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We demonstrate supercontinuum generation over an
octave spaning from 1055 to 2155 nm on the highly
nonlinear aluminum gallium arsenide-on-insulator
(AlGaAsOI) platform. This is enabled by the generation of
two dispersive waves in a 3-mm-long dispersion-
engineered nano-waveguide. The waveguide is pumped
at telecom wavelengths (1555nm) with 3.6 p]
femtosecond pulses. We experimentally validate the
coherence of the generated supercontinuum around the
pump wavelength (1450-1750 nm), and our numerical
simulation shows a high degree of coherence over the full
spectrum. © 2018 Optical Society of America

http://dx.doi.org/10.1364/0L.99.099999

Supercontinuum generation (SCG), first demonstrated in bulk by
Alfano and Shapiro in 1970 [1], is one of the most efficient ways to
obtain spatially and often temporally coherent broadband light
sources. It has found its way to many applications including
metrology [2], telecommunication [3], spectroscopy [4] and short
pulse sciences [5]. With the advent of photonic crystal fibers and
their potential for tuning the dispersion, the research field has
undergone enormous progress in the last 20 years [6]. More
recently, integrated photonic platforms have been widely used for
SCG because they potentially offer a compact, low-cost solution for
SCG. Various material platforms including silicon [7],[8],
chalcogenide (ChG) [9], [10], lithium niobate [11], [12] and silicon
nitride (SisN4) [13], [14], have been utilized to realize broadband
SCG.

Generation of an octave-spanning supercontinuum (SC) relies
on third-order (¥®) nonlinear effects. The generation of octave
spanning coherent SCG is essential for stabilizing frequency combs
through f+to-2f interferometers and consequent self-referencing.
This is crucial in frequency metrology and precision spectroscopy
[15] applications. Apart from SCG, second harmonic generation

(SHG), based on the quadratic (@) nonlinear process, is also
required in an fto-2f interferometer. However, because of the
centrosymmetric crystal structures, materials such as silicon and
SizN4 lack intrinsic Y@ effect, which inhibits the integration of SC
source and second harmonic generator in a single material
platform. Although significant progress has been made to realize
effective y@ process in silicon [16] and SisN4[17], the achieved
efficiency have been limited hampering on-chip fto-2f
interferometry. Therefore, it is highly desirable that octave-
spanning SCG is realized in materials that exhibit both strong
intrinsic @ and y® nonlinearities. Those materials include
aluminum nitride (AIN) [18], gallium nitride (GaN) [19], [20],
silicon carbide (SiC) [21], lithium niobate (LiNbOs) [11], [12].[22]
and (indium) gallium phosphide ((In)GaP) [23], [24]. Among
those materials, aluminum gallium arsenide (AlGaAs) has the
strongest intrinsic Kerr coefficient (a nonlinear index of 10177 m?W-
1) [25] and a strong quadratic nonlinear coefficient (~120 pm/v)
[26]. Combining the strong material nonlinearity and high light
confinement, we have developed the AlGaAs-on-insulator
(AlGaAsOI) platform and demonstrated ultra-high effective Kerr
nonlinearity of the platform [27]. Moreover, the bandgap of AlGaAs
material can be engineered to mitigate the most detrimental
nonlinear loss at the telecom wavelength induced by two-photon
absorption (TPA) while the optimization of fabrication technology
for this high confinement waveguide platform ensures a low linear
loss, which leads to a high nonlinear figure of merit (FOM) as a
Kerr nonlinear platform [28]. Recently, efficient SHG has also been
demonstrated in similar high-confinement (Al)GaAsOI waveguides
[29],[30].

Benefiting from the ultra-high effective Kerr nonlinearity, we
previously demonstrated efficient generation of a frequency comb
covering the telecom C-band based on self-phase modulation
(SPM) by pumping an AlGaAsOl waveguide using pico-second
pulses with a high repetition rate (at tens of Gigahertz) for high-
speed communication transmission system [31]. Very recently,
Chiles et al. have realized suspended AlGaAs waveguides and



demonstrated SCG at both the near-infrared (NIR) and mid-
infrared (MIR) range by using femtosecond-pulse pumping [32]. In
this work, we demonstrate octave-spanning SCG in an AlGaAsOI
waveguide in the near-infrared range through dispersive wave
generation over an octave at f and 2f frequencies, which is
favorable concerning the power distribution in the generated SC
for a sufficient f~to-2f self-beating signal [33]. The coherence of the
generated SC has also been verified experimentally using an
interferometry method around the pump wavelength. Our
numerical simulation also shows a high degree of coherence of the
SC over the full octave span. Our demonstration shows a huge
potential of the AlGaAsOI platform in the realization of chip-scale
to-2finterferometry for applications in frequency metrology.

We fabricated waveguides on an AlGaAsOI wafer, where a thin
AlGaAs layer on top of a low-index insulator layer resides on a

semiconductor substrate. The aluminum composition of the
AlGaAs layer is 21%, which corresponds to a bandgap of ~1.72 eV.

Wafer bonding and substrate removal processes are used to
fabricate the AlGaAsOl wafer [34]. Owing to the large index
contrast between AlGaAs and silica, light can be confined in a sub-
micron waveguide core. It does not only enhance the device
nonlinearity but also enable efficient dispersion engineering,
which is essential for SCG. As shown in Fig. 1, the group velocity
dispersion (GVD) of the AlGaAsOI waveguide can be engineered
from the normal dispersion regime (in the case of bulk AlGaAs) to
the anomalous dispersion regime by tailoring its cross-sectional
dimension in a sub-micron scale (300nmx500nm). The
waveguide exhibits a low third-order dispersion at the pump
wavelength (1555 nm) and has two zero dispersion wavelengths
(ZDWs) between the fand 2f wavelengths, which is potentially
suitable for dispersive wave generation at fand 2fwavelengths [6].

The waveguide pattern was defined firstly in the electron-beam
resist hydrogen silsesquioxane (HSQ, Dow Corning FOX-15) by
electron-beam lithography (JEOL JBX-9500FS) [35]. The pattern
was then transferred into the AlGaAs layer using a boron
trichloride (BCls)-based dry etching process in an inductively
coupled plasma reactive ion etching (ICP-RIE) machine. A scanning
electron microscopy (SEM) picture of the etched waveguide is
shown in the inset of Fig. 2 where the simulated field distribution
of the fundamental TE mode is superimposed on the image. As the
refractive index of HSQ is relatively low (similar to SiO2), it was
kept on top of the AlGaAs device pattern. Finally, the waveguides
were clad in a 3-pm-thick silica layer using plasma enhanced
chemical vapour deposition (PECVD). The waveguide is inversely
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Fig. 1. Calculated group velocity dispersion (GVD) as a function of
the wavelength for an AlGaAs-on-insulator (AlGaAsOI) waveguide
with the cross-sectional dimension of 300 nmx500 nm. The grey
dash line shows the dispersion for the bulk AlGaAs material.

AlGaAsOl
Photonic chip

fs fiber laser HWP

* H

Interferometer

Fig. 2. Experimental setup for supercontinuum generation in an
AlGaAsOI waveguide. HWP: half-wave plate; LF: lensed fiber; PC:
polarization controller; DL: delay line; VOA: variable optical
attenuator. OSA: optical spectrum analyzer. Inset shows a
scanning electron microscopy (SEM) picture of the fabricated
waveguide before it is been clad in silica.

tapered to 120 nm at the sample facets for better input and output
coupling [36].

The experimental setup is shown in Fig. 2. A femtosecond fiber
laser emits 100-fs pulses with a repetition rate of 90 MHz at
1555 nm. The light is coupled to the photonic chip in free space via
a focusing lens with a coupling loss of 12 dB. The half-wave plate
(HWP) is used to align the light to the TE-polarization of the
waveguide. The output of the chip is coupled to a lensed fiber (LF),
and the coupling loss is 4 dB. The propagation loss of the AlGaAsOI
waveguide is about 2 dB/cm which is extracted from a cut-back
measurement. The output spectrum is monitored with an optical
spectrum analyzer (OSA) (YOKOGAWA AQ6375B for >1200 nm
and ANDO AQ6317B for <1200nm). For a coherence
measurement, the output spectrum is recorded after passing
through a fiber-based asymmetric Mach-Zehnder interferometer
containing a tunable delay (DL) a polarization controller (PC) and a
variable attenuator (VOA).

The spectral broadening effects in SCG with femtosecond pulses
are dominated by soliton dynamics and the soliton number N is
dependent on the peak power P by N = m , Where
Lp = (T2)/|B,| and Ly, = 1/yP are the dispersion length and
the nonlinear length, respectively, with T the full width at half
maximum pulse duration of the injected soliton, 8, the second
order dispersion and y the Kerr nonlinear coefficient of the
AlGaAsOI waveguide. We characterized the output spectra with a
pump peak power range that corresponds to a soliton number
from 1 to 24. The measured output spectrum evolution of the SCG
is shown in Fig. 3(a). The black curve shows the spectrum of the
coupled pump pulses with 50 femtojoules of energy. For clarity,
throughout the paper the pulse energies are the on-chip pulse
energies. As the pump pulse energy increases, a significant
broadening is observed starting from pulse energies of 0.9 p]. Two
dispersive waves are present at around 1100 nm and 2100 nm,
respectively, when the pump pulse energy reaches 3.6 p]. The
spectrum starts saturating when the pump pulse energy is
increased further due to three-photon absorption (ThPA). The
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Fig. 3. Output spectra of the 500-nm wide waveguide for different
pump pulse energies. (a) Experimental data and (b) Simulations.

obtained SC has a 40-dB bandwidth of about 1100 nm covering
1055 nm to 2155 nm.

To understand the effects involved in the SCG, we model our
system with a generalized nonlinear Schrodinger equation (NLSE)
taking into account the Kerr nonlinearity (630 m*W") of the
AlGaAsOI waveguide [28] by using the spilt-step method [37]. The
output spectra of the waveguide are then computed as shown in
Fig. 3(b). Compared with the experimental data in Fig. 3(a), the
spectrum broadening effect is well reproduced by the NLSE. We
can identify two distinct positions in the spectra at 1100 nm and
2100 nm, respectively, where a peak is visible. To associate a
physical effect to these two peaks we calculate the predictable
frequencies of the generated dispersive waves. The phase-
matching condition between the soliton centered at a frequency
w, and a dispersive wave at a frequency wpy, can be expressed by
the following equation [6]

B(wpw) = B(ws) + (wpw — w)vg " + (1 = fR)yP (1)

where f is the propagation constant of the wave, v, is the group
velocity at the pump frequency, f; is the fractional Raman
response, ¥ is the nonlinear parameter and P is the peak power of
the soliton. By neglecting the nonlinear contribution into the
phase-matching condition, we can write the phase mismatch
between a wave of frequency wg and the dispersive wave [14]

AB(@) = Pine = B(w) — B(ws) — (0 — w)vg " (2)

The phase matching appears when the integrated dispersion
Bint is equal to zero. Figure 4(a) shows the calculation of B;,; as a
function of the wavelength for the AlGaAsOI waveguide. It is seen
that it is possible to achieve the phase-matching condition in the

near infrared at 1025 nm, and in the mid infrared at 2130 nm.
Figure 4(b) presents an experimental validation of the calculated
phase-matching condition by showing the recorded output
spectrum of the waveguide pumped by pulses of 6.9 p] in energy. A
good agreement is observed between the calculation and the
experiment for the NIR and MIR dispersive wave wavelength
positions though a small discrepancy is observed due to the
fabrication imperfection as nanometer-scale dimension
perturbations may induce the shift of the dispersive waves.

The coherence of the generated SC was investigated
theoretically and experimentally. The coherence gglz) is evaluated
by using the following formula [7]:

(ET(DE2 (1)

G =—z 3
912 D = s om &

where E1 and Ez denote spectra computed from NLSE with
different initial noise conditions. The input noise consists of adding
one photon per mode with a random phase in the initial spectrum.
In practice, we performed 20 independent simulations and the
coherence is calculated by using Eq. (3) by averaging each pair of
simulated output spectra. Figure5(a) shows the computed
coherence of the generated SC obtained at different pump pulse
energy. For 9.7 p] pulse energy, it is seen that the parameter gg)
has a value close to 1 over the entire spectral range of the SC
indicating a strong coherence, which makes it promising in
metrology applications that require f~to-2f self-referencing.

The coherence can be estimated experimentally from the fringe
visibility V' of an interference pattern obtained in an
interferometry measurement by using the below equation:

(1) _ 1iD)+LA)
917 D = s VD (4

where 1 and L are the intensity from two arms of the
interferometer and V=(Imax-Imin)/(ImaxtImin), where Imax and Imin
correspond to the maxima and minima of each of the fringes. In the
interferometer as shown in Fig. 1, the VOA is used to balance the
intensities of two arms and the PC is used to align the polarization
of the output light from two arms, which ensures a strong
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Fig. 4. (a) The calculated integrated dispersion for the AlGaAsOI
waveguide. (b) The output spectrum of the AlGaAsOI waveguide
with a pump pulse energy of 6.9 pJ.
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Fig.5. (a) Simulated coherence for the supercontinuum.
(b) Measured spectrum at the output of the interferometer (blue)
and the extracted visibility of the spectral fringes (red). Inset
shows a magnified range of the spectral fringes.

interference. Moreover, for equal intensities the coherence can be
inferred directly from the visibility (see eq. (4). Fig. 5(b) shows the
measured output spectrum of the interferometer from 1450 nm to
1750 nm (blue curves). The bandwidth of the interferometer is
limited by the fiber components which are designed for
application in the telecom band. The inset of Fig. 5(b) shows that
the fringes have a relatively high contrast (about 10 dB), indicating
a strong phase coherence of consequent pulses as predicted by the
calculation. In Fig. 5(b), the red data points shows the extracted
spectral visibility and the majority of the data points are larger
than 0.8 indicating a good coherence of the SC, limited to the
resolution of the optial spectrum analyzer.

In conclusion, we demonstrated an octave-spaning SCG in a 3-
mm-long high-confinement AlGaAsOl waveguide. The coherence
of the generated supercontinuum has been validated using an
interferometry measurement. The waveguide dispersion was
engineered to generate two dispersive waves at f and 2f
wavelengths. Such dispersive wave generation can also enable
octave-spanning Kerr comb generation in high Q microresonators
[38]. Similar to the self-referencing demonstrations in AIN [18] and
SizN4 [39] platforms, the AlGaAsOI platform also has the potential
to realize the f-to-2f self-referencing by generation of a dispersive
wave and a second harmonic wave at the same wavelength using a
single waveguide if its dispersion is carefully designed. Thanks to
the strong @ and x® nonlinearities, such a self-referencing
process in high-confinement AlGaAsOI waveguide is expected to
be more efficient. Besides, the ultra-high device effective
nonlinearity of the AlGaAsOlI waveguide is also essential for
various on-chip pulse compression techniques [40],[41]. This
makes it possible to compress pico-second pulses from on-chip
mode-locked lasers [42] to femtosecond pulses, which are
required for octave-spanning coherent SCG but elusive so far from
on-chip lasers. Beneficial to both pulse compression and SCG, the
AlGaAsOI waveguides are very promising in realization of a fully-
integrated octave-spanning SC source that can find applications in
frequency metrology and frequency synthesis.
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