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Passively mode-locked semiconductor lasers are promising for a wide variety of chip-scale high-speed and high-capacity
applications. However, the phase noise/timing jitter of such light sources are normally high, which restricts their appli-
cations. A simple and low-cost chip-scale solution to address this issue is highly desired. In this work, a two-section
GaSb-based passively mode-locked laser (MLL) emitting in the 2 µm wavelength band with a fundamental repetition
frequency of ∼13.35 GHz is presented. Dramatic phase noise reduction is achieved through its hybrid integration with a
silicon photonic circuit which provides chip-scale optical feedback to the MLL. Under a fixed laser bias condition, more
than 50× improvement of radio frequency linewidth to sub-kilohertz level is realized by carefully adjusting the feedback
strength (via a p-i-n junction-based variable optical attenuator) and optical length of the feedback loop (via integrated
heater on the silicon waveguide). The phase noise reaches −113 dBc/Hz at 1 MHz offset with integrated timing jitters
of 274 fs (100 kHz to 100 MHz) and 123 fs (4 to 80 MHz). At the same time, the pulse-to-pulse jitter reaches as low as
7.8 fs/cycle. These values are record low for 2 µm passively mode-locked semiconductor lasers. Our results prove the
feasibility of MLL noise reduction with the chip-scale hybrid III-V/silicon integration method, bringing low-noise
light sources to the silicon platform. Moreover, this work also suggests the potential miniaturization of various other
functional setups with the same method. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing
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1. INTRODUCTION

Passively mode-locked semiconductor lasers based on III-V materi-
als, with their capability in generating multi-gigahertz optical pulse
trains, compact footprint, flexible wavelength tuning, convenient
electrical pump, etc., have become promising light sources in a
wide variety of applications such as high-capacity optical commu-
nications, high-density optical storage, high-speed electro-optic
sampling, optical clocking for electronic circuits, etc. [1–4]. But
due to lack of external reference source, the phase noise/timing
jitter of such lasers are normally high, which limits the time res-
olution or data transmitting capacity when they are used in the
above applications. Hybrid mode locking is a way to solve this
problem [5]. However, the external radio frequency (RF) sources

will increase the operation cost and in addition, applying RF signal
at high frequency may become inefficient [6]. Another solution
can be the use of optical injection with narrow-linewidth lasers
(both single tone and dual tone) [7,8] or another mode-locked laser
(MLL) [9]. But again, the use of external light sources increases the
cost and complicates the setup. In contrast, self-optical injection
by feeding a part of the laser emission back into the laser enables
noise reduction without the use of external light sources. Its mecha-
nism has been theoretically described with a coupled external
cavity model in [10], and several results obtaining RF linewidth
around 1 kHz level have been reported with this method [11–14].
However, most of these experimental studies are with fiber-/free-
space-based setups. They are usually bulky and contain discrete
components, which potentially limits their viability in many of
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the above-mentioned applications where a chip-scale formfactor is
required. To our knowledge, there is no such chip-scale self-optical
feedback demonstration obtaining sub-kilohertz RF linewidth
that has been reported.

In the meanwhile, silicon photonics has evolved rapidly and
attracted increasing attention in the past decade and has become
the most mature photonics platform due to its complementary
metal-oxide-semiconductor (CMOS) compatibility. It also
exhibits a large degree of design freedom, enabling the demon-
stration of most fundamental functional components to provide
an exciting solution for chip-scale optics [15]. But as known,
one intrinsic drawback of the silicon platform is its lack of light
emission capability.

Based on the above, the achievement of self-optical feedback
setup with the silicon photonics-based functional photonic circuits
has become particularly attractive. It will dramatically reduce the
setup footprint and at the same time, bring low-noise pulse trains
as well as multi-wavelength light sources to the silicon platform.
To do this, an effective integration method of these two material
systems is highly desired. To date, there are several pathways to do
III-V/silicon integration: the hybrid method with edge coupling
[16–18], the heterogeneous method with wafer bonding [19–21],
the epitaxial method via hetero-epitaxial growth [22,23], etc. All
these pathways are with their pros and cons, and regarding the
one we use in this work, the hybrid method reduces fabrication
complexity, and provides thermal isolation to allow for individ-
ual optimization of III-V and silicon photonic chips. With this
method, we have demonstrated external cavity tunable lasers
covering a large range of wavelengths [18,24].

In this work, a two-section GaSb-based single quantum well
(SQW) passively mode-locked laser is presented. The laser emis-
sion is in the 2 µm wavelength band which is attracting significant
attention due to its potential in medicine, gas sensing, free-space
optical communications, hollow-core fiber-based advanced tele-
communications, eye-safe light detection, and ranging (LIDAR),
etc. [25–27]. For the first time, a silicon photonic circuit-based
feedback loop is designed and integrated with this MLL in a hybrid
formfactor to improve its phase noise. Two important parameters
of this configuration, feedback strength and optical length of the
feedback loop, are systematically investigated and the experimental
results are discussed.

2. FREE-RUNNING MODE-LOCKED LASER
OVERVIEW

The laser wafer used here was grown on a (100) n-GaSb substrate
by molecular beam epitaxy. It comprises a 10 nm In0.2Ga0.8Sb
SQW with 1.26% compressive strain. The detailed epitaxial struc-
tures and two-section device fabrication process are the same as
described in our previous work [28]. For the device tested in this
work, it has a 2.63 mm long gain section, a 0.30 mm long saturable
absorber, and a 10µm electrical isolation area providing a∼1.1 k�

resistance between the two sections. Its ridge width is 5 µm, which
proves single lateral mode operation. The two facets of the MLL
are as-cleaved with no coating. To achieve stable mode locking
operation, the gain section and saturable absorber section need
to be biased separately with a forward current (Ig ) and a reverse
voltage (Va ). During the measurements, the MLL was placed on
a stage equipped with a thermoelectric cooler whose temperature
was set at 20◦C. To characterize the MLL, its output light from the

Fig. 1. (a) L-I curves of the free-running tested laser (one facet)
when Va was varied from 0 (unconnected) to −2.4 V. The I-V curve
at Va = 0 V is also shown in the figure. (b) One example of the opti-
cal spectrum when the laser works in the stable mode locking regime
(Ig = 156 mA, Va =−1.4 V).

absorber section facet was coupled into a single-mode fiber. The
RF spectra and phase noise spectra were measured using a high-
speed photodetector (EOT, ET-5000F) followed by a 50 GHz
electrical spectrum analyzer (Agilent, N9030A), while the optical
spectra were recorded by an optical spectrum analyzer (Yokogawa,
AQ6375).

Stable mode locking was achieved in the free-running tested
laser under a variety of bias conditions. Figure 1(a) shows the
light output power-current (L-I) curves of the laser (one facet) in
the continuous wave mode when Va was varied from 0 (uncon-
nected) to−2.4 V. The consistent threshold current increase with
increasing negative Va is owing to the higher loss introduced by the
absorber. When the absorber is unconnected, the L-I curve exhibits
a turn-on jump at lasing threshold, which is widely observed in
devices with a saturable absorber [29–31]. This jump is attributed
to the rapid increase of photon density as the lasing action starts,
which decreases the absorption of the saturable absorber since the
electric field is not strong enough to sweep the carriers out of the
quantum well region immediately. The current-voltage (I-V) curve
under this condition is also shown in the figure. One example of
the optical spectrum when the laser works in stable mode lock-
ing regime (Ig = 156 mA, Va =−1.4 V) is shown in Fig. 1(b).
The spectrum centering at ∼1961 nm has a full width at half-
maximum of ∼5.8 nm, which indicates at least 34 longitudinal
modes are locked in phase considering a longitudinal mode spacing
of∼0.17 nm.

3. SILICON PHOTONIC CIRCUIT-BASED
FEEDBACK SETUP

The schematic of the silicon photonic circuit-based feedback setup
is shown in Fig. 2(a). The silicon photonic chip is fabricated from
a standard silicon-on-insulator wafer with a 220 nm thick silicon
device layer via a CMOS process line. Light emitted from the gain
section facet was coupled into the silicon photonic circuit. For the
main part of the circuit, a rib waveguide with 600 nm width and
135 nm etch depth was used, while to facilitate the coupling by
mode matching, a thin slab waveguide (6× 0.085 µm2) was used
at the coupling port followed by a taper structure-based spot size
converter (SSC) to convert the slab to the rib waveguide mode. The
length and tip width of the taper structure were optimized to be
200 and 0.15 µm, respectively.∼80% of the coupled light power
enters the main feedback loop while the rest∼20% was tapped out
into a monitoring port. This port is used to guide the alignment
between the MLL and the silicon photonic chip as well as to make
sure that this alignment maintains well during the testing. With
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Fig. 2. (a) Schematic of the silicon photonic circuit-based feedback
setup. (b) Microscope image of the silicon photonic circuit.

regards to the main feedback loop, a 120 nm thick TiN heater was
mounted on top of it (separated from the waveguide by 1.2 µm
thick SiO2 cladding) to fine tune the effective refractive index of
the silicon waveguide and thus to tune its optical length. The loop
also includes a p-i-n junction-based variable optical attenuator
(VOA) which is a critical component used to control the feedback
strength, and after which, a multi-mode interference (MMI)-based
full reflector. The MMI width, length, gap between output tapers,
taper length, and taper width are designed to be 6, 24.3, 3, 40, and
1.35µm, respectively. Figure 2(b) also gives a microscope image of
the fabricated silicon photonic chip.

4. NOISE REDUCTION RESULTS AND
DISCUSSION

With this configuration, the phase noise properties of the MLL
were dramatically improved. The optimal bias condition in
terms of obtaining the narrowest RF linewidth is Ig = 156 mA,
Va =−1.4 V, VVOA = 1.24 V, Vheater = 5 V. Here VVOA and
Vheater are voltages applied to the VOA and the integrated heater,
respectively. The specific explanation of them will be covered in
the following paragraphs. Under this bias condition, the full range
(0 to 50 GHz) RF spectrum is shown in Fig. 3(a). The fundamen-
tal repetition rate is featured by a strong RF peak with ∼55 dB
signal-to-noise ratio at∼13.35 GHz, corresponding to the photon
round-trip time (∼74.90 ps) in the 2.94 mm long laser cavity.
From the detailed view of the peak together with its Lorentz fit in
Fig. 3(b), an RF linewidth at least as low as∼900 Hz was achieved
(RBW = 1 kHz). Figure 3(c) also gives the corresponding single-
sideband (SSB) phase noise spectrum (red solid line). The phase
noise reaches−113 dBc/Hz at 1 MHz offset and hits the thermal
noise floor quickly after that. The integrated timing jitter was
calculated with the popular von der Linde method [32], resulting
in 274 fs with an integration range from 100 kHz to 100 MHz, and
123 fs with the ITU-T specified range from 4 to 80 MHz. At the
same time, the pulse-to-pulse jitter was determined to be as low as
7.8 fs/cycle [33]. These values are record low for 2 µm passively
mode-locked semiconductor lasers whose previous narrowest RF
linewidths are at the 10 kHz level [34–36], and among the lowest
for any laser of this type.

For comparison, we kept the laser bias condition unchanged
and removed the silicon photonic chip to bring the MLL to the
free-running case. The RF linewidth rose dramatically by over
50 times to ∼48.9 kHz and the corresponding phase noise spec-
trum is also shown in Fig. 3(c) (blue solid line). Of course, it is

Fig. 3. (a) Full range (0 to 50 GHz) RF spectrum when the narrowest
RF linewidth is achieved (Ig = 156 mA, Va =−1.4 V, VVOA = 1.24 V,
Vheater = 5 V). (b) Detailed view of the RF peak at the fundamental repeti-
tion rate together with its Lorentz fit. (c) Corresponding SSB phase noise
spectrum (red solid line). The phase noise spectra under the same laser
bias condition when the silicon photonic chip was removed (blue solid
line), and under the optimal laser bias condition in the free-running case
(yellow solid line) are also shown. (d) Optical spectra corresponding to the
three conditions in (c).

not necessary for the free-running laser to achieve the narrowest
RF linewidth under this bias condition. This was achieved at
Ig = 235 mA, Va =−2.33 V with a RF linewidth of ∼9.1 kHz,
and the corresponding phase noise spectrum is also shown in
Fig. 3(c) (yellow solid line). Optical spectra corresponding to these
three conditions in Fig. 3(c) are shown in Fig. 3(d). From the figure,
the lasing spectrum with feedback shows no qualitative difference
from those without feedback.

Next, we will focus on one of the most critical parameters in
this feedback configuration, the feedback strength (FS). Here FS is
defined as the optical power injected back into the MLL from the
silicon feedback loop with respect to the power emitted from one
facet of the MLL. Tuning of the FS is mainly realized by applying
forward-bias voltages (VVOA) to the VOA via free carrier absorp-
tion. In addition to the attenuation caused by the VOA (note that
light in the feedback loop will pass the VOA twice), other attenu-
ations of the silicon feedback loop include MLL/silicon photonic
chip coupling loss at the coupling port (2.40 dB× 2), loss at the
tap-out coupler (both the insertion loss of the coupler and 20%
tapped out power, 1.43 dB× 2), silicon rib waveguide propa-
gation loss (1.32 dB/cm× 5.8 cm), and loss of the full reflector
(1.08 dB). All these factors result in the final feedback strength.

Figure 4(a) shows a typical evolution of the RF spectrum as a
function of VVOA (Ig = 160 mA, Va =−1.84 V, Vheater = 5 V).
When VVOA = 0.6 V, which is below the turn-on voltage, no
attenuation is introduced by the VOA, as shown in Fig. 4(b) in
which the p-i-n junction forward current as well as attenuation
(single pass) are plotted against VVOA. At this time, the feedback
strength equals∼− 16 dB [shown in Fig. 4(c)], resulting in a very
large RF linewidth significantly greater than 100 kHz, which is
even much larger than that in the free-running case. The mode
locking operation is disrupted with such a strong FS. Then at
VVOA = 0.8 V, slightly beyond the turn-on voltage, the VOA
starts to introduce attenuation, as shown in Fig. 4(b). However,
this attenuation is very small which just slightly improves the RF
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Fig. 4. (a) Typical evolution of the RF spectrum with VVOA

(Ig = 160 mA, Va =−1.84 V, Vheater = 5 V). (b) Forward current as
well as introduced attenuation of the VOA (single pass) as functions of
VVOA. (c) RF linewidths of the RF spectra in (a) versus corresponding
feedback strength.

linewidth from before. When VVOA is increased to 1 V, attenua-
tion significantly increases to result in a RF linewidth comparable
to that in the free-running case. After that, as VVOA is further
increased to 1.1 V, the RF signal becomes very narrow and strong
with a linewidth of∼1.4 kHz. At this time, the FS is calculated to
be∼− 46 dB, which is within the ideal FS range in the fiber-based
feedback setups [11,13]. Surprisingly, this status delivering a RF
linewidth of less than 2 kHz maintains for a large range of VVOA

until 1.4 V when a FS of less than−70 dB is determined. This FS
is lower than those in the fiber-/free-space-based feedback setups
(e.g., >− 57 dB [13] and >− 46 dB [11]). We consider the
reason is due to the SSC and slab waveguide which provide good
mode matching to increase the feedback efficiency. After that,
VVOA is further increased to 1.5 V. The RF linewidth returns to
the free-running level. This is reasonable as in this case the FS is so
weak, just like no feedback is present.

Another important design parameter in the feedback configu-
ration is the optical length of the feedback loop. Several works
have demonstrated that in order to achieve resonant feedback to
improve the phase noise properties of a MLL, the photon propaga-
tion time in the feedback loop should be an integer multiple (m) of
the round-trip time in the mode-locked laser cavity [10,37].

In the fiber-/free-space-based feedback setups, the absolute
optical length of the feedback loop is unable to be precisely con-
trolled to strictly satisfy the resonant feedback condition, but it
can be changed across an entire laser cavity round-trip time (nor-
mally several tens of picoseconds) using a fiber-based tunable delay
line, which will ensure the resonant feedback condition. In our
silicon photonic circuit-based setup, an integrated heater is used to
tune the effective index of the silicon waveguide, so optical length
change across an entire laser cavity round-trip time is difficult due
to limited heater power. Nevertheless, thanks to the mature silicon
process, the length as well as dimensions of the silicon waveguide
can be much more precisely defined by lithography. Thus, it is
easy to make m closely around an integer in the original design. In
our design, the physical length of the feedback loop is ∼5.8 cm,
which results in an m fairly close to 6 considering an effective index

Fig. 5. Position of the RF signal, RF peak power, and RF linewidth
as functions of the heater power (Ig = 160 mA, Va =−1.84 V,
VVOA = 1.3 V). The top x axis shows the corresponding delay. Three
representative RF spectra at different heater powers are also given in the
figure.

of 2.32 of the silicon rib waveguide according to simulation. The
integrated heater has a heating coefficient of ∼0.0003 /mW
[38], resulting in that a tuning range of ∼0.039 in the effective
index can be easily achieved with a heater power of ∼130 mW
(Vheater = 10 V). This is enough to compensate any process devi-
ations to ensure the strict satisfaction of the resonant feedback
condition. This effective index tuning corresponds to a delay of
∼7.54 ps, which is∼1/10 of the laser cavity round-trip time.

Figure 5 shows the position of the RF signal, RF peak power,
and RF linewidth as functions of the heater power. The laser bias
condition is Ig = 160 mA, Va =−1.84 V, while the VVOA is fixed
at 1.3 V. Throughout this heater power range, there is no clear
linear repetition frequency pulling by the delay as reported in the
fiber-based setups [11,39]. The reason is m is normally larger than
1000 in the fiber-based setups, so any change caused by the tunable
delay line will be diluted by 1000 times. As a result, a slight pulling
of the repetition frequency (normally just a few megahertz even
with the change of an entire laser cavity round-trip time) may
lead to the strict satisfaction of the resonant feedback condition.
In contrast, as m is only 6 in our silicon photonic circuit-based
setup, even though the traveling time is only changed by ∼1/10
of the laser cavity round-trip time, this corresponds to more than
200 MHz change in the repetition frequency, which is not going
to happen with this type of feedback. It is worth mentioning that
according to previous experimental and numerical studies [13,37],
noise reduction by self-optical feedback actually does not prefer
the intrinsic exact resonant feedback condition (“intrinsic” here
means “without frequency pulling”), but a range around it. At
the exact resonance condition, instead of noise reduction, there
may even be a rapid increase in noise. Our results in Fig. 5 also
confirm this point: noise reduction is observed in most part across
the heater power range indicated by strong RF peak powers around
−20 dBm and narrow RF linewidth except a small segment with
shading. This segment should just correspond to the intrinsic exact
resonant feedback condition. The corresponding variation range
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of m,∼1/10, is also similar to the values reported in the numerical
studies, in which low-noise operation is achieved with m ranging
from 6.95 to 7.05 [10] and 2.94 to 3.06 [37], respectively. This also
indicates a high design/fabrication tolerance of the silicon feedback
loop. Figure 5 also gives three representative RF spectra at different
heater powers.

5. CONCLUSION

In conclusion, dramatic noise reduction of a 2 µm GaSb-based
passively mode-locked laser is achieved by chip-scale self-optical
feedback based on a silicon photonic circuit. With this setup,
more than 50× improvement of RF linewidth to ∼900 Hz is
realized compared to the free-running case under the same laser
bias condition. The phase noise (−113 dBc/Hz at 1 MHz off-
set), integrated timing jitters (274 fs, 100 kHz to 100 MHz, and
123 fs, 4 to 80 MHz), and pulse-to-pulse jitter (7.8 fs/cycle) are
record low for 2 µm passively mode-locked semiconductor lasers.
The feedback strength can be precisely controlled in a large range
by the integrated p-i-n junction-based VOA. Noise reduction is
achieved at relatively weak feedback strength, which may attribute
to good mode matching provided by the SSC at the coupling port.
The feedback loop can be very precisely defined by lithography
and tuned by the integrated heater to meet the resonant feedback
condition. This work proves the feasibility of MLL noise reduction
with the chip-scale hybrid III-V/silicon integration method, bring-
ing low-noise pulse trains as well as multi-wavelength light sources
to the silicon platform. Moreover, with its feasibility proved, sig-
nificant miniaturization of various functional setups may become
possible with this edge-coupled integration method.
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