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Abstract: The performance of an external-cavity mode-locked semi-
conductor laser is investigated both theoretically and experimentally. The
optimization analysis focuses on the regimes of stable mode |ocking and the
generation of sub-picosecond optical pulses. We demonstrate stable output
pulses down to one picosecond duration with more than 30 dB trailing pulse
suppression. The limiting factors to the device performance are investigated
on the basis of afully-distributed time-domain model. We find that ultrafast
gain dynamics effectively reduce the pulse-shaping strength and inhibit the
generation of femtosecond optical pulses.
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1. Introduction

Mode-locked semiconductor lasers are optical sources of picosecond pulses for severa appli-
cations including: high-speed optical time-division multiplexed (OTDM) communication sys-
tems, optical clocking and sampling, etc. The maximum attainable bitrate in these systems is
determined by the shortest temporal width and timing jitter of the pulses; hence, a thorough
understanding of the underlying mechanisms is of crucial interest for future applications. In
spite of the limited integrability of external-cavity mode-locked semiconductor lasers (ECM-
LLs), they are particularly interesting as optical sources for laboratory use, tunable both in
wavelength and repetition rate [1] and for high power generation [2]. To date, most of the
mode-locked semiconductor lasers generating pulses shorter than one picosecond are of the
type of colliding-pulse mode-locking which are not tunable [3]. In ECMLLSs, two different
approaches have been devised to overcome the picosecond frontier: i) hybrid mode-locking
with intracavity dispersion compensation [4] and ii) integrated ion bombarded saturable ab-
sorbers [5]. However, these systems are characterized by either an extensive set-up or require
an absorber technology which is expensive and does not allow for any external control. Hence,
in practice, sub-ps pulse generation in multi-GHz mode-locked lasers based on reverse-biased
absorbers generally requires external manipulation of the pulses, such as pulse compression
stages. Moreover, ECMLLs display a number of detrimental effects that require special atten-
tion before they can be useful for practical applications. These effects include the appearance
of trailing pulses, regimes of incomplete mode-locking, onset of self-pulsation, etc.

The pulsewidth in a mode-locked laser is determined by the balance between pulse shorten-
ing and broadening (due to dispersion). For a slow absorber, pulse shortening is effective when
the saturable absorber (ABS) is more easily saturated than the semiconductor optical amplifier
(SOA). The nonlinear saturation processesin SOA (ABS) effectively sharpenthetrailing (lead-
ing) edge of the pulse, thus producing pulse compression. For finite absorber relaxation times,
the relative contribution of SOA is less important and the shortening is primarily due to the
absorber [6]. These arguments, however, neglect the contribution from ultrafast gain dynamics.
The saturation energy of SOA and ABS, determining the pulse shaping strength, have con-
tributions from gain depletion (differential saturation) [7] and non-equilibrium processes [8].
Ultrafast processes are increasingly important when the pul sewidth reaches their characteristic
sub-picosecond time scales, specially due to hot carrier thermalization [2]. Since ultrafast ef-
fects modify the saturation energies and, in turn, the shortening strength, they ultimately define
the shortest attainable pulsewidth. In this paper, we experimentally and theoretically investi-
gate the pulse properties of a multiple quantum well (MQW) buried heterostructure ECMLL.
A fully-distributed time-domain model is validated with experimental characterization results.
Theinterplay of different physical mechanismsis discussed in the paper. Finaly, the model is
used to analyze the factors limiting the shortest pulsewidth.

2. Laser setup and model

The mode-locked laser used in the experimentsis a two section six-QW buried heterostructure
plus an external cavity. A 560 um-long section is forward biased to provide optical gain, thus
acting asan SOA.. The saturable absorptionisachieved by reverse biasing a50 pm-long section.
A separation of 20 um between both sections ensures electrical isolation (R ~ 2 kQ). The
absorber facet has the reflectivity of asemiconductor-air interface and is used as output to afiber
taper. The absorber is placed in a self-colliding position, i.e., the leading and trailing parts of
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the pulse encounter due to reflection at the absorber facet. The other laser facet is antireflection
(AR) coated, with residual reflectivity Rar ~ 104, and coupled to the external cavity. Hence,
the laser diode cannot lase by itself unless receives feedback from a diffraction grating. A
GRIN rod lens is used to collimate the optical mode in the external cavity. Fine tuning of the
diffraction grating allows usto adjust the repetition rate to 10 GHz and the emission wavelength
to 1.55 um. The pulsewidth is obtained from second-harmonic autocorrel ation techniques and
deconvolved assuming an hyperbolic secant pulse shape. The spectral width of the pulsesis
obtained from an optical spectrum analyzer. Finally, amplitude and timing jitter are measured
using an electrical spectrum analyzer.

A fully-distributed time-domain model, detailed in Ref. [9], is implemented to describe the
mode-locking dynamics. The ECMLL simulator includes the nonlinear and ultrafast dynam-
ics of gain/absorption, dispersion, self-phase modulation and spontaneous emission noise. The
optical propagation is described by traveling-wave equations which are numerically solved
within the multi-section laser diode using a finite differences scheme. Appropriate boundary
conditions for two counter-propagating waves naturally account for multiple reflections within
the diode chip and external cavity. The external cavity is effectively described through a de-
layed feedback term, which is spectrally filtered by the diffraction grating. The SOA and ab-
sorber models describe, in the rel axati on rate approximation, deviationsfrom quasi-equilibrium
Fermi-Dirac distributions due to spectral-hole burning (SHB) and carrier heating (CH). An ef-
fective rate equation model [8] describesthe depletioninlocal carrier density, resonant with the
lasing transition, due to SHB and the energetic redistribution of electrons and holes due to CH.
In the absorber, the nonlinear dependence of the absorption recovery time with the reverse volt-
age due to carrier sweep-out is phenomenologically described and it amountsto 7aps = 10 ps
for Vaps &~ —2 V. Furthermore, bandgap renormalization due to the quantum-confined Stark ef-
fect leads to red-shift of the absorption edge, which allows us, in a simple way, to map the
unsaturated absorption level into applied reverse voltage. However, the effects of the driving
circuitry on the absorber characteristics have not been included [10]. The parameters in the
model (See[9]) are taken according to the experimental conditions and validated by the results
presented in the next section.

3. Results

We first describe the different operation regimes that appear upon simultaneous variation of the
reverse voltage in the absorber and the injection current to SOA [Fig. 1(8)]. We start the inves-
tigation with a diffraction grating of 300 lines’fmm yielding an optical bandwidth of ~ 8 nm.
The other external cavity parameters have been adjusted to minimize the threshold current and
to tune the emission wavel ength with respect to the gain peak. M ode-locking starts almost im-
mediately once the injection current exceeds the laser threshold which increases with reverse
bias due to higher unsaturated absorption. Light-current characteristics display light-jumps for
reverse voltages below -1V, and hysteresis cycles have been observed for certain values below
-2 V. These behaviors have been explained as an interplay between the laser, the absorber and
the external driving circuitry for the absorber [10]. The operation is free of self-pulsation at
10 GHz repetition rate [11]. In order to inhibit the Q-switching instability, the design provides
low cavity losses, moderate contrast in saturation energies between SOA and ABS, and fast
recombination time in SOA. The shaded regionsin Fig. 1(a) provide the driving conditions for
stable and low amplitude noise mode-locking. The regime of stable mode-locking extends over
a wider current interval for large reverse bias in the absorber. For injection currents beyond
this interval, mode-locking reaches an unstable regime characterized by a substantial increase
in amplitude noise. At this point, a coherence spike on top of the autocorrelation function can
be identified. In simulations, the onset of incomplete mode-locking (IML) manifests itself as
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Fig. 1. (@) Regimes of operation: No laser emission (OFF), stable mode-locking (ML),
incomplete mode-locking (IML), and appearance of light-jumps in the light-current char-
acteristics (dashed region). (b) Evolution of the temporal and spectral width of the pulses.
Experiments (symbols) and simulations (solid lines).

a slow irregular envelope of the pulse train. Numerical simulations show that this instability
occurs even for perfect AR coatings. The reason is different: for sufficiently large gain, fluc-
tuations of the background can grow at the leading edge of the pulse yielding a dynamical
substructure of the pulse. Furthermore, the position of the IML boundary depends on the chirp
of the pulses, cavity dispersion and bandwidth [12]. Thus, moderate self-phase modulation,
accomplished with low Henry apha-factors, can effectively shift the IML boundary to higher
injection currents. The numerically obtained regionsin Fig. 1(a) show good agreement with the
experimental results over the explored parameter range.

Next, we look for the optimum driving conditions yielding the shortest pulsewidth. Figure
1(b) shows the dependence of the tempora and spectral FWHM of the pulses. The data are
obtained when moving along the arrow in Fig. 1(a). The pulses shorten with the reverse bias,
whereas the spectral width increases aimost linearly. The optimum operation point is found
for large reverse bias and currents close-to-threshold as found in Ref. [11]. At the optimum
point, the pulse shape closely matches a sech? function and pulses are nearly transform limited
(At Av =~ 0.35). However, we find weak trailing pulsesduetointernal reflectionsat theimperfect
AR facet. The trailing pulses can be suppressed down to ~ 30 dB for the largest reverse bias
accessible. For higher injection levelsto SOA, wefind that the pul ses broaden due to additional
self-phase modulation and the time-bandwidth product increases. Pulse shortening by reverse
biasing relies on three combined effects: the faster recovery of the absorption, the enhanced
contrast in saturation energies between SOA and absorber and the partial compensation of self-
phase modulation accrued in SOA and absorber. Experimental and numerical dependencies
show a good agreement over a wide parameter range.

In order to analyze the performance of the ECMLL as an ultrashort pulse source, we inves-
tigate the dependence of the pulsewidth with the diffraction grating bandwidth (AA g). Experi-
mentally, the optical bandwidth is varied by using different diffraction gratings with resolution
ranging from 150 to 1200 lines'mm. As a general trend, the larger the bandwidth, the nar-
rower the stable region for mode-locking due to the earlier appearance of IML [12]. Figure
2 (a) shows that the shortest temporal width of the stable pulses reduces when increasing the
optical bandwidth. The shortening is noticeable for ALg < 5 nm, where the pulses are lim-
ited by the grating bandwidth and are almost transform limited. In this regime, the spectra
width of the pulses increases linearly with the grating bandwidth. For AAg > 10 nm, however,
the pulsewidth shortens little and the spectral width increases sub-linearly, meaning that the
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Fig. 2. (a) Temporal and spectral width of the pulses versus the grating bandwidth. Simula-
tions shown as solid lines and symbols are measurements. (b) Simulated frequency combs
for different grating bandwidths.

pulses do not cover the entire available optical bandwidth. This predicted scenario is in good
agreement with the experimental data shownin Fig. 2 (a). Numerical simulations of the present
device show that the temporal width of the stable pul ses can be reduced down to one picosecond
when the bandwidth of the grating isincreased up to AAg = 30 nm. This effect is accompanied
by a spectral broadening as shown in the optical spectraof Fig. 2(b). In contrast to narrow band-
widths, where we found nearly transform limited pul ses, the time-bandwidth product increases
with AAg indicating that the pulses accumulate chirp, which, in turn, affect their stability. Two
additional pointsareworth mentioning. First, in order to avoid excessivetiming jitter associated
with ASE and Gordon-Haus noise [13], operation of the ECMLL below the characteristic band-
width (AAg < 10 nm) is recommended. In this regime, integration of the phase-noise spectrum
between 100 Hz-10 MHz provides ~ 70 fs of timing jitter when 20 dBm RF-power is applied
to the absorber section. Second, the fact that the spectral width of the pulses is narrower than
the available spectrum indicates that they are not bandwidth limited and nonlinear saturation
processes play a leading role. The latter will be analyzed in detail with the aid of numerical
simulations.

Thusfar, the ECMLL simulator has been validated with the experimental results. In order to
clarify the mechanisms limiting the shortest pulsewidth and the appearance of a characteristic
optical bandwidth, the simulations have been repeated, artificially turning-off the contributions
from ultrafast gain dynamics, i.e., assuming quasi-equilibrium carrier distributions. As a con-
sequence, the pulsewidth, indicated by diamond symbolsin Fig. 3(a), is significantly shorter
than in the presence of ultrafast effects for those pulses not limited by the optical bandwidth.
In order to better understand this effect, the 3 dB saturation energy of SOA and absorber have
been separately determined for the same operation conditions as in the mode-locked laser. The
ratio of saturation energies s = ESQ* /EASS s plotted in Fig. 3(b) versus the pulsewidth of an
injected hyperbolic-secant pulse for different thermalization times of hot carriers. For pulses
below one picosecond, which roughly correspondsto the carrier thermalization time scale, the
saturation energy of SOA and absorber depends on the pulsewidth due to ultrafast gain dy-
namics. Moreover, in the absorber, it depends on its length since the self-colliding effect helps
to bleach the absorption more efficiently [14]. In the absence of ultrafast effects E $9A is con-
stant. Hence, the dashed linein Fig. 3(b) shows that the s parameter is proportional to 1/E 285
which is solely determined by the self-colliding mechanism. In this case, the curve indicates
that the maximum bleaching efficiency of the absorber occurs at an input pulsewidth of 350 fs.
When ultrafast effects come into play, the saturation energy of SOA monotonically decreases
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Fig. 3. Contributions to the pulsewidth. (a) Uncompressed pulsewidth shown by solid lines
and after linear chirp removal by dashed lines. Simulations are done including (x) and arti-
ficially turning-off ultrafast effects (¢). (b) Ratio of 3dB saturation energies between SOA
and absorber without (dashed) and including (solid) ultrafast effects: the thermalization
time for carriersis 1 ps (H) and 5 ps (e).

with the pulsewidth [8]. When combining the saturation effects of the ABS and SOA, there
is a substantial reduction in s-parameter for pulsewidths shorter than one picosecond. Further-
more, the reduction in s-parameter is more noticeablefor large thermalization times of carriers.
As aready discussed in the introduction, the effective pul se shortening in a mode-locked laser
with slow saturable absorber relies on values of s much larger than one. Therefore, these re-
sults qualitatively explain the change in tendency for the pulsewidth around 1 ps observed in
Fig. 3(a), that corresponds to a maximum in s-parameter in Fig. 3(b). Besides the modification
in effective pul se shaping strength, pulse chirp significantly increases for wide bandwidths, and
the time-bandwidth product increases with AAg. In order to evaluate the relative influence of
this effect, the linear part of the chirp is removed by numerically propagating the output pulses
in a proper length of normal dispersion fiber. Numerical simulations, shown in dashed linesin
Fig. 3(a), demonstrate that stable pulses as short as ~ 500 fs can be generated, however, at the
expense of including an external pulse compression stage.

4. Conclusions

The mode-locking performance of an external-cavity multi-quantum well buried-
heterostructure diode laser has been experimentally characterized and analyzed on the
basis of a comprehensive fully-distributed time-domain model. The optimum driving condi-
tions that allow for good trailing pulse suppression, short and nearly-transform limited optical
pulses, and moderate timing jitter levels occur when the laser is driven near the mode-locking
threshold and for large reverse bias. We have investigated the possibility of sub-ps pulses by
increasing the optical bandwidth. Beyond an optimum grating bandwidth, we find a distinctive
trade-off between pulsewidth, mode-locking stability and timing jitter. In this regime, ultrafast
gain dynamicsinhibit the generation of shorter optical pulses due to the weaker pulse shaping
strength, mainly caused by the reduced saturation energy of the amplifier.
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