveguide substrate plane) respectively.
In both waveguide geometries, it is clear that spectral broadening is increased by the shorter
pump wavelength for the TM whereas the TE polarisation conversely shows increased spectral
broadening for longer pump wavelengths.

The average power of 175 mW at the waveguide entrance face was not achievable throughout
the whole pump wavelength range however, and since the objective of this work is to characterise
the dependence on pump wavelength, a reduced pump average power was opted for. The results
presented in figures 4 and 5 use 110 mW of incident average power in order to maximise the
range over which a constant pump power can be generated, and to avoid damaging the waveguide
end-facets.

Regarding the insertion losses, we measure the power incident on the front facet of the
waveguide in each case (110 mW), and measure the total collected power after the waveguide. For
the 3.2 X 0.7 um, SiO; clad guide, the mean value for the collected power at the waveguide output
across the pump wavelength range is 1.2 +0.07 mW for the TM polarisation, and 1.1+ 0.07 mW
for the TE polarisation. Similarly, the mean collected powers for the 2.2 X 0.7 pm unclad
waveguide output are 0.3 = 0.02mW for the TM polarisation, and 0.5 + 0.05 mW for the TE
polarisation. The above power values for the 3.2 x 0.7 um, SiO, clad waveguide correspond
to insertion losses of 19.6dB for the TM polarisation, and 20.0 dB for the TE polarisation.
Similarly, insertion losses for the 2.2 x 0.7 um, unclad waveguide correspond to 25.6 dB for
the TM polarisation, and 23.4 dB for the TE polarisation. It is expected that the unclad guide
will have a higher coupling loss due to its asymmetric mode profile and a higher propagation
loss because of the higher refractive index contrast and possibly higher roughness. For a given
waveguide geometry, both the spatial mode order and wavelength will affect both coupling and
propagation losses. We anticipate our losses will be increased by the ion beam milling which
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Fig. 6: Modelled second order dispersion against wavelength for different spatial modes and
polarizations. (a) 3.2 um wide, SiO; clad waveguide, and (b) 2.2 um wide, unclad waveguide.

gives rise to non-negligible roughness to the waveguide side walls, thereby contributing to the
propagation (scattering) loss. In light of this, investigation into reactive gas assisted ion beam
milling is in progress. In this study to deconvolve and experimentally quantify the two main
sources of loss, namely the coupling and propagation losses we would need to measure the loss
as a function of wavelength and as a function of waveguide mode. This is a very difficult task
and consequently we use the waveguide coupled power (coupling loss) and propagation loss as
free parameters in the nonlinear numerical modelling presented in section 4.

4. Dispersion and Nonlinear Schrédinger equation simulations

In order to interpret the results we have used the commercial software package Lumerical to
simulate our waveguides and obtain group velocity dispersion curves. Due to the high refractive
index of the tantala waveguide layer, the waveguides exhibit multimode behavior throughout our
pump wavelength range. Figure 6a shows the simulated dispersion parameter, D (ps/nm/km),
for the 3.2 X 0.7 um, SiO, clad waveguide geometry. The zero-dispersion wavelength (ZDW) for
the TM fundamental mode is approximately 1150 nm, whereas the TE fundamental mode does
not exhibit anomalous dispersion in this pump wavelength range. It can also be seen that all the
TM polarisation spatial modes exhibit ZDWs that are significantly blue shifted when compared
with the equivalent spatial mode order for the TE polarisation modes. Furthermore, in Figure 6
from the higher order modes in both the TE and TM polarisations, it can be seen that the ZDW
blue-shifts significantly.

Figure 6b shows similar results for the dispersion for each spatial mode of the 2.2 X 0.7 ym
unclad waveguide. In this case, the fundamental TE spatial mode does become anomalous, and
crosses zero dispersion at approximately 1350 nm. The dispersion curves show a similar trend
to that of the clad waveguides shown in figure 6a but shifted towards shorter wavelengths. For
instance, the fundamental TM mode dispersion becomes anomalous at the significantly shorter
wavelength of 950 nm.

In order to achieve the most efficient spectral broadening in the waveguide, it is generally
accepted that the pump wavelength should be in the weakly anomalous dispersion regime. For
a target pump wavelength of 1 pm it is clear that, for the TM polarisation fundamental spatial
mode inside the waveguide, the unclad waveguide is best suited to supercontinuum generation.
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Fig. 7: Simulations of the nonlinear Schrodinger equation for a launched power of 7.5 mW and
propagation loss of 2 dB/cm for the first three TM modes in the 1000 and 1500 nm central pump
wavelengths for the 3.2 X 0.7 um SiO, clad waveguide.

However, from a perspective of propagation loss minimisation, an overcladding layer on the
waveguide is desirable in order to decrease losses due to surface roughness. The overcladding
also improves the symmetry and increases the size of the waveguide modes which potentially
decreases coupling loss.

We compare our experimentally observed supercontinuum spectra with numerical simulations
of the generalised nonlinear Schrodinger equation (GNLSE) using a split-step Fourier method with
automatic step-size control [27,28]. The simulations assume the optical nonlinearity of Ta,Os to
be independent of wavelength and spatial mode, and has the value n, = 7.23 x 1071 m*/W [16].
Specifically in figure 7 we used a wavelength-independent propagation loss of 2 dB/cm, an
estimated power launched in the waveguides of 7.5 mW (which assumes a coupling loss of
~12dB), and the dispersion curves as presented above. Our simulation of the pulse spectral
evolution as a function of propagation distance in a 3.2 X 0.7 um, SiO; clad waveguide is shown
in figure 7 for the three lowest order (TM polarisation) spatial modes at pump wavelengths of
1000 and 1500 nm.

Figure 7 shows that significant broadening in the region of 1000 nm is achieved by the TMq,
mode whereas at 1500 nm broadening can be achieved by the TMy and TMy; modes. Therefore,
based on our simulations of the dispersion curves, as well as from the solution of the GNLSE,
significant spectral broadening at short wavelengths is mostly attributed to higher order modes
and at long wavelengths low order modes provide better spectral broadening performance.

Plots depicting the power spectrum of the optical pulse as a surface, such as those in figure 7,
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Fig. 8: Comparison of experimental data for spectral broadening in a 3.2 x 0.7 um SiO; clad
waveguide at a pump wavelength of 1050 nm and the GNLSE-based simulation of the three
lowest order propagating spatial modes at 1050 nm. The model free parameters and the specific
values used for each simulation are given in the caption for each subfigure.

show the spectral evolution as a function of distance. However, as we are unable to observe
experimentally the optical spectrum at positions within the waveguide, we compare measured
optical spectra with simulated spectra at the output of the waveguide. In figures 8 and 9 we
show comparisons of experimentally and numerically obtained spectra for the 3.2 X 0.7 um, SiO;
clad waveguide at various pump wavelengths for both polarisation states. In these plots the final
calculated pulse spectrum from the GNLSE model is compared directly to the OSA trace, where
the dispersion curves from figure 6a are used intrinsically in the GNLSE model. We have assumed
that the experimental losses between the waveguide end facet and the input to the fiber coupled
OSA are negligible. In figures 8 and 9 the variable parameters used in generating simulations to
match the experimental spectra acquired are the spatial mode order, propagation loss (between
3 dB/cm and 4 dB/cm) and coupled optical power. Specifically in figure 9, comparison is made
between experimental data and only the best matching simulated spatial mode in each case, i.e.
the modelled spectrum is chosen based on how well each spatial mode represents the overall
shape of the data.

In figure 8 we show a comparison of the modelled and experimental spectral data at 1050 nm
pump wavelength propagating in the 3.2 X 0.7 um, SiO, clad waveguide. In this figure, sub-
figures (a) - (c) represent the TMyyg,01,02 modes respectively. Clearly the TMy, spatial mode best
represents the overall shape of the recorded optical spectrum in terms of the coarse shape, and
exhibits coupling to the dispersive wave at the blue end of the spectrum.

Figure 9 shows the comparison between the recorded data over a 200 nm region from 1000
- 1200 nm for the TM polarisation and 1100 - 1300 nm for the TE polarisation, and the best
matching model results for the same range. With reference to figures 4a and 4b, we chose
the ranges around the pump wavelength at which the TM (TE) polarisation state exhibits a
deterioration (improvement) of the spectral broadening performance with increasing pump
wavelength.

5. Discussion

In the case of the clad waveguides, the TM polarisation experimental results are shown in
figure 4a. At the shortest pump wavelength of 900 nm, the predominant mechanism for spectral
broadening is that of high order soliton fission, with phase matching to the dispersive wave
across the ZDW giving rise to the peak in the emission spectrum at around 800 nm [27]. The
total spectral width of the supercontinuum generation here is approximately 500 nm, having
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Fig. 9: Comparison of experimental data for spectral broadening in a 3.2 x 0.7 um SiO; clad
waveguide at multiple pump wavelengths and over both polarisation states, and the GNLSE-based
simulation of the same experimental parameters. In each case the three free parameters for the
simulations are shown on each sub-figure. In the cases of sub-figures 9b, e, 9f, it is likely
that the experimental spectra are comprised of optical power that is coupled into more than one
waveguide spatial mode.

broadened asymmetrically around the 900 nm pump wavelength. The presence of the dispersive
wave at the blue end of the spectrum in figure 4a implies that the 900 nm pump wavelength
resides in the anomalous region of the modal dispersion within the waveguide. From figures 6a
and 6b we can see that the ZDWs are significantly blue shifted for higher order modes. Therefore,
taking into account the dispersion curves shown in figure 6, it is expected that the majority of the
optical power is coupled to a spatial mode other than the fundamental. This is also supported
in figures 7a, 7b, and 7c where it is shown that only higher order modes achieve significant
spectral broadening at shorter wavelengths. Figures 8a, 8b, and 8c demonstrate the comparison
of the data recorded for the pump wavelength of 1050 nm with the three simulated lowest order
spatial modes. It is clear from the figures that the TMy, best represents the majority of the salient
spectral features. In figure 4a at pump wavelengths between 1100 nm and 1175 nm, it is likely
that the optical power coupling to lower order modes starts to dominate. Furthermore, this is
also supported in figure 9 where, in sub-figures 9a, 9b, and 9c, there is a transition from 1000 to
1200 nm from the TM, to TMy;. It is also very likely that for the 1.1 um pump wavelength the
emission spectrum consists of a superposition of coupled spatial modes. For pump wavelengths
longer than 1250 nm and up to 1500 nm, the spectral behavior typically exhibits a relatively
narrow degree of spectral broadening, around 200 - 300 nm at the noise level, and the rounded,
smoother spectral shape is indicative of low order soliton propagation. Behaviour of this nature



is typically associated with pumping within the anomalous region of the spectral dispersion.
Comparison of the experimental results with the simulations of figures 7d, 7e, and 7f supports
our interpretation that at 1500 nm pump wavelength the spectrum is mainly generated in the
fundamental TM mode since the TM(y; mode would provide much wider broadening and at
1500 nm wavelength we are unlikely to couple into the TMg, mode.

Considering now the TE polarisation for the 3.2 x 0.7 um, SiO, clad waveguide which is
shown in figure 4b, we observe spectral behavior that is consistent with optical coupling into a
higher order spatial mode in the range from 900 - 1300 nm. Between pump wavelengths of 900
- 1100 nm, the spectra exhibit behavior consistent with broadening via self phase modulation. As
the pump wavelength increases towards 1200 - 1300 nm, the spectral width increases dramatically
as we approach, and likely cross, the zero dispersion wavelength of the TEj; mode, as shown in
figure 6a. In figures 9d, 9e, and 9f we see that the TE(; can approximate the data throughout
the wavelength range. Due to the complexity of the simulated system, it is not possible to try to
match the experiment perfectly. Beyond this region, when pumping towards 1400 - 1500 nm,
the spectral broadening performance drops and the spectrum smooths. Similarly to the TM
polarisation, it is believed that we are coupling into the fundamental TE mode.

In general, it was found that the unclad waveguides were less efficient in generating supercon-
tinuum, for both input polarisation states, as can be seen in figure 5a and 5b. This is not due to
the dispersion of the unclad waveguides (figure 6b), but rather likely because of a higher coupling
loss owing to the smaller spatial mode volume, and a higher propagation loss caused by the tantala
layer top surface roughness. The spectral broadening performance of the 2.2 X 0.7 um unclad
waveguide exhibits a similar pattern of behavior, despite the noticeable drop in the degree of
absolute spectral broadening. In figure 5a, shorter wavelengths show significantly better spectral
broadening performance. Furthermore, at the pump wavelength of 925 nm, the same brief
narrowing behavior is observed as in figure 4a, before broadening again to approximately 500 nm
at the noise level. Similarly the TE polarisation in figure 5b exhibits better performance for
wavelengths above 1200 nm: behavior that is comparable to the clad waveguide shown in figure
4. At pump wavelengths greater than 1050 nm, the spectral broadening drops to approximately
200 - 300 nm at the noise level, and it is expected that again we are coupling in the anomalous
dispersion regime. The unclad waveguides had the advantage that their ZDW was blue shifted
in relation to the clad waveguides; however, we believe that the high losses resulted in reduced
overall spectral broadening for the same incident power.

Our analysis has shown that the combination of waveguide simulation (the commercial program
Lumerical, in our case) and NLSE provide results of sufficient accuracy for the reliable design
of tantala waveguides that can be used to generate nonlinear spectral broadening over a wide
wavelength range. Furthermore, through the appropriate use of polarisation and propagating
spatial mode order, our results show that it is possible to generate broadband supercontinuum in
a single, above sub-micron dimension waveguide, for pump wavelengths ranging from at least
900 nm to 1400 nm.

6. Conclusion

We have presented a study of the spectral broadening behavior in both SiO; clad and unclad
tantalum pentoxide waveguides, as a function of pump wavelength and pump polarisation state,
and have shown that broadband supercontinuum can be generated with only <10 mW of coupled
average power. Owing to the dimensions of the core region of the guides under test, single
fundamental spatial mode propagation is not possible over the entire pump wavelength range.
Nevertheless, despite the waveguide core dimensions, our modelling and experimental results
shows not only a very good agreement for the spectral broadening behavior of higher order spatial
mode propagation, but also that our fabricated waveguides match, with sufficient accuracy, to
the calculated dispersion curves. Furthermore we have demonstrated that, owing to propagation



in a higher order spatial mode, the anomalous dispersion region can be reached with SiO,
clad waveguides, and in a future design we believe that a continuous octave spanning spectrum
performance can be achieved over the range of 900 - 1500 nm. For similar waveguide dimensions
presented in this work, partially etched profiles will enable us to approach single mode operation
and adequate coupling efficiency.

All data supporting this study are openly available from the University of Southampton
repository at: https://doi.org/10.5258/SOTON/D1529
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