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An anti-colliding pulse-type III–V-on-silicon passively
mode-locked laser is presented for the first time based
on a III–V-on-silicon distributed Bragg reflector as outcoupling mirror implemented partially underneath the III–V
saturable absorber. Passive mode-locking at 4.83 GHz
repetition rate generating 3 ps pulses is demonstrated.
The generated fundamental RF tone shows a 1.7 kHz 3 dB
linewidth. Over 9 mW waveguide coupled output power is
demonstrated. © 2015 Optical Society of America
OCIS codes: (060.5625) Radio frequency photonics; (250.5300)
Photonic integrated circuits; (140.4050) Mode-locked lasers.
http://dx.doi.org/10.1364/OL.40.003057

Mode-locked lasers provide a means of generating pure microwave signals that are essential in microwave photonic applications [1]. Passively mode-locked devices are of great interest
since no RF signal needs to be provided to drive the laser: it
generates a pulse train, the repetition rate of which is determined by the length of the laser cavity. Output power and
the purity of the RF spectrum are of great importance in microwave photonic applications. In [2], an anti-colliding pulse
mode-locked laser design is proposed, where the saturable
absorber is implemented on the low-reflectivity outcoupling
mirror of the laser cavity. The theoretical analysis of such a cavity under passive mode-locking points to higher output power,
lower timing jitter, and better RF spectral purity compared to
standard self-colliding pulse designs, where the saturable
absorber is implemented next to the high-reflectivity mirror.
Recently, this was also experimentally observed in III–V semiconductor devices [3]. In this Letter, we report the realization of an anti-colliding pulse-type mode-locked laser on a
0146-9592/15/133057-04$15/0$15.00 © 2015 Optical Society of America

III–V-on-silicon platform for the first time. The implementation on this platform allows to easily fabricate distributed Bragg
reflectors in the silicon device layer enabling the integration of
these devices with other optical components. It also allows
using low-loss silicon waveguide structures (both in terms of
linear scattering losses as well as nonlinear two-photon absorption losses) to form the laser cavity, which positively affects the
RF linewidth and optical output power. Moreover, the compatibility of the silicon photonics platform with high-volume
manufacturing as well as the potential to co-integrate highspeed optical modulators and germanium photodetectors,
make the integration of a mode-locked laser on a silicon
photonics platform very attractive for microwave photonics.
First demonstrations of low-phase-noise III–V-on-silicon
mode-locked lasers were based on classical colliding ring cavity
and self-colliding linear cavity arrangements. In this case, using
stabilization of a linear cavity arrangement mode-locked laser
through external optical feedback, 15 kHz 3 dB RF linewidth
was obtained at 9.95 GHz repetition rate [4]. Recently, we also
demonstrated ring cavity and linear cavity devices on our
III–V-on-silicon platform, with a 12 kHz 3 dB RF linewidth,
without stabilization using an external Fabry−Perot cavity [5].
The novel anti-colliding pulse-type III–V-on-silicon modelocked laser demonstrated in this work shows a 1.7 kHz 3 dB
RF linewidth at 4.83 GHz, a substantial improvement over the
state-of-the-art. The device geometry is shown in Figs. 1(a) and
1(b). The saturable absorber and the optical amplifier are
implemented in the III–V-on-silicon waveguide section. The
optical mode is then coupled to the silicon waveguide using
an adiabatic taper structure. The main part of the laser cavity
length is realized in the silicon waveguide layer using a spiral
waveguide structure. The laser cavity mirrors are also fabricated
in the silicon waveguide layer: a high reflectivity distributed
Bragg reflector mirror at the right end of the laser cavity
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Fig. 1. Layout of the novel III–V-on-silicon mode-locked laser
cavity: (a) top view; (b) longitudinal cross-section. A microscope image
of the fabricated device is shown in (c).

and a lower reflectivity distributed Bragg reflector outcoupling
mirror partly underneath the saturable absorber at the left end.
The fabrication procedure of the 400 nm-thick silicon waveguides and the III–V waveguide structure is identical to the
one described in [5]. The III–V-on-silicon integration is based
on adhesive bonding using DVS-BCB [6], and the bonding
layer thickness was 75 nm in this experiment. Also, the same
epitaxial layer stack as described in [5] was used.
The optical coupling between the silicon device layer and the
III–V waveguide layer is realized using a spotsize converter by
tapering both the III–V mesa and silicon waveguide as described in [7]. The total III–V taper length is 190 μm, tapering
from 3 μm down to 0.5 μm width (using a two-step taper
where the first section tapers from 3 μm to 0.9 μm over
40 μm, while the second spotsize converter tapers down to
0.5 μm over 150 μm). The silicon waveguide tapers from
300 nm to 2 μm width over 150 μm. The III–V saturable
absorber is 65 μm long, while the III–V gain section is
650 μm long (not including the 150 μm-long spotsize converters). The confinement factor of the optical mode in the quantum wells is 7.5% both in the gain section and in the saturable
absorber. The high-reflectivity cavity mirror is formed by a
broadband silicon DBR grating etched 180 nm deep in the silicon waveguide layer (grating period 505 nm, 75% duty cycle,
40 μm long) providing close to 100% reflectivity. The second
cavity mirror is formed by a silicon distributed Bragg reflector
implemented underneath the saturable absorber. This grating
has a 490 nm period, 75% duty cycle, a total length of 100 μm,
and extends 40 μm under the output III–V spotsize converter.
According to simulation, this yields a peak reflectivity of 60%
and a 3 dB bandwidth of 4 nm for a 75 nm-thick DVS-BCB
bonding layer. The majority of the cavity length is formed by a
silicon spiral waveguide of 0.7 cm length in order to reach a
pulse repetition rate of about 5 GHz (4.83 GHz in the experiment). The waveguide propagation loss (650 nm-wide rib
waveguides) was characterized through cut-back measurements
to be 0.7 dB/cm in the 1550 nm wavelength range (TE polarization). A microscope image of the fabricated device is shown
in Fig. 1(c). In order to simplify the electrical contacting, the pcontact of the output III–V spotsize converter was connected to
the p-contact of the III–V gain region. A common n-contact
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Fig. 2. Power versus current plot of the device under test as a
function of saturable absorber reverse bias voltage (fiber-coupled
output power)

was used. Device characterization is carried out on a thermoelectric cooler at 20°C. The light-current characteristic (fiber
coupled output power) of the device is shown in Fig. 2.
The output of the mode-locked laser was coupled to an optical
fiber through a fiber-to-chip grating coupler, located 0.7 mm
away from the laser cavity. The fiber-to-chip coupling efficiency is measured to be −12 dB. For the characterization of the
passive mode-locking, a reverse bias voltage of −0.7 V was applied to the saturable absorber and 61 mA current is injected in
the spotsize converters and semiconductor optical amplifier as
these settings resulted in the most flat RF spectrum of the generated pulse train. The laser threshold for this saturable
absorber bias setting is 30 mA. At thermal roll-over, the waveguide coupled output power is over 9 mW for a −0.7 V reverse
bias voltage on the saturable absorber, substantially higher
than previously reported III–V-on-silicon mode-locked laser
geometries (ring cavity and linear cavity colliding pulse
lasers) with similar dimensions implemented using the same
technology [6].
The dips observed in the light-current characteristics are
attributed to parasitic reflections from the grating coupler used
for fiber coupling. The back-reflection of the grating coupler
was measured to be −17 dB. In order to reduce these reflections, a dedicated grating coupler structure can be used with
−50 dB back-reflection as demonstrated in [8]. For the detailed
characterization of the mode-locked laser output, the optical
fiber was either connected to a high-resolution (20 MHz)
optical spectrum analyzer, a high-speed photodiode (50 GHz
bandwidth) that was connected to a 50 GHz electrical spectrum analyzer, or a second harmonic generation based intensity
autocorrelator (after passing an EDFA). An optical isolator was
used to prevent external back-reflections into the laser. The
high-resolution optical spectrum is shown in Fig. 3(a), showing
the 40 pm spaced longitudinal modes of the laser. A 3.5 nm
10 dB optical bandwidth is obtained. A super-modulation on
the spectrum can be observed. This is attributed to parasitic
reflections in the laser cavity, leading to a parasitic pulse train
with the same repetition rate as the main laser pulses. The linewidth of the individual optical lines is smaller than the resolution of the spectrum analyzer (20 MHz) as shown in Fig. 3(b).
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Fig. 3. (a) High-resolution optical spectrum at 61 mA drive current
and −0.7 V reverse bias on the saturable absorber showing the 40 pm
spaced longitudinal modes (20 MHz spectral resolution). A 10 dB
optical bandwidth of 3.5 nm is obtained. (b) Zoom of the optical spectrum indicating a linewidth of the longitudinal laser modes better than
20 MHz.

The pedestals in Fig. 3(b) are attributed to intensity noise on
the pulse train and the mode frequency variations that are
related to that.
The intensity autocorrelator measurements shown in Fig. 4
indicate a pulse duration of 3 ps when a sech2 pulse shape is
assumed. A wide span electrical spectrum is shown in Fig. 5(a),
showing both the fundamental 4.83 GHz RF tone and its
harmonics. A power variation of less than 4 dB across all the
recorded RF frequency comb components is obtained. The

Fig. 4. Intensity autocorrelator trace (blue: experimental, red: theoretical fitting). The 4.7 ps FWHM of the trace corresponds to a 3 ps
pulse width assuming its sech2 amplitude profile.

Fig. 5. (a) Wide span electrical spectrum of the generated pulse
train; (b) linewidth of the fundamental RF tone; (c) zoom of the electrical spectrum from baseband to the second harmonic illustrating a
clean spectrum between the RF harmonics. Resolution bandwidth
and video bandwidth used to obtain the RF spectra were 500 kHz,
50 kHz for (a), 1.5 kHz, 150 Hz for (b), and 500 kHz, 50 kHz
for (c), respectively.

linewidth of the fundamental RF tone is very narrow: a
1.7 kHz 3 dB linewidth (5 kHz 10 dB linewidth) is observed,
as shown in Fig. 5(b). A zoom of the electrical spectrum from
baseband to the second harmonic is shown in Fig. 5(c) illustrating a clean spectrum between the RF harmonics.
Finally, the phase noise spectrum of the device under passive
mode-locking was measured. Figure 6 shows the phase noise
spectrum of the fundamental RF tone from 100 Hz to
100 MHz from the carrier frequency. Low phase noise can
be observed as expected from the anti-colliding pulse design
[2]. Residual tones at 30 kHz and its harmonics can also be
observed, which are attributed to the current source used to
bias the gain section of the mode-locked laser. The total integrated jitter from 50 kHz to 10 MHz is 2.8 ps.

3060

Vol. 40, No. 13 / July 1 2015 / Optics Letters

Letter
realized, enabling the realization of more complex photonic
integrated circuits for applications in the field of microwave
photonics.
European Space Agency-Electrophotonic Frequency Converter
project.
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Fig. 6. Single-sideband phase noise spectrum (blue: experimental,
red: average).
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mode-locked laser cavity implemented on a III–V on silicon
platform is presented for the first time. Very narrow RF
linewidth as well as high optical output power are obtained,
making such devices promising sources for advanced microwave photonic applications.
The mode-locked laser is coupled to a silicon waveguide
circuit in which other high-speed optical components can be
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