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Abstract—Passive mode-locking in two-section InAs/InP quan-
tum dot laser diodes operating at wavelengths around 1.55 pm is
reported. For a 4.6-GHz laser, a large operating regime of stable
mode-locking, with RF-peak heights of over 40 dB, is found for
injection currents of 750 mA up to 1.0 A and for values of the ab-
sorber bias voltage of 0 V down to —3 V. Optical output spectra
are broad, with a bandwidth of 6-7 nm. However, power exchange
between different spectral components of the laser output leads to
a relatively large phase jitter, resulting in a total timing jitter of
around 35 ps. In a 4-mm-long, 10.5-GHz laser, it is shown that the
operating regime of stable mode-locking is limited by the appear-
ance of quantum dot excited state lasing, since higher injection
current densities are necessary for these shorter lasers. The out-
put pulses are stretched in time and heavily up-chirped with a
value of 16-20 ps/nm. This mode of operation can be compared to
Fourier domain mode-locking. The lasers have been realized using
a fabrication technology that is compatible with further photonic
integration. This makes such lasers promising candidates for, e.g.,
a coherent multiwavelength source in a complex photonic chip.

Index Terms—Mode-locked lasers, quantum dots, semiconduc-
tor lasers.

I. INTRODUCTION

CTIVE and passive mode-locking of laser diodes is a well-
A established technique for generating picosecond pulses at
wavelengths around 1.55 pm. These wavelengths are of pri-
mary interest for telecommunication applications. Mode-locked
laser diodes (MLLDs) can be used as high-speed sources in,
e.g., optical time-domain multiplexed (OTDM) and wavelength-
division multiplexed (WDM) systems [1]. Current interest in
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these MLLDs lies in utilizing the coherent bandwidth that these
lasers generate in combination with mature optical fiber-based
technology in advanced optical (telecommunication) systems,
such as optical code-division multiple-access (O-CDMA) sys-
tems [2], arbitrary waveform generation [3], clock distribution
and as multiwavelength sources for silicon-based integrated op-
tics [4], [5]. Moreover, these MLLDs have found their way to
other fields of research, such as biomedical imaging [6] and
frequency comb generation [7], e.g., for metrology purposes.

The material typically used for fabricating these MLLDs op-
erating at 1.55 pim is InP/InGaAsP, using either bulk or quantum-
well gain sections [8]. In recent years, however, quantum dot
(QD) gain material has been shown to be promising for applica-
tion in MLLDs due to the broad gain spectrum, low spontaneous
emission levels, reduced linewidth enhancement factor, and a
low threshold current density [9], [10]. Also lower sensitivity
to optical feedback is reported. Subpicosecond pulse generation
with high peak power [11], [12] and low-timing-jitter opera-
tion [13] has been achieved. An added advantage is that QD
gain material does not suffer from ridge sidewall surface re-
combination, due to the spatial confinement of the carriers in
the dots. As a result, it is possible to make high-contrast ridge
waveguides, reducing the size of the devices and increasing the
possible integration density [14].

Many of these advantages have been reported with two-
section MLLDs based on InGaAs/GaAs QD gain material,
which operate in the 1.2-1.3-um wavelength region. Results
obtained with InAs/InP QD or quantum dash material in the
1.5 pm region are scarcer but do already indicate different be-
havior. Subpicosecond pulse generation [15], [16], and narrow
RF linewidths [15], [17] have been observed in MLLDs con-
sisting of only a single section. We have previously reported
our first results obtained with monolithic two-section QD lasers
based on InAs/InP QD gain material [18], where we have shown
that the output pulses are very elongated with a chirp of around
20 ps/nm [19]. This result is strikingly different from what is
commonly observed in MLLDs. The observed mode of oper-
ation of the laser can be compared to Fourier domain mode-
locking [20].

In this paper, which is complementary to the time-domain
analysis we have presented in [19], the operating regime for sta-
ble mode-locking of InAs/InP QD MLLDs is explored, and the
boundaries of this stability regime are studied. We will show that
these lasers have much larger ranges for the optical amplifier cur-
rent and saturable absorber voltages for passively mode-locked
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operation compared to quantum well or bulk lasers, based on the
InP/InGaAsP material and operating around 1.55 pum. Having
a large and robust stability regime is essential for practical im-
plementation of these lasers as low-cost and stable sources [21].
The characterization results presented in this paper also lead to a
better understanding of the operation of these MLLDs and again
show the operation to be very different from that of lasers based
on InAs/GaAs QDs. In particular, our results show the strong in-
fluence of the inhomogeneous character of the QD gain medium
and its limitations to stable mode-locking.

In this paper, first the device design and fabrication are pre-
sented in Section II. Hereafter, the experimental results are pre-
sented and discussed for a laser configuration with a total length
of 9mm (Section III-A). This laser shows the largest stability
regime. In Section III-B, we present the results from lasers with
a length of 4 mm. Due to their shorter length, higher current
densities are required and as a result lasing on the excited state
(ES) of the QDs takes place. The effect of this ES-lasing on the
stability of mode-locking is discussed. The conclusions are then
summarized in Section IV.

II. DESIGN AND FABRICATION

The QD laser structure is grown on n-type (100) InP substrates
by metal-organic vapor phase epitaxy (MOVPE), as presented
in [14] and [18]. In the active region five InAs QD layers are
stacked. These are placed in the center of a 500-nm InGaAsP
optical waveguiding core layer. The bottom cladding of this laser
structure is a 500-nm-thick n-InP buffer and the top cladding
is a 1.5-pm p-InP with a compositionally graded 300-nm p-
InGaAs(P) top contact layer. This layerstack is compatible with
the butt-joint active—passive integration process as mentioned
in [22], [23] for possible further integration.

Two-section Fabry—Pérot-type (FP) laser devices have been
designed and realized with total lengths of 4 and 9 mm and
section ratios of 3% up to 30%, as shown in Fig. 1(a). The ridge
waveguides have a width of 2 ym and are etched approximately
150 nm into the InGaAsP layer [Fig. 1(b)]. To create electrical
isolation between the two sections, the most highly doped part of
the p-cladding layer is etched away. The waveguide and isolation
sections are etched using a CH, /Hy two-step reactive-ion dry
etch process. The structures are planarized using polyimide.
Evaporated and gold-plated metal pads create electrical contacts
to both sections. The backside of the n-InP substrate is metalized
to act as a common ground contact for the two sections.

The structures are cleaved to create the mirrors of the FP-
cavity. No coating is applied. The two-section devices are op-
erated by forward biasing the longer gain section, creating a
semiconductor optical amplifier (SOA) and by reversely bias-
ing the shorter gain section, creating a saturable absorber (SA).
The devices are mounted on a temperature-controlled copper
chuck, p-side up.

III. EXPERIMENTAL RESULTS

In this section, we present the results from a study on passive
mode-locking in two sets of lasers with a total length of 9 and
4 mm and corresponding repetition rates of 4.6 and 10 GHz. The

SOA

—— Length

Fig. 1. (a) Photograph of the realized devices, showing different configura-
tions. The SOA (gain) and SA (saturable absorption) sections are indicated.
(b) Scanning electron microscope picture of the waveguide cross-section. To
facilitate cleaving, gold plating was omitted at the ends of the waveguides and
only a 300-nm-thick evaporated metal contact layer is visible in the picture.

Iso. Iso.

PM <+ QDlasér = |— SOA

Fig. 2. Schematic overview of the setup used to characterize the QD lasers.
PM: power meter, Iso: optical isolator, TE cooler: thermoelectric cooler, SOA:
optional booster amplifier, ESA: electrical spectrum analyzer including a
50 GHz photodiode, OSA: optical spectrum analyzer, Osc: 6-GHz real-time
oscilloscope including 45 GHz photodiode, PC: polarization controller, AC:
autocorrelator. All equipment is fiber pigtailed or has fiber input or output con-
nectors. A current source (I) and voltage source (—V) are used to bias the SOA
and SA, respectively.

characterization setup used is depicted in Fig. 2. Antireflection
coated lensed fibers are used to collect the laser output and
optical isolators are used to prevent feedback from reflections
into the laser cavity. The copper chuck below the laser is kept
at a fixed temperature of 10 °C. Needle probes are used to bias
the two sections of the laser. A commercial SOA is used to
optionally boost the optical output power. The SOA is operated
at a gain level of 6-7 dB.

A. Passive Mode-Locking in 9 mm MLLDs

In this section, we compare the results obtained with 9mm
MLLDs having a 270 and a 540 ym SA. The shortest SA avail-
able in our set was 270 pm and the maximum SA length was
540 pm where we observed stable mode-locking. A single-
section 9 mm FP-laser, fabricated on the same chip is used for
reference purposes, e.g., to compare threshold currents.

The laser with a 270 pm SA section has lasing threshold
current values of 660-690 mA for SA reverse bias voltages of
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Fig. 3. Height of the peak at the fundamental frequency in the observed
electrical RF power spectra from the photodiode [over the noise floor, dB-scale
(c)] for a9 mm laser with (a) a 270 um SA and (b) a 540 um SA. The electrical
bandwidth used to obtain the RF spectra is 50 kHz. An external SOA was used
before the 50 GHz photodiode to boost the optical output power of the 270 pm
laser by 6-7 dB. The 540 pum laser was directly connected to the photodiode,
without an SOA. The RF power is grayscale coded in dB. An example for an
injection current of 900 mA and an SA bias voltage of —1V is shown in (c).

0 to —4V, respectively. Passive mode-locking is first studied
by recording the electrical power spectrum using a 50-GHz
photodiode and a 50-GHz electrical spectrum analyzer (Fig. 2).
The RF spectra obtained for this laser show clear peaks at the
cavity roundtrip frequency of 4.6 GHz. In Fig. 3, the height of
these RF peaks over the noise floor is given as a function of
the operation parameters, i.e., the SA bias voltage and the SOA
injection current. A large, robust operating regime with RF-peak
heights over 40 dB, indicative for stable mode-locking [24], and
having optical output powers of 1-4 mW is found for values
of the injection current of 750 mA up to 1.0 A and for values
of the SA bias voltage of 0 down to —3 V. Within this regime

the width of the RF peak is narrow, i.e., ranging from 0.4 to
0.8 MHz at the —20 dB level for bias voltages of 0 down to
—1.5V. For SA bias voltages of —2 down to —3 'V, this width is
in the range of 0.8-2.5 MHz. Also the position of this RF peak,
which is centered around 4.6 GHz, is stable within 6 MHz
for the operating regime mentioned above. In MLLDs, based
on bulk gain material minimum RF linewidths of 2.5 MHz at
—20dB have been reported, with a variation of the roundtrip
frequency of about 50 MHz over their operating regime [25]. So
a clear improvement of the stability of the roundtrip frequency
is observed by using QD gain material instead of bulk gain
material.

The laser with a 540-pm SA section has lasing threshold cur-
rent values of 830-910 mA for SA reverse bias voltages of —0.5
to —2.5'V, respectively. This increase of the threshold current
as compared to the 270 pum laser is caused by the increased
SA length and the correspondingly increased absorption in the
laser cavity. The RF spectra obtained for this laser show that
mode-locking only sets in at relatively high values of the in-
jection current, i.e., around 1.0 A. For the SA bias voltages of
—2.0 down to —2.5 V, mode-locking sets in close to 1.2 A. This
is the upper limit for our measurement setup, since above this
value of the injection current, the detrimental effect of device
heating causes the output power to drop. The output power in
this regime of stable mode-locking is between 1- 4 mW. Com-
paring the results obtained with the 270 and the 540 pym SA, it
seems that the effect of an increased voltage on the SA and an
increased length of the SA are interchangeable with respect to
the stability of mode-locking.

For comparison we studied the 9-mm one-section laser. The
threshold current of this device is 380 mA. The electrical spec-
trum shows no distinct peak at the roundtrip frequency. This can
be expected based on the well-known mechanisms of passive
mode-locking in laser diodes with bulk or quantum-well gain
material, where the SA plays a crucial role [1], [8]. However,
one-section quantum-dash and QD FP-lasers emitting around
1.55 pum have been reported to show passive mode-locking,
without the aid of an SA [15], [16].

Timing jitter has been studied by evaluating the single-
sideband phase noise signal around the fundamental RF peak,
using an integration interval of 10 kHz—80 MHz. In Fig. 4, it can
be seen that next to the dc component of the spectrum (i.e., the
low-frequency components), no pedestal is observed above the
noise floor of the analyzer, so the contribution of the amplitude
jitter can be neglected in this evaluation [26]. The timing jitter
has been evaluated for the 270-pm SA device at a fixed injection
current of 900 mA. The value is (35 & 3) ps for a low SA bias
voltage of —(0.5V and increases slightly to (39 + 3) ps for an
SA bias voltage of —2 V. For the 540-um SA device (evaluated
at 1100 mA), this increase of the timing jitter is larger, going
from (36 £ 4) ps to (53 & 7) ps for SA bias voltages of —0.5
and —2V, respectively. We note that the mode-locking in the
540 pm device is significantly less robust, as can be seen in
Fig. 3.

The low-observed dc-pedestal (Fig. 4) is to be compared to
typical bulk gain MLLD electrical spectra [25]. In these lasers
clear signals are visible in the low frequency ranges <1 GHz of
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Fig. 4. (a) Electrical RF power spectra obtained at —1 V and 1.0 A injection
current. The output with the full bandwidth (black) is compared to the output
with the 0.22-nm bandpass filter placed at 1535.5 and 1537.6 nm. (b) The dc-
peak and (c) the first RF peak are shown in detail. The arrows in (b) indicate the
maxima of the dc-peaks.

at least 15 dB above the noise floor and at most 33 dB below the
peak at the fundamental frequency. However, if we filter the QD
laser output with a 0.22-nm bandpass filter, a significant increase
of the pedestal at the low-frequency components can be seen.
With this bandpass filter an increased pedestal is also observed
around the RF peaks (see Fig. 4). The dc-pedestal corresponds
to an amplitude jitter component, [26] and it can be concluded
that power exchange between the different spectral components
takes place. Comparing the facts that the MLLD output has a
relatively large timing jitter and a low dc-pedestal, we conclude
that the total jitter of the full-bandwidth output is dominated by
phase jitter, largely owing to the power exchange between the
different spectral components of the output.

As reported previously [19] using a 6-GHz real-time oscillo-
scope, a pulse train with a large dc-offset, or background, was
observed from a photodiode recording the full optical laser out-
put. Filtering of the output by a bandpass filter resulted in pulses
with a strongly decreased background and a higher modulation
depth. These previous results are confirmed by the signals from
the RF analyzer, where a decrease in the dc-component relative
to the harmonics in the electrical spectrum is observed when the
bandpass filter is added (Fig. 4).

A typical optical spectrum of a 9-mm two-section laser is
given in Fig. 5(a). The evolution of the optical spectrum as a
function of the SOA injection current is presented in Fig. 5(b)
for an SA bias voltage of —1V. The spectrum is broad, i.e.,
6—7nm, as can be expected from the inhomogeneously broad-
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Fig. 5. (a) Optical spectrum obtained from the 270 pm SA device. The in-
jection current is 900 mA and SA bias voltage is —1 V. The optical bandwidth
used to obtain the spectrum is 0.16 pm. (b) Evolution of the optical spectrum for
SOA injection currents varying from 650 mA up to 1.0 A. The SA bias voltage
is —1 V. The spectral power is grayscale coded in dB.

ened gain of QD lasers [18]. Note that the spectra have a similar
shape for all current values. The largest intensity is always on
the long wavelength side of the spectrum and the intensity tails
off in the direction of the shorter wavelengths.

Over the whole range of stable mode-locking no pulse is ob-
served on the autocorrelator. However, when a 1.2-nm optical
bandpass filter is added to the output of the laser, background-
free pulses can be observed with the autocorrelator, with a du-
ration of 6-11 ps [19]. With a real-time 6 GHz oscilloscope and
with the bandpass filter pulses are observed with a modulation
down to the 0 V level and over the full bandwidth, as can be
seen in Fig. 6(b).

To investigate the timing between these separate spectral com-
ponents of the output pulse, the setup of Fig. 6(a) is used [19].
Here, the output pulses of the laser are split using a 3 dB coupler
and they are separately filtered using two optical bandpass filters
(with bandwidths of 1.2 and 2.0 nm, respectively). Both filtered
output pulses are then recorded with the 6 GHz oscilloscope.
One of the bandpass filters (with 2.0 nm bandwidth) is kept at a
fixed position and is used to trigger the signal, i.e., it serves as
a reference. The other bandpass filter (with 1.2 nm bandwidth)
is tuned and the output is recorded by the oscilloscope with the
reference signal as a trigger. The oscilloscope traces are shown
in Fig. 6(b). Using these oscilloscope traces the relative delay of
the pulse trains resulting after filtering is then determined. This
leads to the conclusion that the output pulse of the QD laser
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Fig. 6. (a) Schematic of the setup used to investigate the timing of the spectral
components of the pulse. The two photodiodes (PDs) are connected to two
channels of the oscilloscope (Osc). (b) A typical example of the oscilloscope
traces. The signal at the indicated wavelengths is obtained with the 1.2 nm filter
and the “ref.” with the 2.0 nm filter. The traces have been vertically offset for
easy comparison, with the arrows indicating the 0-V level.

is very elongated and heavily up-chirped, with a chirp value of
about 20 ps/nm [19].

This observation of elongated, chirped pulses can be con-
firmed by studying compression of the pulses, using standard
single-mode optical fiber (SMF). This technique has been used
in [27] to convert the output of FM-locked lasers to a pulse
train. The second-order dispersion of the SMF is on the order of
16-20 ps/(nm - km), so that 1.0-1.2 km of SMF should be able
to compensate the chirp of these pulses. In Fig. 7, the autocor-
relator traces are shown of the 270-um SA laser output after
passing through different lengths of SMF. As can be seen, the
pulse is compressed to a minimum duration of the second har-
monic generated signal with 1500 m of SMF. This minimum
duration is 20-25 ps. However, the strong peaks in the center
(for all shown fiber lengths) indicate a nonideal partial compres-
sion. This partial compression is probably caused by a nonlinear
part of the chirp (or higher order SMF dispersion). Note that it is
not possible to obtain autocorrelator traces without SMEF, since
the peak power of the elongated pulses is too low and the dura-
tion is too long (the pulses even overlap in time) [19]. We also
note that the central, narrow peaks in the autocorrelator traces
appear as a result of the dispersion of the SMF. This indicates
that these peaks are not coherence spikes. The width of the nar-
row peaks decreases from 5 to 1 ps when the length of the SMF
is increased from 800 to 1500 m.

SH power (a.u.)

0 50 100
Time (ps)

Fig. 7. Autocorrelator traces (second harmonic power given) obtained from a
270-pm SA device. The injection current is 900 mA and the SA bias voltage is
—1 V. The length of SMF between the device and the autocorrelator is indicated.
An external SOA, placed before the SMF, is used for amplification.

B. Effect of ES Lasing in 4 mm MLLDs

In this paragraph, we compare the results obtained with 4 mm
MLLDs having a 120 and a 240 pm SA. Again a single-section
4-mm FP-laser, fabricated on the same chip, is used for refer-
ence purposes. The laser with a 120-pm SA section has lasing
threshold current values from 330 to 410 mA for SA reverse bias
voltages from 0 to —8 V, respectively. The laser with the longer
240 pm SA has threshold current values of 455-505 mA for
bias voltages of 0 down to —2 V. The reference, single-section
laser has a threshold value of 160 mA. Since these lasers are sig-
nificantly shorter than those discussed in the previous section,
the question is how the operation of these lasers is affected by
the approximately 1.5-2 times higher current densities in the
optical amplifier. As will be shown, the consequence is that the
excited states in the quantum dots start playing a role.

The mapping of the RF-peak height of the lasers with 120
and 240 pm SAs is shown in Fig. 8. For the 120 um laser, there
is only a small area where stable mode-locking takes place.
Between 600 and 750 mA SOAs injection current and between
0 and —2V SAs bias voltage the RF peaks are over 40 dB
above the noise floor. Optical output powers in this range are
3-5 mW. For the 240-pm SA laser, there are two areas in this
mapping where stable mode-locking takes place, i.e., around
0V and around the higher injection currents of 700-800 mA,
respectively. The optical output powers at stable locking are 3—
4 mW at the gain-section side of the laser. The shape of these
areas is unlike the 9 mm device results, where there was only
one large area of stability (see Fig. 3). To investigate this further,
we first have a look at the optical spectra.

The optical output spectra of these 4 mm MLLDs are charac-
terized by two main features at higher SOA injection currents,
as can be seen in Fig. 9. With increasing injection current a
group of modes appears at the shorter wavelength side, next to
the main group of modes. Eventually, by increasing the current
even further, this group seems to merge into the main group of
modes. This is quite unlike what we observe with the 9 mm
lasers. Since this double structured spectrum is also observed in
our test FP lasers and in [18], [23], we ascribe this effect to the
ES lasing and not to particular dynamics of the mode-locking
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Fig. 8. Peak height in the RF power spectra (over the noise floor, dB-scale)
for a 4 mm laser with (a) a 120 pm SA and (b) a 240 um SA. The electrical
bandwidth used to obtain the RF spectra is 50 kHz. An external SOA was used
before the 50 GHz photodiode to boost the optical output power of the laser.

mechanism [28], [29]. This has been verified as described near
the end of this section.

To investigate the effect of the appearance of this group of
modes on the stability of mode-locking, the RF spectra are stud-
ied again. In Fig. 9, we have plotted the RF-peak height and the
RF linewidth at —20 dB of the peak next to the optical spectra.
As can be seen for both the 120 and 240-um SA lasers the RF-
peak height decreases with increasing power in the second group
of modes. When this group merges into the primary group of
modes, the RF-peak height increases again (black line in Fig. 9).
When the lasers mode-lock, one can see the RF linewidth (gray
line in Fig. 9) decreasing with increasing RF-peak height, down
to values of 1.1 MHz for the 120 um SA laser and 2.7 MHz for
the 240 pum SA laser around 600 mA. A second regime of stable
mode-locking in the 240 pum SA laser starts around 800 mA,
with an RF linewidth of 1.6 MHz.

This leads to the conclusion that the appearance of optical
gain in a separate wavelength region allows for the appearance
of the second group of modes in the optical spectrum. This
seems to destabilize the mode-locking in the 4 mm devices. The
appearance of the second region in the gain spectrum allows
for richer dynamics, which is, however, detrimental for stable
mode-locking.
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Fig. 9. Optical spectra (grayscale coded in dB), height of the first RF peak
(black, lower axis), and width of the first RF peak at —20 dB of the maximum
(gray, upper axis) as a function of the SOA injection current for (a) a 4 mm
MLLD with a 120 zm SA, biased at —1 V and (b) a4 mm MLLD with a 240 ym
SA, biased at O V.

To study this second, shorter wavelength group of modes
more closely, the setup of Fig. 10(a) is used. This setup is based
on the same technique we used in [19] to obtain the chirp pro-
file of the output pulses of the 9 mm MLLD. This chirp has a
value of approximately 20 ps/nm as mentioned above. For the
measurements on the 4 mm devices, we used a 13-GHz band-
width real-time oscilloscope that can digitize at 40 Gigasamples
per second (LeCroy SDA 13 000). With this oscilloscope, it is
possible to record the individual pulses from the 10 GHz lasers
in real time. The 4 mm MLLD with a 120 gm SA is evaluated
at an SA bias voltage of —1V and an SOA injection current of
630 mA. At these settings, an optical spectrum with two clear
maxima is observed [Fig. 9(a)].

First the relative timing of the different spectral components
is studied. The output pulses of the laser are split using a 3 dB
coupler, and they are separately filtered using two optical band-
pass filters (with bandwidths of 1.2 and 2.0 nm, respectively).
Both filtered output signals are then recorded with the 13 GHz
oscilloscope. One of the bandpass filters (with 2.0 nm band-
width) is kept at a fixed wavelength [position 0 in Fig. 10(b)]
and is used as a reference. The other bandpass filter (with 1.2 nm
bandwidth) is tuned in wavelength and the output of both sig-
nals is recorded by the oscilloscope in a 20-us-long trace. The
phase difference between the swept signal and the reference
signal is then calculated. This phase difference is also plotted
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Fig. 10. (a) Schematic overview of the setup used to characterize the chirp

of the QD lasers. PD: 25 GHz photodiode, BW: optical bandpass filter, Iso:
optical isolator, SOA: semiconductor optical amplifier, EDFA: erbium-doped
fiber amplifier, Osc: 13-GHz real-time oscilloscope. All equipment is fiber
pigtailed or has fiber input or output connectors. (b) Power spectra of the light
transmitted through the 1.2-nm optical bandpass filter at the ten positions used
in the relative phase measurements and the measured relative phases of the
pulses at each position of the filter. The phases are indicated by the diamonds
and given relative to the “position 0” pulse. The presented data were taken from
the 120-pm SA MLLD at an injection current of 630 mA and a bias voltage
of —1V. (c) Calculated delay for the different spectral components (squares),
assuming a 10.5-GHz roundtrip frequency. The linear fit (dashed line) has a
slope of 16 ps/nm. Multiple dashed lines show the periodicity of the laser.

in Fig. 10(b). It can be seen that the way the relative phase of
the pulses changes over the wavelength regions in the output
spectrum of the laser is strikingly different for the two groups
of modes.

In the longer wavelength group the phase difference is de-
creasing with decreasing wavelength, assuming the smallest
possible phase shifts (i.e., not taking multiples of 27 radians
into account). This means that with decreasing wavelength the
time delay between the signal at that wavelength and the ref-
erence signal increases. This increase of the time delay can be
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Fig. 11.  (a) Time traces recorded with the oscilloscope, averaged more than

2.5 ns, showing signals at position 0 (black) and at position 7 (gray) (see Fig. 10).
The setup of Fig. 10 is used. In (b,c) the reference signal is plotted against the
signal at (b) position 0 and (c) position 7, taking the offset due to the nonequal
optical and electrical signal path lengths into account.

expressed in time, since 27 radians correspond to the 95-ps
roundtrip time for the 10.5 GHz laser, as shown in Fig. 10(c).
The conclusion is that the pulses are predominantly linearly up-
chirped with a value of approximately 16 ps/nm, close to the
value of 20 ps/nm found for the 9 mm MLLDs. This means that
the pulses are so elongated that they overlap inside the cavity.

The second group of modes (at the shorter wavelength side)
seems to have no measurable delay between its spectral compo-
nents. The reduced phase (i.e., ignoring multiples of 27 radians)
is approximately equal to the phase of the right-hand-side com-
ponents of the major group of modes [i.e., positions 1 and 2 in
Fig. 10(b)]. Therefore, this group forms a pulse with limited or
no chirp and fully synchronized with the pulse from the main
group.

With the same setup, it is also possible to study intensity
fluctuations in the laser output. To this end, we use the same
two oscilloscope traces of signals at two wavelength bands and
take the average signal power over every 2.5ns of the 20 us
trace. A typical result with the traces from filter position 0 and
at position 7 (see Fig. 10) is shown in Fig. 11. It can be observed
that the power fluctuations at the two wavelengths show an an-
ticorrelation. A dip in the power at filter position O corresponds
with a peak in the power at filter position 7, with an offset. To
get a more quantitative result, the power of the reference trace
at position O is plotted versus the other traces at positions 0—10.
The offset, which is an artifact of the setup, is minimized. Typ-
ical datasets appear as shown in Fig. 11. The correlation is then
calculated (Pearson’s r) and a maximum positive correlation is
found at position 0. This can be understood since this is the same
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position of the reference trace. A maximum negative correlation
is found between position 7 and the reference trace. The fact that
the right-hand sides of both groups of modes have the strongest
correlation leads us to believe that the shorter wavelength group
is due to ES lasing, and not an artifact of the inhomogeneous
broadening [30]. The negative correlation is thus interpreted by
us as a power exchange between the ground (GS) and ES las-
ing. After all, the most logical explanation for this maximum
correlation to bridge about 20 nm in the spectrum would be that
these wavelengths make use of the same set of dots, both at
the GS and ES simultaneously. Spectral hole burning due to
inhomogeneous broadening cannot account for this effect.

In summary, the analysis of the 4 mm MLLDs shows that
the stability of the mode-locking is limited by the appearance
of a second group of modes to the shorter wavelength side. Our
observations in this paper confirm previous work [18], [23] that
this is ES lasing, since we have observed a maximum power
exchange between the longer wavelength spectral components
of both groups, indicating that these spectral components should
be coupled. This observation rules out the strong spectral hole
burning due to the inhomogeneous broadening as a cause [30].

Apparently, increasing the SOA injection current in the 4 mm
MLLDs can suppress this ES lasing and results in a more stable
mode-locking performance. We explain this by assuming that
with increased injection current the optical bandwidth of the GS
group of modes is increased at the expense of the ES group of
modes. We note that high-reflection coating of (one of) the chip
facets will lead to lower current densities for the 4 mm lasers.
As a consequence, ES lasing is not occurring, which could lead
to more stable mode-locking.

IV. CONCLUSION

In this paper, we have shown that QD-based MLLDs operat-
ing around wavelengths of 1.55 um can have a large and stable
operating regime. In 9-mm, 4.6-GHz devices, we have found sta-
ble mode-locking with RF peaks of more than 40dB for SOA
injection currents between 750 mA and 1.0 A and for SA bias
voltages of 0 V down to —3 V. The variation in the roundtrip fre-
quency over this range is less than 6 MHz. Having such a large,
stable operating regime is essential for practical implementa-
tion of these devices, since they are tolerant against variations
in operating parameters. This operating regime is larger than the
regime that is typically found in bulk or quantum- well MLLDs,
operating around 1.55 pum, where typically the absorber voltage
has to be decreased for increasing injection current [24], [25],
and [31].

The timing jitter values for the 9 mm MLLDs are relatively
large at 30—40 ps. We think that the main cause for this jitter is
the power exchange between different spectral components of
the laser output, resulting in a phase jitter of the output pulses.
However, the presence of an SA in these devices may possibly
allow for hybrid mode-locking. This technique can in principle
severely decrease the timing jitter. Since the pulses are very
elongated, hybrid mode-locking will probably alter the mode-
locking dynamics significantly.

Analysis of the shorter 4 mm MLLDs shows that the regime
of stable mode-locking is mainly limited by the appearance of
the ES lasing with increasing SOA current. However, it appears
that these modes can be suppressed when this injection current is
increased even further, resulting in stable islands in the operating
regime.

The output spectrum of these devices is shown to be coherent
and has a broad bandwidth of 6-7 nm. However, the output
pulses are highly chirped and very elongated. These chirped
pulses have a duration on the order of the roundtrip time for the
9 mm MLLDs, but in the 4 mm MLLDs, these pulses overlap
inside the cavity. Although the mechanism of mode-locking in
these novel QD devices is not fully understood yet, we note that
the SA plays an essential role, much unlike previously reported
QD lasers operating at the same wavelengths [15], [28]. We
ascribe the elongated, chirped output pulses to the relatively
small homogeneous broadening of the gain and absorption in
these devices and the related spectral hole burning. We think that
a modeling approach that takes these effects into account [29],
[30] will be necessary for further investigation of the dynamics
in these QD lasers.

These MLLDs have been realized with a fabrication technol-
ogy that is compatible with further photonic integration [22],
[23]. As such these devices can perform the function of, e.g., a
coherent multiwavelength source or even a mode-comb gener-
ator in a complex photonic chip.
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