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We demonstrate the generation of an octave-spanning
supercontinuum in InGaP membrane waveguides on a sil-
icon substrate pumped by a 1550-nm femtosecond source.
The broadband nature of the supercontinuum in these
dispersion-engineered high-index-contrast waveguides is
enabled by dispersive wave generation on both sides of the
pump as well as by the low nonlinear losses inherent to the
material. We also measure the coherence properties of
the output spectra close to the pump wavelength and find
that the supercontinuum is highly coherent at least in this

wavelength range.  © 2015 Optical Society of America
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In applications ranging from spectroscopy to telecommunica-
tions [1,2], supercontinuum sources with a broad bandwidth
are desired. Recently, on-chip supercontinuum generation on
a variety of waveguide platforms and targeting various wave-
length ranges has become a subject of intensive research because
of the potential of such sources to be compact, low cost, more
efficient, and robust [3—7]. It is desirable that the pump source
for generating the supercontinuum is located in a wavelength
range where compact and efficient sources are readily available,
like the telecommunications wavelength range. Moreover, for
frequency-comb-based optical-frequency metrology, the stabi-
lization of the frequency comb using the =2 f self-referencing
technique requires octave-spanning, coherent spectra [8]. We
recently presented a new nonlinear platform based on highly
nonlinear InGaP membrane waveguides bonded to a silicon
substrate [9]. The large index contrast of this platform enables
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tight optical confinement for efficient nonlinear interactions
and also allows for dispersion engineering. We also demon-
strated that the waveguides did not suffer from the unwanted
effects of two-photon absorption at 1550 nm owing to the
large bandgap of InGaP. As such, the platform is well suited
for on-chip supercontinuum generation. Since III-V materials
also have large second-order nonlinear coefficients (y? =
110 pm/V [10]), it opens the possibility to do the f-2f
self-referencing to stabilize the optical frequency comb in an
integrated platform. This new platform could thus offer a route
to an on-chip carrier-envelope offset-stabilized comb source
that could even be combined with on-chip mode-locked lasers.
Here, we take the first step and demonstrate for the first time,
to the best of our knowledge, the generation of an octave-
spanning supercontinuum in a III-V-based platform on-chip.
This was achieved by pumping 2-mm-long dispersion-
engineered InGaP membrane waveguides with a femtosecond
source centered around 1550 nm. The widest bandwidth ob-
tained is 1.06 octaves wide at the -30 dB level relative to the
pump. Since for several applications like the carrier offset sta-
bilization of frequency combs, it is also important to preserve
the coherence of the comb during supercontinuum generation,
we also measured the coherence properties of the supercontin-
uum in a 200-nm spectral region near the pump and found that
it is highly coherent.

The fabrication of the waveguide structures through bond-
ing [9] allows for a high-index contrast between the III-V
material and the SiO2/BCB bonding layer. A cross-section
of such a waveguide, following the same fabrication procedure
as in [9], is shown in the inset of Fig. 1. The waveguides have a
fixed height of 250 nm, and the widths vary from 650 to
800 nm. It is well known that the dispersion properties of
the waveguide play a critical role in broadband supercontinuum
generation [11]. Here, we carefully tailored the dispersion


http://dx.doi.org/10.1364/OL.40.003584

Letter

800 nm
= ——790 nm
0.6 ~——770 nm
——760 nm
0.4
= 02
E
N of
=2
o -0.2

SiOy

1400 1500 1600 1700 1800

Wavelength (nm)
Fig. 1. Dispersion profiles of various InGaP waveguides used for
the supercontinuum generation with zero dispersion wavelengths
on both sides of the pump. Inset: schematic of the waveguide
cross-section.

properties of these waveguides to have anomalous dispersion at
the pump wavelength and a zero dispersion wavelength (ZDW)
on either side of the pump as shown in Fig. 1. For sufficiently
high peak powers, the generation of dispersive waves on either
side of the pump is thus expected. Knowing the dispersion
properties of the waveguide, the spectral position of the disper-
sive waves can be calculated using Eq. (1) [12]:

wpw = | Bl@pw) - fl@s) + = (1= frPs|vg. (1)
g.y

Here, wpy and @y are the frequencies of the dispersive wave
and the soliton pump, respectively, v, is the group velocity at
the pump wavelength, y is the nonlinear parameter of the wave-
guide, P is the peak pump power, and f' is the fractional
Raman response that is assumed to be negligible here [13]. This
equation shows that the dispersive wave is generated in the nor-
mal dispersion regime, i.e., on the other side of the ZDW with
respect to the pump wavelength. As shown, for a given wave-
guide height, the positions of the ZDWs on either side of the
pump at 1550 nm vary with the width. This feature thus en-
ables one to tailor the position of the dispersive waves and
hence the overall spectral properties of the supercontinuum.
It should be noted that dispersive wave generation has been
previously observed in InGaP photonic crystal waveguides [13].

For the supercontinuum-generation experiment, the pump
was an optical parametric oscillator (OPO)-based femtosecond
source centered at 1550 nm. The OPO delivers pulses with full
width at half-maximum (FWHM) of 170 fs (as measured with
an intensity autocorrelator) at a repetition rate of 82 MHz and
an average power of 70—80 mW. The pulses were focused on a
shallow etched grating coupler to interface with the InGalP
membrane waveguide by means of a microscope objective.
The outcoupling was done through a lensed fiber focused on
the cleaved facet of the waveguide since the output spectrum is
much wider than the grating coupler bandwidth. The resulting
supercontinuum spectra for waveguides with different widths
are shown in Fig. 2. The widest supercontinuum is observed
for the 700-nm-wide waveguide, where we observe dispersive
waves at 1005 and 2097 nm. Thus, the spectrum spans more
than an octave of frequencies at a power level 30 dB below the
output maximum power spectral density. As the waveguide’s
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Fig. 2. Supercontinuum spectra at the output of the InGaP wave-
guides with varying widths—the spectra are displaced by 40 dB for
clarity. The positions of the dispersive waves can be seen to shift with
the width as expected. The spectra above and below the 1200-nm
wavelength were measured with different optical spectrum analyzers
with different noise floors.

width increases, one can see that the blue (red) side dispersive
waves move closer to (farther away from) the pump wavelength
of 1550 nm, as expected from the ZDW moving closer to
(farther away from) the pump.

In order to better understand the dynamics of the supercon-
tinuum generation, we performed numerical simulations of the
generalized nonlinear Schrodinger equation (GNLSE):

oE 10 kﬁkakE a o
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Here, f, is the kth-order dispersion term calculated at the
pump wavelength from a polynomial fit of the simulated effec-
tive index profile of the waveguide, a is the linear loss of the
waveguide taken to be 12 dB/cm [9], @, is central frequency,
and y is the nonlinear parameter whose value is taken to be
450 W' m! based on the previously reported value in [9]
rescaled for the slightly larger calculated value of the effective
area A, of the waveguide in question (0.21 pm? for the
700 x 250 nm?). Due to its large bandgap, the material does
not suffer from two-photon absorption. However, we do in-
clude three-photon absorption (3PA) and the subsequent free
carrier absorption and dispersion (FCA and FCD) in the
GNLSE. These terms are defined, respectively, by the 3PA
absorption coefficient a3pa, the free-carrier-absorption cross-
section o, and free-carrier dispersion term y. N, represents the
free-carrier density, which is obtained by solving the equation
aN[ _ A3pA |E|6 Nt (3)
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The value of the 3PA coefficient is taken to be 2.5 x
1072° m® W2 as measured previously [9]. Values for the car-
rier lifetime 7, (50 ps), the FCA (6 = 7 x 102! m?), and the
FCD (u = 5.8) coefficients are taken from the literature or
extrapolated from similar materials [14-16]. Figure 3(a) shows
the simulated supercontinuum (dotted line) after 2 mm of
propagation length in the waveguide for a hyperbolic secant
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input pulse with a FWHM of 170 fs and a peak power of 10 W.
We can see that it matches reasonably well with the experimen-
tally observed spectrum (solid line) and, in particular, the po-
sition of the dispersive waves on either side of the pump.
Figure 3(b) shows the evolution of the spectrum as a function
of the propagation length along the waveguide. One can see
that the higher-order dispersion-mediated soliton fission fol-
lowed by the dispersive wave generation on either side of
the pump finally results in the observed spectrum. Only a small
number of solitons are seen after propagation through the
waveguide, as can be observed from Figs. 3(c) and 3(d), where
the final temporal profile and the evolution along the wave-
guide are shown. Thus, a propagation length of 1.5 mm is
enough to generate an octave-spanning supercontinuum, show-
ing that highly compact devices are possible in this nonlinear
platform. In contrast to previously reported supercontinuum
generation in crystalline and hydrogenated amorphous silicon
(spanning 0.56 and 0.53 octaves, respectively), we manage to
achieve a much wider spectrum under similar experimental
conditions [17,18]. Recently, an octave-spanning supercontin-
uum has been reported in silicon wire waveguides [19], but it
requires much larger pulse energies than in our case (50 pJ and
2 pJ, respectively).

The buildup of the supercontinuum with increasing power
of the input pulse is shown in Fig. 4. Experimentally, an attenu-
ator was added before the input microscope objective in order
to reduce the power without altering the pulse shape. The fig-
ure shows the comparison of the experimental and simulated
buildup of the supercontinuum. One can see that overall, they
agree very well. In the case of this waveguide, the dispersive
waves appear on both sides of the pump simultaneously, which
was also observed in the experiment. One can see that the
dispersive wave generation occurs at a coupled peak power be-
tween 4 and 8 W, when the supercontinuum spectrum has
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Fig. 3. Simulated (blue line) and experimental (red line) spectra at
the output of the 700 x 250 nm waveguide. (b) The evolution of the
supercontinuum spectrum over the propagation length of 2 mm show-
ing the soliton fission and dispersive wave generation. (c) The simu-
lated temporal profile of the supercontinuum showing a small number
of solitons and the dispersive waves on the leading and trailing edges.
(d) Evolution of the temporal profile with distance.
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Fig. 4. Buildup of the supercontinuum in the numerical simula-
tions (dotted lines) matches well with the experimental spectra (solid
lines); in particular the peak power at which the dispersive waves be-
come observable.

spread enough to overlap with the normal dispersion regime,
as can be seen from the dispersion curve for the 700 nm wide
waveguide in Fig. 1.

The coherence properties of the supercontinuum generated
in our InGaP waveguides were also studied. Experimentally,
one way to quantify the coherence is to look at the fringe vis-
ibility of the interference between two independent supercon-
tinua generated by two successive pulses of the pulse train
[3,20-22]. This method has the advantage that it potentially
allows us to quantify the coherence across the entire spectrum
of the supercontinuum in a single measurement. Utilizing the
same interference setup as was reported in [20], as shown in
Fig. 5(a), the coherence was measured in a 200-nm band
around the pump. The low power collected at the waveguide
output prevents us from accurately measuring the fringe visibil-
ity outside this range. Figure 5(a) shows the interference fringes
recorded in this experiment. The visibility of the fringes at a
given wavelength, defined as V = ({10 — Inin) /(T max+
Iin), where 7, and 7, are the maxima and minima of
the fringes around that wavelength, gives the first-order coher-
ence at that wavelength if the power is equally divided between
the two arms of the interferometer. From Fig. 5(b), we can see
that the coherence is greater than 90% over the range where it
was measured. It should be noted that these measurements were
limited by the noise floor of the optical spectrum analyzer.
Although we were unable to measure the coherence of the spec-
trum at the dispersive waves, it has previously been reported in
[20] that they can retain a high degree of coherence despite
being spectrally disconnected from the pump. It should also
be noted that unlike the case in crystalline silicon, the soliton
number of the input pulse is not very high here—/N = 15. This
is at the edge where coherence of the soliton fission process is
known to be preserved [23]. This is in contrast to the case of
crystalline silicon [20] where though the input soliton number
was high (V& 20), the coherence was still preserved but only
because of two-photon absorption limiting the peak power and
thus the number of solitons in the waveguide. In the present
case, the nonlinear losses from three-photon and free-carrier
absorption are too low for this effect, and hence the input sol-
iton number needs to remain low in order to maintain the co-
herence. To stress this point, the effect of increasing pulse
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Fig. 5. (a) Observed interference fringes between two successive
pulses of the supercontinuum with different colors representing differ-
ent alignments of the interference setup to optimize the power
collected in that part of the spectrum. (b) Coherence of the supercon-
tinuum around the pump wavelength. (c) The coherence properties of
the supercontinuum for various input pulse FWHMs ranging from 70
to 220 fs corresponding to soliton numbers 6, 10, 15, and 19, respec-
tively. The degradation of coherence for soliton numbers V > 15 is
clear. (d) The simulated supercontinuum spectrum (solid line) for the
70-fs input pulse (dotted line) is still octave spanning.

widths (and thus increasing soliton number) on the coherence
properties of the supercontinuum is shown in Fig. 5(c). Other
simulation parameters including the nonlinear losses were kept
the same as in the current experiment. It is clear that beyond a
pulsewidth of 170 fs (N & 15), the coherence indeed degrades
dramatically. Figure 5(d) shows the simulated supercontinuum
spectrum in the same waveguide generated from a 70-fs pulse
with the same peak power thus ensuring that the soliton
number is lower (N &~ 6). One can see that consequently
the coherence is perfect virtually across the entire spectrum,
which still spans an octave. Thus, this platform offers a way
to efficiently generate a coherent octave-spanning supercontin-
uum with low pulse energies (<1 p]J) at telecom wavelengths
without having to incur large nonlinear losses in order to
preserve the coherence.

In conclusion, we have demonstrated the potential of our
newly proposed platform for on-chip nonlinear optics by
generating an octave-spanning supercontinuum pumped at
1550 nm. Compared to other popular on-chip platforms like
silicon-on-insulator, we demonstrate a wider supercontinuum
at one order of magnitude lower pulse energies due to a larger
value of the nonlinear parameter y as well as significantly
lowered nonlinear losses while still pumping at 1550 nm.
Wavelengths below 1100 nm are also accessible due to the
larger bandgap of the material compared to silicon. The
advantage of using a III-V membrane approach is that it is
possible to achieve a large index contrast between the III-V
layer and the oxide layer beneath, enabling large intensities
to be coupled into the waveguides for nonlinear processes as
well as to tailor the dispersion properties for phasematching
purposes. Following a similar approach, other groups have also
demonstrated interesting nonlinear functionalities [24].
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Potentially, the large second-order nonlinear coefficients of
[I-V materials could be exploited on the same platform.
Finally, using this approach, it is also possible to integrate such
[I-V nonlinear devices with the established platforms like
SOI or silicon nitride to exploit the already well-developed
functionalities there.
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