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Abstract. Quantum dot based monolithic edge-emitting semiconductor lasers at 1.25µm are
ideal sources for the generation of broad optical frequency combs for optical communication
applications. In this work, InAs/InGaAs quantum dot lasers with different total laser length to
absorber length ratio and with different p-doping concentrations in the GaAs barrier sections
are investigated experimentally in dependence on the gain injection current and absorber reverse
bias voltage. A smaller mode-locking area is found for the p-doped device in dependence on
the laser biasing conditions. For the undoped active region 1.3 ps short pulse widths at a pulse
repetition rate of 20 GHz with a pulse-to-pulse timing jitter of 111 fs are reported for an absorber
section length of 12% to the total cavity length. For an undoped and p-doped device short pulse
emission between 2.5 ps and 5.5 ps is attained and a shorter absorber section length of 8% or
5%.

1. Introduction
Passively mode-locked semiconductor quantum dot lasers generating picosecond short optical
pulses at high pulse repetition rates spectrally centered at 1.25µm are ideal sources for
telecommunication applications [1, 2, 3] or master oscillator power amplifier set-ups [4] for two-
photon excitation fluorescence microscopy due to the high penetration depth of this wavelength
into organic tissues [5]. Mode-locked semiconductor quantum dot lasers offer compact size and
low energy consumption [1, 2, 3, 6, 7]. Optical pulse generation in quantum dot lasers benefits
from broad gain spectra, due to the inhomogeneous broadening of the dots [8, 9, 10], ultra-fast
carrier dynamics [11], modal gain saturating abruptly with carrier density [12, 13] and easily
saturable absorbers [14]. For quantum dot lasers, pulse widths below 1 ps [15, 16, 17] and low
pulse-to-pulse timing jitter have been reported for devices with different geometries, including
multi-section and tapered structures [18, 19, 20, 21, 22]. For quantum dot lasers directly grown
on silicon, longer absorber section lengths yield shorter pulses [23]. Modifying the p-doping in
the active region of quantum dot lasers resulted in a higher modal gain at a fixed current density
in mode-locked quantum dot on silicon lasers [24] and in broad area quantum dot lasers [24, 25].

In this work, the impact of total laser length to absorber length ratio and p-doping level onto
the pulsed emission of 2 mm long two-section passively mode-locked InAs/InGaAs quantum dot
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lasers is studied experimentally. Shortest pulse widths and optimum pulse train stability are
quantified in dependence on the gain injection current and absorber reverse bias voltage.

2. Quantum dot laser devices and experiment
The investigated two-section quantum dot laser devices consist of 10 layers of InAs/InGaAs
quantum dots separated by GaAs barriers. The waveguide width is 5µm and both facets are left
as-cleaved leading to a reflectivity of around 32 %. The total laser length is 2 mm corresponding
to a free spectral range of around 20 GHz. The laser is mounted on a copper cooling block and
temperature stabilized at 20◦C. In the lasers with doped active region, the GaAs barriers have
been p-doped with concentrations up to 3 · 1017 cm−3. Table 1 summarizes all investigated
devices with their specific total length to absorber section length ratio. Pulsed laser emission
analysis is carried out by a nonlinear intensity auto-correlation technique for pulse width analysis
and by de-convolution of Gaussian fits to the measured data (as depicted in Figure 1, right
graph) and a fast photo diode (electrical bandwidth 45 GHz) in combination with an electrical
spectrum analyzer (electrical bandwidth 50 GHz) for radio-frequency analysis and an optical
spectrum analyzer (spectral resolution 10 pm) for optical spectra and bandwidth analysis in
dependence on the gain injection current and absorber reverse bias voltage. The timing stability
of the optical pulse trains is quantified by the pulse-to-pulse timing jitter σptp = (∆ν/2πν30)0.5

with ν0 being the fundamental repetition rate and ∆ν the repetition rate line width [21, 20].

Table 1. List of investigated 2 mm long two-section quantum dot laser structures
number doping ridge width total length to absorber length ratio

1 undoped 5µm 12 %
2 undoped 5µm 8 %
3 undoped 5µm 5 %
4 doped 5µm 12 %
5 doped 5µm 5 %
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Figure 1. Optical spectrum (left), radio-frequency spectrum (middle) and non-linear intensity
auto-correlation time trace (right) of undoped laser 1 at a gain injection current of 110 mA and
6 V).
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3. Experimental results
First, the emission characteristics of lasers 1 and 4 are studied. Exemplary emission
characteristics of undoped laser 1 are depicted in Figure 1 at an gain injection current of 110 mA
and an absorber reverse bias voltage of 6 V. The -3 dB spectral width of the emitted optical
spectrum amounts to 8.2 nm. The middle graph of Figure 1 shows a strong radio-frequency beat
note at the fundamental repetition rate whereas a non-linear intensity auto-correlation time
trace depicting an optical pulse is depicted in the right graph. The pulse width is determined
by a Gaussian fit leading to a value of 3.6 ps at this operation parameters.

The full mapping of the pulse width in dependence on the gain injection current and the
absorber reverse bias voltage for undoped laser 1 is depicted in the left graph of Figure 2. The
pulse width ranges from 1.3 ps at 65 mA and 6 V up to 25 ps at 305 mA and 3 V. The pulse width
is decreasing with increasing absorber reverse bias voltage due to the stronger pulse shortening
of the absorber. Additionally, the pulse width is increasing with increasing gain current due
to increased self-phase modulation [26]. Those trends are observed for all five laser devices in
the fundamental mode-locking regime, independent of the doping or absorber section length,
presented in this work. In comparison to undoped laser 1, the resulting pulse width mapping of
doped laser 4 is depicted in the right graph in Figure 2. Here, the pulse width ranges from 1.5 ps
at 60 mA and 6 V to 30 ps at 210 mA and 4 V. The mode-locking region for the doped sample
reduced where mode-locking exists for gain injection currents up to 210 mA. For the undoped
device, mode-locking extends up to 305 mA.

undoped doped

Figure 2. Colour-coded pulse width for undoped laser 1 (left) and doped laser 4 (right) in
dependence on the gain injection current and absorber reverse bias voltage. In the gray coloured
region, continuous wave emission is obtained. At 50 mA and 5 V - 6 V the laser is below threshold.
Both lasers are 2 mm long and exhibit total length to absorber section length ratio of 12%.

Second, the shortest pulse widths generated by the laser devices are compared with respect
to their absorber section length and doping concentration. Figure 3 depicts the pulse width
dependence on the absorber section length ratio for the doped (blue) and undoped (red) lasers.
A decrease in shortest pulse width is obtained for both, the doped and undoped lasers for
increasing absorber section length. This is in agreement with results recently reported for
two-section mode-locked quantum dot lasers on silicon [23]. The shortest pulse width of 1.5 ps
generated by the doped laser is slightly higher as compared to the pulse width of 1.3 ps generated
by the undoped sample. For a 5% absorber section length, the shortest obtained pulse width of
the doped sample is 1.4 times broader and for 12% absorber section length 1.15 times broader
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Figure 3. Shortest obtained pulse width (including bias conditions) in dependence on the
absorber section length to total length ratio of the different laser structures. Red: undoped
lasers, blue: doped lasers.

compared to the undoped laser. For the shortest pulse width of 1.3 ps for the undoped device
the corresponding timing jitter is 111 fs and for the shortest pulse width of 1.5 ps for the doped
device the timing jitter amounts to 2.2 fs showing a more stable pulse train for the doped laser.

Third, harmonic mode-locking is observed for undoped laser 2 (8%) at an absorber reverse
bias voltage of 6 V. The evolution of the auto-correlation time traces is depicted color coded in
Figure 4. The pulse widths increase from 5.2 ps to 10.1 ps for the laser exhibiting fundamental
mode-locking at a repetition rate of 20 GHz and for injection currents from 70 mA to 110 mA.
For injection currents ranging from 115 mA to 120 mA the temporal pulse separation amounts

Figure 4. Auto-correlation time traces for increasing (left) and decreasing gain current (right)
for the undoped 2 mm long laser with an absorber section to total length ratio of 8% operated
at at 6 V reverse bias voltage. Repetition rate hysteresis can be found spanning 30 mA.
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to 25 ps indicating a repetition rate of 40 GHz. There, two pulses circulate simultaneously in the
laser cavity. The laser structures with short absorber section length to total length ratios of 8%
and 5% exhibit harmonic mode-locking at absorber reverse bias voltages of 5 V and 6 V. For the
short absorber sections the gain at high gain current injection is sufficient to support more than
one pulse in the laser cavity. The right graph of Figure 4 shows the auto-correlation time traces
for decreasing gain injection currents ranging from 120 mA to 70 mA. Harmonic mode-locking at
a repetition rate of 40 GHz extends from 120 mA to 80 mA. At 75 mA the lasers repetition rate
transits to fundamental mode-locking at 20 GHz. A repetition rate hysteresis region from 80 mA
to 110 mA spanning over 30 mA is evident. Such repetition rate hysteresis effect was already
reported in 4 mm long multi-section quantum dot lasers with complex geometry and explained
in the context of colliding pulse mode-locking [27].

4. Conclusion
In conclusion, the pulsed emission of of 2 mm long two-section passively mode-locked
InAs/InGaAs quantum dot lasers has been studied experimentally. The lasers exhibited absorber
section length to total length ratios ranging from 5% to 12% and different active region doping.
The shortest generated optical pulses amounted to 1.3 ps at a timing jitter of 111 fs generated by
an undoped laser with a 12% long absorber. Doped laser device generated pulses with widths as
short as 1.5 ps and a timing jitter of 2.2 fs. Active region doping hence leads to increased pulse
width yet also higher pulse train stability for those specific devices. Additionally, the undoped
device exhibits a larger mode-locking region than the doped device in dependence on the laser
biasing conditions. Both the doped and undoped devices with shorter absorber section to total
length ratios of 8% or 5% exhibited transitions from fundamental to harmonic mode-locking.

Acknowledgements
V.V. Korenev, A.V. Savelyev and M.V. Maximov acknowledge support by the Russian
Foundation for Basic Research (project #18-502-12081). A.E. Zhukov gratefully acknowledges
the support from the Basic Research Program of the National Research University Higher
School of Economics 2020. D. Auth and S. Breuer acknowledge support by the Dr. Hans
Messer Foundation (Doctoral scholarship); Authors thank W. Elsäßer for support; S. Breuer
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