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Abstract: Mode-locked InAs/InGaAs quantum dot lasers emitting optical frequency combs
centered at 1310 nm are promising sources for high-speed and high-capacity communication
applications. We report on the stable optical pulse train generation by a monolithic passively
mode-locked edge-emitting two-section quantum dot laser based on a five-stack InAs/InGaAs
dots-in-a-well structure directly grown on an on-axis (001) silicon substrate by solid-source
molecular beam epitaxy. Optical pulses as short as 1.7 ps at a pulse repetition rate or inter-
mode beat frequency of 9.4GHz are obtained. A minimum pulse-to-pulse timing jitter of 9 fs,
corresponding to a repetition rate line width of 400Hz, is demonstrated. The generated optical
frequency combs yield exceptional low amplitude jitter performance and comb widths exceed
5.5 nm at a −3 dB criteria, containing more than 100 comb carriers.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical frequency comb passively mode-locked semiconductor quantum dot lasers directly grown
on silicon are ideal sources for applications including high data rate optical communication
applications in the O-band [1–5], spectroscopic sensing on a silicon photonics chip [6], dual-comb
spectroscopy [7] and for silicon-chip based ultra-fast optical oscilloscopes [8]. Mode-locked
quantum dot semiconductor lasers offer small size, higher functionality and lower energy
consumption photonic integrated circuits on silicon, the material of choice for the photonics
industry [2–4,9–15]. Ultra-fast optical pulse generation in quantum dot lasers benefits from
broad gain spectra, due to the inhomogeneous broadening of the dots [16–18], ultra-fast carrier
dynamics [19], modal gain saturating abruptly with carrier density [20,21] and easily saturable
absorbers [22]. In optical communication systems, the pulse-to-pulse timing stability, equalling
the full-width half-maximum of the inter-mode beat frequency line width, is a crucial parameter
for switching operations between the data and control signal [23]. Since the first demonstration
of light amplification and lasing in silicon by stimulated Raman scattering [24,25], the interest
in light generation on silicon [26,27] has been strongly increasing. Lasing of self-organized
quantum dots on silicon as dislocation filters have been demonstrated under pulsed mode in 2006
at an emission wavelength of 1100 nm and [28]. Continuous-wave laser emission by quantum
dots at 1310 nm was demonstrated in 2010 by metal-organic chemical vapor deposition and
layer-transfer onto a silicon substrate by GaAs/Si wafer bonding [29]. In 2011, continuous-wave
laser emission by direct growth of quantum dots on a silicon (100) substrate emitting at 1310 nm
has first been demonstrated [30]. Recently, a 6.7mA record low threshold quantum dot laser
on silicon with continuous-wave output has been shown [31]. In 2007 a monolithic passively
mode-locked two-section quantum well laser was demonstrated on silicon via wafer bonding
generating 4 ps short pulses at a repetition rate of 40GHz [32]. Optical pulse train generation by a
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passively mode-locked III-V on silicon quantum well laser with continuous-wave optical injection
at 30GHz repetition rate and with a repetition rate line width of 150 kHz was demonstrated where
the pulse width had been derived to be 3 ps [33]. A tapered waveguide quantum well on silicon
laser emitting optical pulse widths as low as 900 fs at a repetition rate of 20GHz and 1.1 kHz line
width has recently been reported [34]. First demonstration of passively mode-locking operation
by a quantum dot laser directly grown on on-axis(001) silicon with pulse widths of 1.3 ps have
been demonstrated at a repetition rate of 9.1GHz and repetition rate line widths as narrow as
80 kHz [35]. In that work, saturable absorber section lengths from 3% up to 23% of the total
laser length have been investigated and shorter pulses for longer absorber section lengths reported.
Thus, a detailed analysis of the pulse train stability in terms of timing and amplitude jitter is still
lacking. Subsequently, self mode-locking operation of a quantum dot on silicon laser without
the need of any saturable absorber generated 490 fs short optical pulses has been reported at a
repetition rate of 31GHz and a repetition rate line width of 100 kHz [36]. The lowest repetition
rate line width of a passively mode-locked quantum dot laser directly grown on silicon amounts
to date to 1.8 kHz at a repetition rate of 20GHz [1]. Shortest generated optical pulses from
monolithic passively mode-locked quantum dot lasers grown on native substrates, except of
silicon, are 360 fs [37] with a tapered waveguide design and 393 fs [38] for a two-section straight
waveguide laser and 493 fs for a tapered three-section waveguide design [39]. Repetition rate
line widths as low as 27 kHz [40], 23 kHz [39], 19 kHz [41], 18 kHz [42], 10 kHz [37], 2 kHz
[43] and 500Hz, with an amplitude jitter below 2% for a packaged quantum dot mode-locked
laser [44], have been reported [37–45]. Table 1 briefly summarizes reported performance of
monolithic multi-section passively mode-locked quantum dot lasers highlighting shortest optical
pulses and narrowest repetition rate line widths. The lowest reported values are highlighted bold.
The first two references show the achieved results by the authors for quantum dot two-section
devices directly grown on a silicon substrate.

Table 1. Performance of Monolithic Passively Mode-Locked Quantum Dot Lasers

Substrate Repetition rate Repetition rate line width Pulse width Year Reference

Si 20GHz 1.8 kHz 5 ps 2019 [1]

Si 9.1GHz 80 kHz 1.3 ps 2018 [35]

GaAs 20GHz 10 kHz 360 fs 2009 [37]

GaAs 21GHz - 393 fs 2007 [38]

GaAs 13GHz 23 kHz 493 fs 2019 [39]

GaAs 5GHz 27 kHz 10 ps 2010 [40]

GaAs 5GHz 19 kHz 4 ps 2013 [41]

GaAs 16GHz 18 kHz 1.4 ps 2015 [42]

GaAs 8GHz 2 kHz 2 ps 2008 [43]

GaAs 10GHz 500 Hz 4.5 ps 2009 [44]

In this contribution, the generation of stable optical pulse trains by a passively mode-locked
InAs/InGaAs quantum dot laser directly grown on on-axis (100) silicon is demonstrated. Excellent
pulse train timing and amplitude stability is demonstrated within a broad mode-locking area for
the first time for these devices. The shortest pulses are 1.7 ps long. A lowest repetition rate line
width of 400Hz, corresponding to a pulse-to-pulse timing jitter of 9 fs at a repetition rate of
9.4GHz, and an ultra-low relative amplitude jitter < 1% is presented. Such low-noise compact
monolithic ultra-fast laser source is promising for the integration in silicon based high-speed
optical communication networks.
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2. Device description and experimental set-up

The edge-emitting monolithic quantum dot laser consists of a five-stack InAs/InGaAs dots-in-a-
well structure. Its epitaxial growth was completed on an on-axis (001) silicon substrate with
a 45 nm GaP buffer layer by solid-source molecular beam epitaxy. Detailed epitaxial layer
information and growth process information are covered in [35]. The total length of the laser was
designed to be 4.5mm with a saturable absorber section length corresponding to 18% of the
total laser length. The isolation length between gain and absorber section is 5 µm and the ridge
width amounts to 3 µm. The laser is expected to emit picosecond short optical pulse trains at a
fundamental repetition rate of 9.4GHz corresponding to fundamental mode-locking as given
by the free spectral range. The unpackaged laser device is placed on a copper mount which
is temperature stabilized to a laser cooling block temperature of 20 ◦C and is contacted via an
s-shaped fine probe tip with a point radius of 350 nm. A low-noise current source provides
the laser gain injection current and a DC voltage source provides the reverse bias voltage to
the absorber section. The laser pulse characteristics are investigated for increasing DC gain
injection currents from 0mA up to 160mA in steps of 10mA for each DC absorber reverse bias
voltage ranging from 0V up to 2.6V in steps of 0.2V. A schematic of the developed experimental
emission characterization set-up is depicted in Fig. 1. The emitted laser light is coupled by a
lensed single-mode fiber (coupling efficiency around 30%). The fiber coupled optical power
is depicted colour coded in Fig. 2(a) in dependence on the laser gain injection current and
the absorber reverse bias voltage. To account for sufficient fiber-coupled optical power for
nonlinear intensity auto-correlation and spectrally resolved measurements simultaneously, the
light is amplified by a booster optical amplifier to several Milliwatt of average output power. The
packaged commercial booster optical amplifier (Thorlabs, model: BOA1017) is kept constant
at a temperature at 27 ◦C and driven by 600mA gain injection current for all measurements.
It has a length of 1.5mm and a small signal gain around 27 dB. The amplified spontaneous
emission spectrum is centered around 1300 nm and is exemplarily depicted in Fig. 2(b). Two
optical fiber isolators with 32 dB isolation each are placed before and after the booster optical
amplifier to prevent any unwanted residual optical feedback affecting the laser. The light is split
by a fiber-based 50/50 beam-splitter where 50% of the power is guided to a background-free
nonlinear intensity auto-correlation technique with a high-sensitivity crystal for pulse width
analysis. Optical pulse widths are determined by de-convoluting the full-width-at-half-maximum
of Gaussian fit functions to the measured auto-correlation time traces. In the second branch
of the fiber splitter, 50% of the light is directed to a fast photo diode (electrical bandwidth
45GHz) in combination with an electrical spectrum analyzer (electrical bandwidth 50GHz) for
radio-frequency analysis and to an optical spectrum analyzer (spectral resolution 10 pm) for
optical spectra and bandwidth analysis. The timing stability of the optical pulse trains is quantified
by the pulse-to-pulse timing jitter σptp = (∆ν/2πν30 )0.5 with ν0 the fundamental repetition rate
and ∆ν the repetition rate line width [43]. The repetition rate line width is calculated from the
timing phase noise power spectral density L(f ), given by L(f ) = ∆ν/2πf 2 and is only valid for
frequencies higher than ∆ν/2. In the measurements, the total timing phase noise power spectral
density L(f ) = P(f − ν0)/(RBW · Pel, tot) [46] is composed of multiple separately measured
power spectral densities each covering one order of frequency offset range where RBW is the
resolution bandwidth of the electrical spectrum analyzer and Pel, tot the total integrated power of
the repetition rate line at ν0. The final spectrum is obtained by linearly averaging 10 measured
spectra with the detection mode of the electrical spectrum analyzer set to sample-mode [41]. The
amplitude jitter of the optical pulse trains is quantified as a relative standard deviation of the
pulse intensity variations determined by the ratio of the integrated power spectral density in the
radio-frequency spectrum up to half the repetition rate and the power spectral density of the
repetition rate peak [47].
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monolithic ultra-fast laser source is promising for the integration in silicon based high-speed
optical communication networks.

2. Device description and experimental set-up

The edge-emitting monolithic quantum dot laser consists of a five-stack InAs/InGaAs dots-in-a-
well structure. Its epitaxial growth was completed on an on-axis (001) silicon substrate with
a 45 nm GaP buffer layer by solid-source molecular beam epitaxy. Detailed epitaxial layer
information and growth process information are covered in [35]. The total length of the laser was
designed to be 4.5mm with a saturable absorber section length corresponding to 18% of the
total laser length. The isolation length between gain and absorber section is 5 µm and the ridge
width amounts to 3 µm. The laser is expected to emit picosecond short optical pulse trains at a
fundamental repetition rate of 9.4GHz corresponding to fundamental mode-locking as given
by the free spectral range. The unpackaged laser device is placed on a copper mount which
is temperature stabilized to a laser cooling block temperature of 20 °C and is contacted via an
s-shaped fine probe tip with a point radius of 350 nm. A low-noise current source provides
the laser gain injection current and a DC voltage source provides the reverse bias voltage to
the absorber section. The laser pulse characteristics are investigated for increasing DC gain
injection currents from 0mA up to 160mA in steps of 10mA for each DC absorber reverse bias
voltage ranging from 0V up to 2.6V in steps of 0.2V. A schematic of the developed experimental
emission characterization set-up is depicted in Fig. 1. The emitted laser light is coupled by a
lensed single-mode fiber (coupling efficiency around 30%). The fiber coupled optical power
is depicted colour coded in Fig. 2(a) in dependence on the laser gain injection current and
the absorber reverse bias voltage. To account for sufficient fiber-coupled optical power for
nonlinear intensity auto-correlation and spectrally resolved measurements simultaneously, the
light is amplified by a booster optical amplifier to several Milliwatt of average output power. The
packaged commercial booster optical amplifier (Thorlabs, model: BOA1017) is kept constant
at a temperature at 27 °C and driven by 600mA gain injection current for all measurements.
It has a length of 1.5mm and a small signal gain around 27 dB. The amplified spontaneous
emission spectrum is centered around 1300 nm and is exemplarily depicted in Fig. 2(b). Two
optical fiber isolators with 32 dB isolation each are placed before and after the booster optical
amplifier to prevent any unwanted residual optical feedback affecting the laser. The light is split
by a fiber-based 50/50 beam-splitter where 50% of the power is guided to a background-free
nonlinear intensity auto-correlation technique with a high-sensitivity crystal for pulse width
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Fig. 1. Schematic of the measurement set-up. The laser emission is fiber-coupled and
amplified by a booster optical amplifier and then analyzed by an intensity auto-correlator,
fast-photodiode and electrical spectrum analyzer and an optical spectrum analyzer.

Fig. 1. Schematic of the measurement set-up. The laser emission is fiber-coupled and
amplified by a booster optical amplifier and then analyzed by an intensity auto-correlator,
fast-photodiode and electrical spectrum analyzer and an optical spectrum analyzer.

(a)                                                                                                            (b)

Fig. 2. (a) Average fiber coupled optical power of the passively mode-locked laser before
entering the booster optical amplifier. The coupling efficiency is around 30%. (b)
Spectrum of the amplified spontaneous emission solely by the booster optical amplifier
at 600mA and 27°C centered around 1300 nm. The -3dB spectral width is 67 nm.

analysis. Optical pulse widths are determined by de-convoluting the full-width-at-half-maximum
of Gaussian fit functions to the measured auto-correlation time traces. In the second branch
of the fiber splitter, 50% of the light is directed to a fast photo diode (electrical bandwidth
45GHz) in combination with an electrical spectrum analyzer (electrical bandwidth 50GHz) for
radio-frequency analysis and to an optical spectrum analyzer (spectral resolution 10 pm) for
optical spectra and bandwidth analysis. The timing stability of the optical pulse trains is quantified
by the pulse-to-pulse timing jitter σptp = (∆ν/2πν3

0 )0.5 with ν0 the fundamental repetition rate
and ∆ν the repetition rate line width [43]. The repetition rate line width is calculated from the
timing phase noise power spectral density L( f ), given by L( f ) = ∆ν/2π f 2 and is only valid for
frequencies higher than ∆ν/2. In the measurements, the total timing phase noise power spectral
density L( f ) = P( f − ν0)/(RBW · Pel,tot ) [46] is composed of multiple separately measured
power spectral densities each covering one order of frequency offset range where RBW is the
resolution bandwidth of the electrical spectrum analyzer and Pel,tot the total integrated power of
the repetition rate line at ν0. The final spectrum is obtained by linearly averaging 10 measured
spectra with the detection mode of the electrical spectrum analyzer set to sample-mode [41]. The
amplitude jitter of the optical pulse trains is quantified as a relative standard deviation of the
pulse intensity variations determined by the ratio of the integrated power spectral density in the
radio-frequency spectrum up to half the repetition rate and the power spectral density of the
repetition rate peak [47].

3. Mode-locking pulse train and stability characterization

In the following, we present the radio-frequency domain, optical and time domain characteristics
of the laser. At first, the fundamental mode-locking beat frequency peak signal-to-noise ratio
in the radio-frequency domain is investigated in dependence on the laser gain injection current
and the applied absorber reverse bias voltage. The experimental results are depicted color-coded
in Fig. 3(a). Overall, a radio-frequency peak signal-to-noise ratio exceeding 30 dB is found
for almost the entire area of bias conditions. The highest radio-frequency signal-to-noise ratio
is found in an area bounded by white dashes, denoted by A. The maximum ratio of 59 dB is
found at a gain current of 160mA and for a reverse bias voltage of 1.4V. For gain currents above
145mA and for absorber reverse bias voltages above 1.8V, splitting of the optical spectra occur

Fig. 2. (a) Average fiber coupled optical power of the passively mode-locked laser before
entering the booster optical amplifier. The coupling efficiency is around 30%. (b) Spectrum
of the amplified spontaneous emission solely by the booster optical amplifier at 600mA and
27 ◦C centered around 1300 nm. The −3dB spectral width is 67 nm.

3. Mode-locking pulse train and stability characterization

In the following, we present the radio-frequency domain, optical and time domain characteristics
of the laser. At first, the fundamental mode-locking beat frequency peak signal-to-noise ratio
in the radio-frequency domain is investigated in dependence on the laser gain injection current
and the applied absorber reverse bias voltage. The experimental results are depicted color-coded
in Fig. 3(a). Overall, a radio-frequency peak signal-to-noise ratio exceeding 30 dB is found for
almost the entire area of bias conditions. The highest radio-frequency signal-to-noise ratio is
found in an area bounded by white dashes, denoted by A. The maximum ratio of 59 dB is found at a
gain current of 160mA and for a reverse bias voltage of 1.4V. For gain currents above 145mA and
for absorber reverse bias voltages above 1.8V, splitting of the optical spectra occur with a mode
group spectral separation of 7 nm and lower radio-frequency peak signal-to-noise ratios than these
identified in area A. This dual-mode group lasing appears common for quantum dot lasers as the
carriers are localized in different dots that may be unable to interact directly, resulting in a system
without a global Fermi function and exhibiting an inhomogeneously broadened gain spectra
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[16,48,49]. For gain currents from 120mA up to 145mA and reverse bias voltages above 1.8V,
low radio-frequency signal-to-noise ratios are found. This area is marked with a white dashed
line and denoted as area B, indicating less stable mode-locking operation. This is supported by
the absence of optical pulses in the auto-correlation spectra in area B. A representative measured
radio-frequency trace is depicted in Fig. 3(b) for 120mA and 2.6V. The fundamental repetition
rate of 9.4GHz, corresponding to the free spectral range of the passively mode-locked quantum
dot laser, higher harmonics with descending peak power as well as the absence of low-frequency
fluctuations or Q-switched mode-locking are indicated [46].

with a mode group spectral separation of 7 nm and lower radio-frequency peak signal-to-noise
ratios than these identified in area A. This dual-mode group lasing appears common for quantum
dot lasers as the carriers are localized in different dots that may be unable to interact directly,
resulting in a system without a global Fermi function and exhibiting an inhomogeneously
broadened gain spectra [16,48,49]. For gain currents from 120mA up to 145mA and reverse
bias voltages above 1.8V, low radio-frequency signal-to-noise ratios are found. This area is
marked with a white dashed line and denoted as area B, indicating less stable mode-locking
operation. This is supported by the absence of optical pulses in the auto-correlation spectra in
area B. A representative measured radio-frequency trace is depicted in Fig. 3(b) for 120mA and
2.6V. The fundamental repetition rate of 9.4GHz, corresponding to the free spectral range of the
passively mode-locked quantum dot laser, higher harmonics with descending peak power as well
as the absence of low-frequency fluctuations or Q-switched mode-locking are indicated [46].
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Fig. 3. (a) Color-coded fundamental mode-locking beat frequency peak signal-to-noise
ratio in dependence on the absorber reverse bias voltage and the gain current. A large
mode-locking area with ratios >50 dB is obtained. The maximum ratio of 59 dB is
found at a gain current of 160mA and 1.4V reverse bias voltage. In the gray area, above
lasing threshold, and at high reverse bias voltages, radio-frequency peak signal-to-noise
ratio less than 30 dB result. (b) Selected radio-frequency spectrum acquired at an
injection current of 120mA and at an applied absorber reverse bias voltage of 2.6V
and indicated within a frequency span of 45GHz.

The optical pulse widths are determined by a background-free non-linear intensity auto-
correlation technique with a high-sensitivity crystal by de-convolution of Gaussian fits to the
auto-correlation signal, and results are depicted color-coded in Fig. 4(a). In the gray colored
area, absorption prevails and hence no lasing or pulse generation occurs. At the majority of
operation points in the map however, clean Gaussian shaped auto-correlation time traces are
obtained. Example traces are depicted in Fig. 4(b) for different bias conditions. Above lasing
threshold, the shortest pulses are found and this area is indicated with a white dashed line
denoted as area D. A shortest pulse width of 1.7 ps is recorded at 120mA and at 2.6V and the
corresponding auto-correlation time-trace including a Gaussian fit is depicted in the bottom left
corner of Fig. 4(b). This corresponds to a pulse peak power of 28.2mW taking into account a
pulse-shape-factor of 0.94 for Gaussian pulses [42] at an average optical output power of 0.48mW
solely by the passively mode-locked laser. This pulse width for a quantum dot laser on silicon is
narrow, however 4.8 times larger than that for a tapered design on GaAs [37]. Additionally, in
area D, the pulse widths are slightly decreasing with increasing absorber reverse bias voltage
due to the higher pulse shortening effect of the stronger absorption and the pulses broaden with

Fig. 3. (a) Color-coded fundamental mode-locking beat frequency peak signal-to-noise
ratio in dependence on the absorber reverse bias voltage and the gain current. A large
mode-locking area with ratios >50 dB is obtained. The maximum ratio of 59 dB is found
at a gain current of 160mA and 1.4V reverse bias voltage. In the gray area, above lasing
threshold, and at high reverse bias voltages, radio-frequency peak signal-to-noise ratio less
than 30 dB result. (b) Selected radio-frequency spectrum acquired at an injection current
of 120mA and at an applied absorber reverse bias voltage of 2.6V and indicated within a
frequency span of 45GHz.

The optical pulse widths are determined by a background-free non-linear intensity auto-
correlation technique with a high-sensitivity crystal by de-convolution of Gaussian fits to the
auto-correlation signal, and results are depicted color-coded in Fig. 4(a). In the gray colored
area, absorption prevails and hence no lasing or pulse generation occurs. At the majority of
operation points in the map however, clean Gaussian shaped auto-correlation time traces are
obtained. Example traces are depicted in Fig. 4(b) for different bias conditions. Above lasing
threshold, the shortest pulses are found and this area is indicated with a white dashed line
denoted as area D. A shortest pulse width of 1.7 ps is recorded at 120mA and at 2.6V and the
corresponding auto-correlation time-trace including a Gaussian fit is depicted in the bottom left
corner of Fig. 4(b). This corresponds to a pulse peak power of 28.2mW taking into account a
pulse-shape-factor of 0.94 for Gaussian pulses [42] at an average optical output power of 0.48mW
solely by the passively mode-locked laser. This pulse width for a quantum dot laser on silicon is
narrow, however 4.8 times larger than that for a tapered design on GaAs [37]. Additionally, in
area D, the pulse widths are slightly decreasing with increasing absorber reverse bias voltage
due to the higher pulse shortening effect of the stronger absorption and the pulses broaden with
increasing gain current. Besides the short pulses the broadest optical spectra are obtained as well
in area D. At low absorber reverse bias voltages and at high gain currents, pulse widths ranging
from 10 ps up to 30 ps are obtained in an area denoted as area C, indicated by a white dashed line.
In area C coherence artifacts with auto-correlation amplitudes equal to the ones of the Gaussian
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background signal can arise in the auto-correlation time traces. An example auto-correlation time
trace for area C is depicted in the top left corner of Fig. 4(b). For higher gain injection currents
above 160mA area C is expanding towards higher absorber reverse bias voltages above 0.8V.

increasing gain current. Besides the short pulses the broadest optical spectra are obtained as well
in area D. At low absorber reverse bias voltages and at high gain currents, pulse widths ranging
from 10 ps up to 30 ps are obtained in an area denoted as area C, indicated by a white dashed line.
In area C coherence artifacts with auto-correlation amplitudes equal to the ones of the Gaussian
background signal can arise in the auto-correlation time traces. An example auto-correlation time
trace for area C is depicted in the top left corner of Fig. 4(b). For higher gain injection currents
above 160mA area C is expanding towards higher absorber reverse bias voltages above 0.8V.

(a)                                                                                                    (b)
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Fig. 4. (a) Color-coded de-convoluted pulse width in dependence on gain current
and absorber reverse bias voltage. Gray: continuous-wave emission. (b) Example
auto-correlation time traces with Gaussian fits. The shortest pulse width of 1.7 ps
is depicted in the left bottom corner found at an injection current of 120mA and an
absorber reverse bias voltage of 2.6V. In the top left corner at 155mA and 0.0V a
strong coherent spike on top of the Gaussian pulse is found what is ignored for the
Gaussian fit.

The -3 dB optical spectra widths, generated in dependence on the gain current and absorber
reverse bias voltage, are depicted color-coded in Fig. 5(a). In area D, the broadest optical spectra
widths or optical frequency combs are found, in accordance with the shortest optical pulses in
Fig. 4(a). Here, comb widths range from 1.1 nm (110mA, 1.8V) up to a maximum of 5.5 nm
(115mA, 1.0V). This corresponds to a maximum of 103 optical lines or comb carriers within
the -3 dB spectral width. The corresponding spectrum is depicted in the top left corner of
Fig. 5(b). Outside of area D, the comb widths are mostly below 0.5 nm. An example spectrum
is shown in the top right corner of Fig. 5(b). As indicated earlier, at high gain currents and
high absorber reverse bias voltages in area E a splitting of the optical spectrum can occur. An
example trace is depicted in the bottom right corner of Fig. 5(b). For higher gain injection
currents than 160mA area E is expanding to lower absorber reverse bias voltages below 1.8V.
The bottom left corner shows the attained optical comb centered at 1312.5 nm yielding a comb
width of 2.63 nm corresponding to the shortest pulses at 120mA and 2.6V. This results in a
time-bandwidth-product of 0.78 being only 1.77 times higher than the time-bandwidth-product
for Fourier-limited Gaussian pulses of 0.44. This time-bandwidth-product value indicates a small
amount of chirping within the optical pulse.
A map of the estimated time-bandwidth-product is depicted color-coded in Fig. 6(a) in

dependence on the injected gain currents and applied absorber reverse bias voltages. Within
area D of the shortest optical pulses, the time-bandwidth-product ranges from 0.7 (100mA, 0.8V)
up to 3.1 (115mA, 1.0V). This indicates that a fraction of the modes in the -3 dB spectral width

Fig. 4. (a) Color-coded de-convoluted pulse width in dependence on gain current and
absorber reverse bias voltage. Gray: continuous-wave emission. (b) Example auto-correlation
time traces with Gaussian fits. The shortest pulse width of 1.7 ps is depicted in the left
bottom corner found at an injection current of 120mA and an absorber reverse bias voltage
of 2.6V. In the top left corner at 155mA and 0.0V a strong coherent spike on top of the
Gaussian pulse is found what is ignored for the Gaussian fit.

The −3 dB optical spectra widths, generated in dependence on the gain current and absorber
reverse bias voltage, are depicted color-coded in Fig. 5(a). In area D, the broadest optical spectra
widths or optical frequency combs are found, in accordance with the shortest optical pulses in
Fig. 4(a). Here, comb widths range from 1.1 nm (110mA, 1.8V) up to a maximum of 5.5 nm
(115mA, 1.0V). This corresponds to a maximum of 103 optical lines or comb carriers within
the −3 dB spectral width. The corresponding spectrum is depicted in the top left corner of
Fig. 5(b). Outside of area D, the comb widths are mostly below 0.5 nm. An example spectrum
is shown in the top right corner of Fig. 5(b). As indicated earlier, at high gain currents and
high absorber reverse bias voltages in area E a splitting of the optical spectrum can occur. An
example trace is depicted in the bottom right corner of Fig. 5(b). For higher gain injection
currents than 160mA area E is expanding to lower absorber reverse bias voltages below 1.8V.
The bottom left corner shows the attained optical comb centered at 1312.5 nm yielding a comb
width of 2.63 nm corresponding to the shortest pulses at 120mA and 2.6V. This results in a
time-bandwidth-product of 0.78 being only 1.77 times higher than the time-bandwidth-product
for Fourier-limited Gaussian pulses of 0.44. This time-bandwidth-product value indicates a small
amount of chirping within the optical pulse.
A map of the estimated time-bandwidth-product is depicted color-coded in Fig. 6(a) in

dependence on the injected gain currents and applied absorber reverse bias voltages. Within area
D of the shortest optical pulses, the time-bandwidth-product ranges from 0.7 (100mA, 0.8V) up
to 3.1 (115mA, 1.0V). This indicates that a fraction of the modes in the −3 dB spectral width are
locked and the pulse is slightly chirped. For the majority of laser biasing conditions, the optical
pulses are nearly Fourier-limited, indicated by the wide purple area, except for gain currents
above 135mA and reverse bias voltages below 0.4V in area C. There, time-bandwidth-products
exceeding 4.4 are found which are attributed to less stable mode-locking due to the low absorber
reverse bias voltage. In that area, coherent artifacts can be found in the auto-correlation time
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exceeding 4.4 are found which are attributed to less stable mode-locking due to the low absorber
reverse bias voltage. In that area, coherent artifacts can be found in the auto-correlation time
traces with amplitudes larger than the Gaussian background. Since the booster optical amplifier
is not impacting the -3 dB optical width of the passively mode-locked laser, it can be concluded
from the large purple area in Fig. 6(a) for the time bandwidth product showing values of 0.44
that the booster optical amplifier in this area is not broadening the optical pulses. Only in area D
larger time bandwidth products are obtained. Here, a comparative measurement with and without
booster optical amplifier of the pulse width is not possible due to too low optical output powers
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In the following, we aim to study the low-frequency noise or amplitude noise of the generated
pulse trains, in particular to identify possible amplitude modulated pulse regimes. Therefore, we
quantify and depict the measured relative amplitude jitter in Fig. 6(b). As indicated in Fig. 6(b),
amplitude jitter below 1% is attained in area D where the shortest pulses are identified (color
coded purple). Such low amplitude jitter denotes excellent stable passive mode-locking operation.
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In contrast, at high gain currents above 135mA and high absorber reverse bias voltages above
1.8V in area E, strong relative amplitude jitter values are found ranging from 15% up to 70%.
This indicates unstable mode-locking operation possibly caused by the second mode group
appearing in the optical spectra in this area.

The pulse-to-pulse timing jitter is depicted in Fig. 7(a) in dependence on the laser gain current
and absorber reverse bias voltage. Low timing jitter values of around 100 fs to 200 fs can be
identified in the majority of biasing areas. In area A, where the highest radio-frequency peak
signal-to-noise ratios are found, timing jitter values range between 65 fs and 150 fs. Area C
depicts timing jitter values up to 650 fs where also coherent artifacts appear in the auto-correlation
traces and their widths can be related to the pulse coherence time and indicate the shortest
temporal structure in the pulse intensity [50]. In the regime with low timing jitter values,
indicating stable mode-locking, these artifacts are absent. In area E, the timing jitter increases
up to values above 800 fs, corresponding to repetition rate line widths beyond 3MHz, what is
also denoted as unstable mode-locking, yet no artifacts appear in that area. This additional noise
contribution is attributed to the second mode group identified in the optical domain within area
E. In area D, located just above lasing threshold and at gain currents below 125mA, where also
the shortest pulses where found, timing jitter values are below 50 fs, indicated by purple color
coding. A lowest timing jitter of 9 fs, corresponding to a fundamental repetition rate −3 dB line
width or inter-mode beat line width of 400Hz is identified at a gain current of 105mA and an
absorber reverse bias voltage of 0.6V. The corresponding timing phase noise power spectral
density spectrum L(f ) is depicted in Fig. 7(b) together with a 400Hz line which may serve as
a guide to the eye. The phase noise clearly follows the 400Hz up to an offset frequency of
10MHz. At 10MHz and −120 dBc/Hz the baseline of the electrical spectrum analyzer is reached.
Measurements without the use of the booster optical amplifier have shown that neither the −3 dB
spectral width nor the timing jitter is influenced by the booster optical amplifier, only the baseline
for L(f) at −120 dBc/Hz is increasing due to the lower power impinging onto the detector. The
lowest identified value of 9 fs for the pulse-to-pulse timing jitter for this laser is 1.5 times higher
than the one for the lowest timing jitter obtained so far by a passively mode-locked quantum dot
laser on silicon of 6 fs at 20GHz with a 1.6 times broader pulse width at this operation point [1]
than the device presented in this work.
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density trace L( f ) for 105mA and 0.6V where the lowest timing jitter of 9 fs is found.
This trace belongs to a repetition rate line width of 400Hz plotted with a green dashed
line as guide to the eye.

Fig. 7. (a) Color-coded pulse-to-pulse timing jitter in dependence on the absorber reverse
bias voltage and the gain current. (b) Example timing phase noise power spectral density
trace L(f ) for 105mA and 0.6V where the lowest timing jitter of 9 fs is found. This trace
belongs to a repetition rate line width of 400Hz plotted with a green dashed line as guide to
the eye.
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Finally, Table 2 summarizes the three highlighted laser biasing conditions for optimum timing
jitter, pulse width, −3 dB spectral width and corresponding obtained values for the time bandwidth
product, average optical output power and pulse peak power. All three operation points are
located in area D. The best values are highlighted in bold. In literature, line widths of 100 kHz
(−3 dB) for a self mode-locked quantum dot laser on silicon [36] and 80 kHz for a similar device
presented here [35] were reported indicating a 200-250 times broader repetition rate line width as
compared to the here presented results although no precise pulse train stability analysis in terms
of radio-frequency line width has been carried out yet for these devices. Additionally, in the
results presented here, a 2.75 times narrower repetition rate line width is observed as compared to
the reported repetition rate line width of 1.1 kHz from a complex tapered waveguide design from
a silicon quantum-well laser [34] and 4.5 times narrower line width compared to the 1.8 kHz
width reported for a monolithic InAs quantum dot passively mode-locked two-section laser on
silicon [1]. Comparing the achieved timing stability with quantum dot passively mode-locked
lasers on native substrates, except of silicon, repetition rate line widths ranging from 500Hz up
to 27 kHz [37,39–43] have been reported. A 1.25 to 67.5 times narrower line width is presented
here. Compared to the lowest value of 500Hz at 10GHz by a packaged quantum dot laser
presented in [44] the here presented laser still shows a higher pulse train timing stabiliy. Pulse
train amplitude stability studies are performed relatively scarcely. In [51] a stable mode-locking
area had recently been defined with relative amplitude jitter values below 6% where higher
values had been connected to leading edge or trailing edge pulse instabilities. Additionally in
[44] an amplitude jitter to 1.2% or around 1% [37] has been presented. Except within area E,
the here presented laser shows a considerably reduced relative amplitude jitter below 1% in the
majority of gain injection currents and absorber reverse bias voltages indicating ultra-stable pulse
amplitude stability.

Table 2. Best Values of Characteristic Laser Parameters

Gain injection current 105mA 115mA 120mA

Absorber reverse bias voltage 0.6V 1.0V 2.6V

Pulse width 3.2 ps 3.2 ps 1.7 ps
Pulse-to-pulse timing jitter 9 fs 317 fs 28 fs

Repetition rate line width 400 Hz 520 kHz 4 kHz

−3 dB spectral width 4.5 nm 5.5 nm 2.6 nm

Time bandwidth product 2.52 3.10 0.78

Average optical output power 0.64mW 0.89mW 0.48mW

Pulse peak power 19.9mW 27.9mW 28.2mW

4. Conclusion

Stable optical pulse trains have been generated by amonolithic passivelymode-locked InAs/InGaAs
quantum dot laser directly grown on silicon. The lowest optical pulse width amounted to 1.7 ps,
the lowest pulse-to-pulse timing jitter to 9 fs, corresponding to a repetition rate or inter-mode
beat line width of 400Hz. A relative amplitude jitter below 1% at a repetition rate of 9.4GHz
indicated exceptionally stable pulse train generation. A broad emission area has been identified
just above lasing threshold where the amplitude jitter was well below 1%, the timing jitter below
50 fs and the optical pulse widths below 3 ps. The laser generated optical frequency combs
spanning 5.5 nm within a −3 dB bandwidth and containing more than 100 comb carriers. The
monolithic passively mode-locked two-section quantum dot laser should serve as a promising
source for future large-scale high capacity silicon photonic integrated circuits where ultra-stable
optical pulse operation is critically demanded.
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