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Abstract: We present an octave spanning supercontinuum (at the -35 dB level) ranging from 1100
nm to 2500 nm in InGaP photonic wire waveguides that are bonded to a silicon substrate and
pumped by an ultrashort pulsed laser centered at 1550 nm.
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1. Introduction

Supercontinuum sources provide broadband, spatially and/or temporally coherent radiation. These properties are
useful for many applications such as spectroscopy, optical coherence tomography, wavelength division multiplexing
etc. Indeed, for these applications wide bandwidth, intense and coherent spectra are desired. An octave spanning
supercontinuum is desired when f-2f interferometric stabilization of a frequency comb is needed [1]. Photonic
crystal fibers have been widely used for supercontinuum generation purposes because of the possibility to achieve a
tailored dispersion profile which can be critical to achieving the widest possible supercontinuum [2]. An integrated
optical approach to supercontinuum generation however, is interesting because of the potential to make these
sources compact, low-cost, efficient and robust. Consequently, approaches for achieving supercontinuum generation
in various on-chip platforms have been investigated, including silicon [3-5], silicon nitride [6] and chalcogenide [7]
waveguide platforms. In general, a large nonlinear refractive index, combined with a large index contrast for
achieving high intensities, low linear and nonlinear losses, and the possibility to engineer the right dispersion profile
and a large transparency window within the wavelength range of interest are desirable. Silicon suffers from large
nonlinear losses at the telecom wavelengths due to two-photon absorption and the associated free carrier absorption
and is not transparent below 1100 nm. Silicon nitride has a relatively low index contrast and nonlinearity. In
contrast, certain III-V materials like AlGaAs and InGaP have large nonlinearities (comparable to or larger than
silicon), a large refractive index comparable to silicon as well as no nonlinear losses from two-photon absorption at
telecom wavelengths due to their larger bandgaps. This enables the use of widely available lasers in the telecom
wavelengths as pump sources. Thus, ITI-V materials are very promising and they have been investigated by several
groups for various nonlinear applications [8, 9].

We have previously reported a new platform for integrated nonlinear optical applications based on high index
contrast InGaP waveguides on a silicon substrate which could enable a variety of integrated nonlinear devices [9].
Here we further demonstrate the efficacy of this approach for nonlinear applications by achieving an octave
spanning supercontinuum ranging from 1100 nm to 2500 nm in 2 mm long waveguides. In section 2 we discuss in
brief the process flow for fabricating the InGaP waveguides on a silicon substrate; in section 3 we present the results
of the supercontinuum generation and in section 4 we discuss the future outlook and conclusions.

2. Fabrication process

Figure 1 summarizes the process for fabricating the InGaP waveguides and partially etched grating couplers on a
silicon substrate. The InGaP layer (grown lattice matched to a GaAs substrate with a 1400 nm thick GaAs sacrificial
layer and a 200 nm thick InGaP etch stop layer in between) is first bonded using Benzocyclobutene (BCB) to a
silicon substrate that has a 3 um thermal oxide layer on top. Before bonding, 200 nm of oxide is deposited using
plasma enhanced chemical vapour deposition (PECVD) on the InGaP layer. The thickness of the BCB bonding layer
can be controlled by its dilution and spinning rate — in this work we use a thick BCB layer of approximately 1 pm.
The BCB is cured at a temperature of 300 °C. The GaAs substrate and sacrificial layer are removed via wet etching
in an oxidizing nitric acid solution of HNO3:H,0,:H,0O in volume ratio of 1:4:1. The InGaP etch stop layer is
removed by a 1:1 volume mixture of HCI and H;PO,. The waveguides are defined by e-beam lithography and etched
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via inductively coupled plasma etching using a HBr:O,:He gas mixture. Grating couplers are etched in a second etch
step because they use a partial etch. The grating couplers are designed for TE polarized light at 1550 nm and have a
3 dB bandwidth of about 45 nm. The waveguides have a linear loss of 12 dB/cm, which can be improved with
further optimization of the etching process in the future. More details about the fabrication can be found in our
previous work [9].
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Fig. 1. The process flow for the fabrication of the InGaP waveguides and shallow etched grating couplers after bonding to a silicon
substrate.

3. Supercontinuum generation

For the supercontinuum generation we pumped a 760 nm wide and 250 nm thick InGaP dispersion engineered
waveguide with a fiber-based modelocked laser emitting a pulse train with a hyperbolic secant pulse shape and a
pulse width of 76 fs at the highest power level. The mechanism of the supercontinuum generation in the
femtosecond regime is soliton fission due to the perturbation from higher order dispersion terms [1, 10]. The
simulated second order dispersion profile of the waveguide is presented in Fig. 2 below, showing that the waveguide
exhibits anomalous dispersion at the pump wavelength of 1550 nm. The inset shows the waveguide cross-section
where we see that the surrounding oxide around the waveguide has been etched by about 200 nm, which is due to
the fact that during the removal of the e-beam lithography mask, the unprotected oxide surrounding the waveguide is
also etched.
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Fig.2. The simulated group velocity dispersion profile of the InGaP waveguide
used in the supercontinuum generation experiment. Inset: Schematic of the
waveguide cross-section.

The buildup of the supercontinuum with increasing coupled-in peak power is shown in fig. 3. As we reported in
[9], these waveguides only suffer from nonlinear losses due to three-photon absorption rather than the much stronger
two-photon absorption as would be the case in silicon at these wavelengths. Hence, we are able to pump these
waveguides much harder without suffering from the adverse effects of nonlinear losses. At the -35 dB level, the
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supercontinuum at the highest pump power (770 W) spans from 1200 nm to 2500 nm which is over an octave of
bandwidth. With a different optical spectrum analyzer, it was observed that the spectrum extended down to 1100
nm.
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Fig. 3. The buildup of the supercontinuum with increasing pump powers — the spectrum at the highest pump power spans
more than an octave of bandwidth at the -35 dB level. Successive plots have been shifted by 20 dB for clarity.

4. Future outlook and conclusions

Apart from the bandwidth and power, another desired property of the supercontinuum is that it is coherent [1, 5].
While several techniques for experimentally measuring the coherence of the supercontinuum exist, one of the easiest
to implement is to interfere successive pulses of the supercontinuum [10]. The fringe depth of such an interference
spectrum can then be related to the degree of coherence between the pulses and gives information about the
coherence over the entire spectrum where fringes are observed. It would be instructive to investigate coherence
properties of the supercontinuum presented here using this technique. Preliminary results indicate that the
supercontinuum is coherent at least in the spectral region close to the pump — a more detailed investigation is
underway. Further improvements through reduction of linear losses and dispersion engineering are also possible.
These avenues will be explored in future works. This approach of highly nonlinear III-V waveguides on a silicon
substrate can also be applied to second-order nonlinear effects since these II1I-V materials also possess large second-
order nonlinear coefficients. Finally, in order to exploit various functionalities developed in the SOI or the silicon
nitride platform, these waveguides can be evanescently coupled to the SOI or nitride waveguides below, an
approach already in wide use in heterogeneously integrated III-V lasers on the SOI platform.

In conclusion, we have demonstrated octave spanning supercontinuum generation in highly nonlinear InGaP
waveguides bonded to a silicon substrate in the telecommunications wavelength range.
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