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Abstract—This paper reports on recent results on passively
mode-locked InAs/InP quantum-dot-based lasers. These low-
dimensional structures have proved very attractive in improving
most of the properties of these devices. Subpicosecond pulse gen-
eration at repetition rates up to beyond 300 GHz has readily been
demonstrated. Ultranarrow RF linewidths reach record values of
less than 1 kHz. Controlled optical feedback allows a further reduc-
tion of this linewidth yielding extremely low timing jitter. A com-
parison of single-section and standard two-section lasers is given
for the first time. These performances open the way to various ap-
plications at 1.55 μm, including very high bit rate all-optical signal
processing, frequency comb generation, radio over fiber (RoF), and
low-noise all-optical oscillators.

Index Terms—Mode-locked semiconductor lasers, optical pulse
generation, quantum dot (QD) lasers.

I. INTRODUCTION

S EMICONDUCTOR monolithic mode-locked lasers (MLL)
are very attractive devices for short pulse generation and

have found applications in a vast number of fields, including
optical telecommunications, microwave photonics, radio over
fiber (RoF), optical sampling, biology, and medicine [1], [2].
They have been the subject of numerous investigations since
the early demonstration of a semiconductor laser diode, and
achieve now unprecedented performance characteristics with
pulsewidths in the range of a few hundreds of femtoseconds,
repetition rates in excess of 300 GHz at the first harmonic, low
timing jitter, and narrow RF linewidths.

Advances in material sciences, in particular, molecular beam
epitaxy (MBE) growth, has allowed the achievement of low-
dimensional structures including quantum wells (QWs) from
which high-performance lasers have been fabricated, particu-
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larly contributing to the development of modern optical fiber
communication systems. More recently, quantum dot (QD)
nanostructures have been grown in which the charge carriers
are confined in the three space dimensions. This results in many
remarkable properties of directly modulated QD-based lasers
and their investigation has witnessed a huge interest in the last
decade or so [3].

The first report of a QD-based passive MLL dates back to
2001 [4]. Indeed, some properties of QD lasers are particularly
interesting for the mode-locked regime, including low threshold
current densities, broad optical gain spectra related to the dot
size distribution, potentially low linewidth enhancement factors,
ultrafast carrier dynamics, and low optical confinement factors.
Most of the achievements have been reported for the InAs/GaAs
QD material system that has benefited of much attention. Recent
reviews discussing the advantages of using QDs for passively
MLLs and related performance are given in [5] and [6] for laser
emission at 1.3 μm on GaAs substrates. It is in particular found
that the mechanisms for passive mode locking are similar to
those of bulk or QW-based standard two-section components
consisting of saturable absorber and gain sections [6].

This paper concentrates on passively MLLs intended for the
1.55-μm window, and grown on InP substrates. MBE growth
on InP(1 0 0) usually results in the formation of quantum dashes
(QDashes) or elongated dots, reported by several groups [7]–[9],
while metal–organic vapor phase epitaxy (MOVPE) or chem-
ical beam epitaxy (CBE) growth yields truly 3-D-confined
dots [10], [11]. The first reports of QDash-based MLLs emit-
ting at 1.55 μm were for devices consisting of a single-section,
so-called “self-pulsating” lasers [12], [13]. QDs obtained by
CBE [11] also allow mode locking in single-section devices,
while devices based on MOVPE growth present a more conven-
tional behavior in two-section devices where both Q-switching
as well as mode locking are reported, depending on operating
conditions [10]. The following section describes the growth and
type of structures investigated. The results obtained for single-
section QDash-based devices will be highlighted in Section III.
Subpicosecond pulse generation is hence demonstrated with
repetition rates beyond 300 GHz. The mechanism behind pulse
generation in these one-section devices will be discussed. Recent
study on two-section devices made from an optimized nine-layer
QDash design is reported in Section IV. Mode-locking trends
in these lasers are compared to those of a reference one-section
device made from the same wafer and to the ones reported for
InAs/GaAs QD lasers. The use of relatively low confinement
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Fig. 1. SEM view of (a) single-mode BRS and (b) shallow-ridge MLL.

factor material systems is advantageous for reducing the phase
noise in these devices, owing to the small coupling of the ampli-
fied spontaneous emission (ASE) to the propagating mode. This
major parameter has been extensively investigated in QDash
lasers with a variety of techniques [14], [15] and is discussed in
Section V. The effect of controlled feedback to further reduce
the phase noise is also reported.

Highlights of a few applications based on these novel devices
are presented in Section VI, including all-optical clock recovery
at 40 Gb/s [16] and up to 160-Gb/s [17] frequency comb genera-
tion for high bit rate wavelength-division multiplexing (WDM)
transmission [18] and microwave photonics [19].

II. GROWTH AND DEVICES

The devices presented in this paper consist of InAs QDash
structures grown by gas source MBE (GSMBE) on (1 0 0)
InP substrates. The typical dash height and width are ∼2 and
∼20 nm, respectively. Their length ranges from 40 to 300 nm,
depending on growth conditions, while their surface density is
between 1× 1010 and 4× 1010 cm−2 [7]. Two types of structures
were investigated: dashes in a barrier (DBAR) and dashes in a
well (DWELL). The DBAR structure consists of InAs QDashes
enclosed within 40-nm-thick barriers and two 80-nm-thick sep-
arate confinement heterostructure (SCH) layers. Both the bar-
riers and the SCH are undoped and lattice-matched quaternary
Ga0.2In0.8As0.4P0.6 layers (λg = 1.17 μm). In the DWELL
structure, the QDashes are additionally embedded within 8-nm-
thick QWs obtained from a lattice-matched quaternary material
emitting at 1.45 μm. The barrier for the QW is again the qua-
ternary Ga0.2In0.8As0.4P0.6 material with λg = 1.17 μm. Laser
structures have been processed into either ridge waveguide or
buried ridge stripe (BRS) lasers (see Fig. 1).

In an earlier study, we have investigated the growth opti-
mization of 6-, 9-, and 12-layer InAs/InP DWELL laser struc-
tures [20]. Broad-area laser performance has been investigated
as a function of number of layers showing an optimal modal
gain for a nine-DWELL layer structure. Fig. 2 shows the thresh-
old current density as a function of reciprocal cavity length for
each structure. The Γg0 modal gain factors are derived from the
slope of the curves and amount to 36, 48, and 40 cm−1 for 6,
9, and 12 layers, respectively. Moreover, the size distribution
of QDashes, illustrated by the room temperature full-width at

Fig. 2. Threshold current density evolution versus reciprocal cavity length
for 6 layers (�), 9 layers (�), and 12 layers (•) BA lasers. Reprinted with
permission from [20].

half-maximum (FWHM), is kept constant from 1 to 12 layers at
a value of ∼50 meV.

Exploiting the higher optical confinement factor of multi-
ple layers, which results in a higher modal gain, allowed laser
emission for very short cavity lengths. This opens the way to
very short pulse generation at extremely high repetition rates in
simple one-section device configurations.

III. SHORT PULSE GENERATION USING ONE-SECTION

FABRY–PEROT LASERS

In this section, we present mode-locking characteristics of
single-section QDash lasers without resorting to an absorber
section. The enhanced four-wave mixing (FWM) observed
in QDash-based amplifiers [21], [22] appears to be the phe-
nomenon leading to the mode locking in single-section Fabry–
Perot (FP) devices. This is attributed to mutual sideband in-
jection due to self-induced carrier density modulation at the
longitudinal mode spacing. This process may induce a strong
correlation between the phases of longitudinal modes, helping
the formation of a pulse train with a repetition rate correspond-
ing to the cavity round-trip time.

Other demonstrations have been reported using one-section
FP lasers based on QW [23], [24] and QD active layers [10].
In the latter, Lu et al. attribute the passive mode-locking



IE
EE

Pr
oo

f

ROSALES et al.: InAs/InP QUANTUM-DOT PASSIVELY MODE-LOCKED LASERS FOR 1.55-μm APPLICATIONS 3

Fig. 3. AC signal of an isolated pulse at 134 GHz for a 340-μm-long QDash
FP laser. Reprinted with permission from [13].

mechanism to large nonlinear optical effects, such as self-
phase modulation, cross-phase modulation, and FWM processes
within the QD gain cavity.

A semiclassical model for QW self-pulsating FP lasers has
been proposed [24] based on a simplified three-mode operation,
in which nonlinear dispersion cancel out the mode phase dif-
ferences induced by the linear dispersion of the gain medium,
allowing for ML to establish. A complete model is, however,
still needed to account for the many observations reported for
both the QW- and QD-based single-section MLLs.

In an earlier study, we have reported transform-limited pulse
generation at 134 GHz using a 340-μm-long single-section as-
cleaved Fabry-Perot QDash laser diode [13]. Its active core
consists of a stack of six InAs QDash layers embedded within
InGaAsP QWs (DWELL structure) and separated by InGaAsP
barriers. The laser shows a threshold current of 21 mA, with
a slope efficiency of 0.12 W/A per facet. A typical autocor-
relation (AC) signal of an isolated pulse is shown in Fig. 3.
The pulsewidth is measured to be 800 fs after deconvolu-
tion assuming a Gaussian profile. Subpicosecond pulses are
hence generated without any pulse compression scheme. The
time–bandwidth product (TBP) is 0.46, which indicates almost
transform-limited pulses.

To achieve even higher repetition rates, optimization of
QDash growth has been performed allowing laser emission for
cavity lengths down to 120 μm. These optimized structures
have been investigated for pulse generation at high repetition
rates [25]. In this case, the active region consists of six layers of
InAs QDashes enclosed within 40-nm-thick barriers (DBAR)
and two 80-nm-thick SCH layers. The laser shows a threshold
current of 6 mA, with a slope efficiency of 0.26 W/A per facet.
Facets are high reflection coated. Fig. 4 shows a typical AC
pulse train for 170-μm- and 120-μm-long lasers correspond-
ing, respectively, to a 245- and 346-GHz repetition rates. Af-
ter deconvolution of the Gaussian AC profile, we obtained a
pulsewidth Δt of 870 fs at 245 GHz [see Fig. 4 (a)]. As the
FWHM of the optical spectrum is 9.3 nm for the 170-μm-long
laser [see Fig. 4 (b)], the TBP is evaluated to be 1, indicat-

Fig. 4. (a) and (c) AC traces for the 170-μm- and 120-μm-long lasers. (b) and
(d) Corresponding optical spectra. Reprinted with permission from [25].

ing some residual frequency chirp being present in the pulses.
Fig. 4(c) shows the AC signal of the 120-μm-long laser, indi-
cating a repetition period of 2.9 ps (corresponding to 346-GHz
repetition rate). The shortest pulsewidth of 560 fs is obtained
for a driving current of ∼220 mA. Fig. 4(d) shows the corre-
sponding optical spectrum having 8.4 nm width. The TBP was
0.6, close to the Gaussian transform-limited value. Pulses are
achieved with peak powers of 100 mW at 245 GHz repetition
rate and 20 mW at 346 GHz repetition rate.

One-section lasers show a unique potential, as they allow the
achievement of ultrahigh repetition rates without the require-
ment of a saturable absorber or complex design.

IV. SHORT PULSE GENERATION USING TWO-SECTION

DEVICES: A COMPARISON

Two-section passively MLLs consisting of saturable ab-
sorber and gain sections have been extensively investigated
in InAs/GaAs QD material systems. These MLLs emitting
in the 1.3-μm window have benefited from the broad spectra
and ultrafast dynamics in QDs for achieving subpicosecond
pulses [5], [6], [26], [27].

While two-section QD-based MLLs results at 1.5 μm are
found in the literature [28], [29], their relatively high thresh-
old current densities and waveguide internal losses limit their
performance to relatively long pulse durations at low repetition
frequencies when compared to their InAs/GaAs counterparts.

In this section, we present for the first time, to our knowl-
edge, high repetition rate two-section passive mode locking
at 1.55 μm with comparable performance to that reported for
1.3-μm InAs/GaAs devices. The results are attributed to an opti-
mized structure design that yields broad optical spectra and rel-
atively low threshold currents. The active region consists of nine
layers of InAs QDashes separated by InGaAsP barriers. From
this dash-in-a-barrier structure, BRS waveguide lasers were pro-
cessed with a ridge width of 1.5 μm. The as-cleaved one-section
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Fig. 5. L–I curves for the one-section device and for the two-section device
under no bias (open circuit) and applied bias from 0.4 to −1.2 V.

and two-section lasers have a total length of 890 μm, the latter
including a 90-μm-long absorber section yielding a repetition
rate of 48 GHz in both devices. Threshold currents in the two-
section device ranged from 35 mA without biasing the absorber
section (open circuit) to 70 mA when a reverse bias of −1.2 V is
applied, with corresponding slope efficiencies varying from 0.1
to 0.08 W/A per facet. Corresponding values of 20 and 0.12 W/A
are found for the one-section device. Modal gain and internal
losses were determined from threshold current versus recipro-
cal length and slope efficiency versus length curves from broad
area (BA) lasers. They have been estimated at 50 and 18 cm−1 ,
respectively. Light–current (L–I) characteristics are shown in
Fig. 5 for both the one-section and the two-section devices at
different absorber bias. Absorption in the smaller section occurs
even when forward biased, which explains the lower L–I curve
at 0.4 V compared to the open-circuit case.

A systematic investigation of ML trends versus operating
conditions was carried out. The trends are also compared to
those of a single-section laser fabricated from the same wafer
and having the same cavity length. The simultaneous effects
of gain current and absorber bias on the pulse duration and
the FWHM of the optical spectrum are shown in Fig. 6(a) and
(b), respectively. Pulse durations were measured by AC through
second-harmonic generation with a time resolution of 0.1 ps and
assuming secant-hyperbolic pulses. The spectra were measured
by an optical spectrum analyzer with a spectral resolution of
0.1 nm. The selected range of driving conditions was found to
yield stable mode locking, which smoothly disappears into a
continuous wave (CW) or no-lasing regime when driving the
laser beyond this region. We notice that mode locking occurs
even when forward biasing the absorber section. Fig. 6(a) shows
the effects of driving conditions on the pulse duration. Two types
of trends are identified when varying the absorber voltage at a
fixed drive current. An exponential reduction in pulse duration
is observed from the onset of ML at ∼0.4 V down to a value
of ∼0 V. Fig. 6(c) shows this trend at 180 mA from 0.3 to
−0.1 V where the pulsewidth decreases from 5 to ∼2.5 ps. This
is in agreement with experimental and theoretical results for QD

Fig. 6. (a)–(c) Pulse duration and (d)–(f) optical spectrum FWHM as a func-
tion of bias and drive current. One-section results are shown in (c) and (f).

MLLs [6], [30]. The opposite trend is observed, if the absorber
bias is further decreased to less than ∼0 V. This pulse broaden-
ing may be attributed to the quantum-confined stark effect, as
described in [31] for QD MLLs, in which a red shift of the ab-
sorption spectrum with decreasing bias may result in a reduction
of absorption efficiency. As for the case of 1.3-μm QD MLLs,
increasing the drive current at a fixed absorber bias has the effect
of increasing the pulse duration as seen in Fig. 6(e) at 0.2 V.
Interestingly, increasing the driving current in the single-section
device results in a reduction of the pulse duration, supporting
the assumptions of an ML regime, which relies on intensity-
dependent nonlinear interactions. This feature of one-section
ML lasers is of great interest since it may allow for the si-
multaneous achievement of short pulse durations and relatively
high average powers. Minimum time–bandwidth products have
been evaluated at ∼1.5 and ∼8 for the two-section and single-
section lasers, respectively, which indicate chirped pulses. AC
traces corresponding to the shortest attainable pulsewidths in
both the single- and two-section devices are shown in Fig. 7,
obtained for driving currents of 200 mA and 100 mA (at a bias
of 0.2 V) yielding ∼5.5 and ∼ 2.5 ps, respectively. For the op-
tical spectrum, the general trend is an increase in the FWHM
by decreasing the absorber bias down to an optimum value for
a given driving current, as can be seen from Fig. 6(d) at I =
180 mA. The spectral width also increases with drive current, as
can be observed in Fig. 6(f) for a fixed absorber bias of −0.7 V.
Fig. 6(f) also shows a similar trend for the single-section laser.
We attribute this spectral enlargement for both the single- and
two-section configurations to band-filling effects due to larger
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Fig. 7. AC traces for the single- and two-section devices when operating at
200 mA and [100 mA, 0.2 V], respectively.

carrier densities attainable in this nine-QDash layer active stack.
Broad spectral features are desirable for applications such as co-
herent frequency comb generation for WDM transmission [18].
Both two-section and single-section devices when driven at high
injection currents may hence be suitable for this kind of appli-
cations. Noise properties were assessed by measuring the RF
linewidth of the first harmonic at 48 GHz. Both the single- and
the two-section devices exhibited minimum RF linewidths of
∼100 kHz.

V. NOISE IN QDASH PASSIVE MLLS

A. Noise in Single-Section QDash Passive MLLs

MLLs are attractive candidates for the generation of stable
and periodic pulse trains. They exhibit a potential for appli-
cations where small timing jitter is needed. For instance, op-
tical sampling requires a timing jitter of less than 1 ps and
even challenging values of 20 fs pulse-to-pulse for an 8-bit
40-Gb/s optical sampler [32]. MLLs characteristics are also
potentially valuable in the realization of low-phase-noise oscil-
lators at multigigahertz frequencies for applications in RoF sys-
tems [33]. For these purposes, low-dimension QD/Dash-based
active materials exhibit unique properties compared to their
QW-based counterparts. Indeed, the reduction of the material
dimensionality, which implies a lower active volume, results in
a lower optical confinement factor [3]; hence, the interaction
of the optical guided mode with the ASE is reduced. Moreover,
owing to the discrete nature of energy states, the energy diagram
of a QD/Dash laser is equivalent to a three-level system [34],
where the population inversion factor is close to one. These two
properties are responsible for the improved timing jitter per-
formance observed in QD/Dash MLLs. In passively MLLs, the
frequency noise of the fundamental harmonic line, measured af-
ter photodetection, is mainly induced by spontaneous emission,
which represents a source of frequency white noise or equiva-
lently 1/f2 phase noise; therefore, the power spectral density of
the photocurrent (RF spectrum) is given by a Lorentzian func-
tion, whose linewidth is found to be directly linked to the timing

Fig. 8. RF linewidth dependence on material dimensionality. (Adapted from
[7].)

Fig. 9. (a) SSBPN spectral density around the first harmonic of the detected
RF signal. (b) Evolution of the timing jitter with increasing delay in the cross-
correlation measurement. Solid line: theoretical square-root fit. Reprinted with
permission from [14].

jitter [35]. It was shown that the value of the RF linewidth, and
therefore, timing jitter, of an MLL is strongly affected by the
material system and typically decreases by one order of magni-
tude when going from bulk to QW and from QW to QD/QDash
active regions [7]. Typical values of the RF linewidth lie in the
range of a few tens of kilohertz [13] down to a few hundreds
of hertz [36], [37] for QD/QDash MLLs compared to several
megahertz down to several hundreds of kilohertz for multi-QW
MLLs (see Fig. 8), which indicate better timing jitter perfor-
mance for the QD/Dash-based MLLs.

The timing jitter of passively MLLs is usually evaluated by
integrating the single sideband phase noise (SSBPN) spectra
in the RF domain. By using this technique, we have measured
the timing jitter of single-section QDash MLLs with repeti-
tion frequencies of 40 and 10 GHz. The 40-GHz laser is based
on a nine-layer InAs/InP DWELL structure. The SSBPN spec-
trum L(f) measured by an electrical spectrum analyzer and its
Lorentzian fit are represented in Fig. 9(a). Integration of the
SSBPN was performed between 1 and 20 MHz. Below 1 MHz,
the phase noise is affected by low-frequency drifts, and above
20 MHz, by the noise floor level of the ESA as described in [14].
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The timing jitter amounts to 0.79 ps, obtained from the measured
data, and 0.86 ps using a Lorentzian fit. Its RF linewidth was
measured to be 240 kHz.

More recently, optimized active cores with a lower con-
finement factor have allowed a further reduction in the RF
linewidth [37]. These active cores consist of a three-layer stack
of InAs QDashes embedded in 40-nm-thick InGaAsP barriers.
From this structure, a 10-GHz MLL was processed. A narrow
RF linewidth of∼850 Hz was obtained, leading to a timing jitter
of 400 fs in the 150 kHz–50 MHz frequency range. The earlier
measurement scheme presents a limitation in determining high-
frequency jitter. The limitation arises from the noise floor of
the electrical spectrum analyzer, which is reached at some point
when increasing the offset frequency. Another limitation comes
from the detector and the spectrum analyzer bandwidths, typ-
ically around 50 GHz, limiting the repetition frequency range
of operation. These limitations are overcome by optical cross-
correlation measurements, as described in [38]. This technique
has been implemented for measuring the timing jitter in the
previously described devices. The experimental setup is pre-
sented in [14]. The approach makes use of variable lengths of
dispersion-shifted fiber and a controlled fine-delay stage with a
5-fs resolution. Fig. 9(b) shows the evolution of the integrated
timing jitter τJ with increasing delay in the cross-correlation
measurement for the 40-GHz MLL. By fitting the data with a
square-root function, the timing jitter is found to scale as τJ =
0.201 L1/2 , with τJ in units of picoseconds and L in units of
meters. The length dependence of τJ corresponds to the theo-
retical 1/f2 slope of the phase noise in passively MLLs. A timing
jitter of 1.08 ps for the frequency interval [1 MHz, 20 MHz] has
been evaluated, which is slightly larger than the value of 0.86 ps
earlier found by integrating the first harmonic sideband. This
technique was also applied to the optimized 10-GHz QDash
MLL. A timing jitter of 500 fs in the 150 kHz–50 MHz range
has been obtained, which is in good agreement with the value
of 400 fs found after SSBPN integration [37].

In this section, we have demonstrated that InAs/InP QDash
passive MLLs can exhibit narrow RF linewidths down to less
than 1 kHz, implying subpicosend timing jitter values. These re-
markable noise performances have been exploited for very high
bit rate all-optical signal processing and can be used for low-
noise millimeter-wave generation such as in RoF transmission
systems (see Section VI).

B. Noise in Two-Section QDash Passive MLLs

First systematic investigations of two-section QDash passive
MLLs emitting at 1.5 μm were presented in Section IV for
an optimized DBAR structure. Noise trends as a function of
driving conditions in these 48-GHz devices were assessed by
RF linewidth measurements and compared to those of a one-
section device from the same wafer and having same cavity
length. Fig. 10(a) shows the dependence of the RF linewidth
on the applied bias at currents of 120, 160, and 200 mA. A
decrease in the RF linewidth with increasing reverse bias up
to an optimum bias point is observed for a given drive current.

Fig. 10. RF linewidth as a function of (a) absorber bias and (b) driving
current.

Fig. 10(b) shows the evolution of the RF linewidth as a function
of driving current for both the single- and the two-section de-
vices, the latter when biased at −0.7 V. We note an increase in
the RF linewidth with current for the two-section device and a
slight change for the one-section laser. These observations may
be explained by recognizing that varying the gain section cur-
rent or the absorber section bias outside their optimal range will
alter the balance condition between the effects of gain satura-
tion and saturable absorber that is required for mode locking in
two-section devices; hence, a further increase or decrease in bias
will result in unstable ML or CW regimes that can be evidenced
by an increase in RF linewidth. The RF linewidth increase with
current may be attributed to the optical spectrum broadening
which results in a scale of ASE spectral bandwidth, and hence,
ASE noise, thus increasing the timing phase noise. In general,
the one-section device presents a reduced RF linewidth, which
may be attributed to lower cavity losses, and hence, reduced
phase noise from spontaneous emission. The generally larger
RF linewidth observed in two-section devices can, however, be
reduced by feedback-stabilization techniques without greatly
affecting the pulse durations as described in the following
section.

C. Noise Reduction in QDash Passive MLLs

The phase noise of QDash MLLs can be further reduced by
means of stabilization techniques based on controlled feedback.



IE
EE

Pr
oo

f

ROSALES et al.: InAs/InP QUANTUM-DOT PASSIVELY MODE-LOCKED LASERS FOR 1.55-μm APPLICATIONS 7

Fig. 11. RF linewidth as a function of the feedback level at a current of
110 mA and a voltage of –1.9 V. Inset (a) RF Spectrum showing harmonic
modes separated by 8 MHz. Inset (b) RF spectrum with approximately −22 dB
showing an RF linewidth of ∼500 Hz. Reprinted with permission from [40].

This approach has been applied to single-section devices
using optoelectronic [19] and optical injection [39] schemes.
It has also proven effective in reducing the RF linewidth in con-
ventional two-section QDash MLLs [40] and more recently in
InAs/GaAs QD MLLs [41] through optical feedback by using an
external optical reflector. In particular, we have investigated the
effect of external optical feedback on the pulse duration and RF
linewidth of two-section passively MLLs at 17 GHz [40]. In this
case, the active region consists of six layers of InAs QDashes.
The absorber–gain length ratio of the laser is 4%. We measured
the pulse duration and the RF linewidth as a function of gain
current and reverse bias with no feedback and under variable
feedback levels. Without feedback, pulse duration ranges from
3 to 14 ps, the shortest values being obtained for currents just
above threshold. When the laser is subject to a maximum optical
feedback of approximately –22 dB, stable mode locking is still
observed, even though a reduction of 25% of the mode locking
area is evidenced. Without optical feedback, the RF linewidth
ranges from 250 kHz to 3.5 MHz. Under the effect of optical
feedback, the RF linewidth decreases with feedback level. For
instance, for a bias current of 110 mA and a reverse voltage of
–1.9 V, the RF linewidth is reduced from 370 kHz (without feed-
back) down to a record value of 500 Hz with maximum feedback
(see Fig. 11), implying a 27-timing jitter reduction [35]. This RF
linewidth is comparable to that of high-performance InAs/GaAs
QD MLLs [36].

We have also studied the effect of the external cavity length
Lext on the RF spectrum by using a delay stage in free space.
At strong feedback levels greater than approximately −25 dB,
the RF linewidth does not significantly change with Lext [see
Fig. 12(a)], whereas at lower feedback ratios [see Fig. 12 (b)], a
∼9-mm periodic dependence is observed. This length introduces
a time delay of ∼60 ps in free space, which corresponds to
the ML repetition frequency of 17 GHz. This periodicity may
suggest an agreement with numerical simulations in [42] where
the nonresonant case (i.e., when the ratio between Lext and the
laser cavity is irrational) would correspond to the regions of
increased RF linewidth in Fig. 12(a). This case may also agree

Fig. 12. RF linewidth and center frequency versus external cavity length
change for (a) feedback level of approximately −22 dB and (b) feedback level
of approximately −40 dB.

to the unstable dynamics observed by [43] in an InAs/GaAs QD
MLL. Fig. 12 also shows the effect on the ML center frequency,
showing a periodic dependence also reported in [43].

VI. HIGHLIGHT OF A FEW APPLICATIONS

Owing to their relatively low phase noise characteristics, one-
section QDash MLLs have drawn a lot of interest for diverse
applications, such as all-optical signal processing and low-noise
optoelectronic oscillators (OEOs). Moreover, the wide optical
spectrum features combined with the ML performance in these
devices represent an advantage in the generation of optical fre-
quency combs. This section reviews published literature related
to some of these applications. It is to be noted that these are all
single-section MLL-based applications, since high-performance
mode locking in two-section devices at 1.5 μm have not been
reported up to now.

A. High Bit Rate All-Optical Signal Processing.

All-optical clock recovery at 40 Gb/s has been recently
achieved by using a single-section QDash MLL having a rep-
etition frequency of 39.4 GHz [16]. High-frequency jitter sup-
pression of a jittered signal is effectively achieved after injection
into the QDash MLL owing to its inherently narrow free-running
RF linewidth, which is measured to be 20 kHz when biased at
210 mA. The rms timing jitter of the input signal is reduced
from 1.37 to 0.31 ps. The jitter filtering characteristics comply
with the ITU-T recommendations. This result paves the way to
all-optical clock recovery up to 160 Gb/s.
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More recently, all-optical clock recovery performance have
been measured at 40, 80, and 160 Gb/s through subharmonic
locking mechanism in a 40-GHz one-section QDash FP laser
exhibiting a narrow RF linewidth of 10 kHz [17]. Additionally,
QDash passively MLLs have been used in wavelength preserv-
ing all-optical 3R regenerators at 40 Gb/s [44]. The 3R regener-
ator includes a single-section QDash MLL laser for low timing
jitter clock recovery, which reduces the timing jitter of the input
signal from 900 fs to an output timing jitter of less than 550 fs
owing to the high-frequency noise-suppression characteristics
of the QDash MLL. It is found that the timing jitter of the recov-
ered clock does not change appreciably, as it remains constant
at 350 fs for input timing jitters ranging from 400 to 900 fs.

B. Frequency Comb Generation

The inherently wide optical gain spectra related to the inho-
mogeneous broadening in QDash structures is an asset for fre-
quency comb generation [45]. In addition, the perfect longitudi-
nal mode spacing in QDash MLLs can offer the precise channel
separation required in WDM systems, which is otherwise diffi-
cult to accomplish. Moreover, due to the ML process, the WDM
channels will be coherent, leading to a reduced crosstalk and to
an optimal spectral efficiency [46]. Error-free transmission of
eight separate channels has recently been achieved at 10 Gb/s for
a 50-km SMF span, using a 100-GHz QDash-based MLL [18]
having a flat optical spectrum of ∼10 nm width. The 100-GHz
spaced channels are filtered out and launched separately into
the fiber. A small measured penalty of ∼1.5 dB by using this
transmission scheme is shown to arise from the higher relative
intensity noise of single longitudinal modes. Bandgap engineer-
ing of QDash structures to further widen the optical spectrum
remains a key strategy to continue increasing the capacity of
WDM systems.

C. Radio Over Fiber

QDash-based MLLs present interesting properties and poten-
tial for 60-GHz RoF systems for broadband wireless services.
The increase in the demand of bandwidth-hungry multiple ser-
vices (e.g., multimedia applications such as high-definition TV
(HDTV) at bit rates from 1 Gb/s up to 10 Gb/s per user requires
the use of transmission techniques of millimeter-wave signals
over optical fibers [33], [47].

To ascertain the validity of QDash MLLs for wireless net-
works, experiments of both frequency up-conversion and distri-
bution, and frequency down-conversion and distribution were
carried out over several tens of meters. The radio signal is taken
from the IEEE 802 standard [47] with a data rate of 3 Gb/s. The
mean error vector magnitude (EVM) was measured to be 10.5%
and 15.2% for the up- and down-conversion processes, respec-
tively. The criterion for successful detection being an EVM less
than 23%, these experiments validate the ability of the use of
single-section QDash lasers for radio-signal transport.

The advantages of 60-GHz QDash MLLs were further as-
sessed in transmission experiments of uncompressed HDTV at
a maximum data rate of 3 Gb/s, another major application of
broadband RoF technology. It is worth noting that the genera-

tion unit consists of a single 60-GHz MLL that can be directly
modulated to encode the data onto the signal.

Further improvement of the performances includes the op-
timization of the direct modulation bandwidth. This implies a
simultaneous optimization of the active region for both enhanced
mode-locking efficiency and increased direct modulation band-
width. Such devices are expected to offer a very competitive
approach for compact, reduced complexity and cost-effective
systems for millimeter-wave generation at the central station for
bit rates beyond 10 Gb/s compared to systems using a Mach–
Zehnder modulator.

D. Low-Phase-Noise-Coupled Optoelectronic Oscillator

QDash passively MLLs have also been used for the realization
of low noise OEOs for millimeter-wave generation [19], [39]. A
first demonstration based on a coupled OEO used a 39.9-GHz
single-section MLL inserted into two fiber loops. The optical
signal is detected by a high-speed photodiode and the resulting
electrical signal is fed back into the laser through a bias tee [19].
When the loop is closed, the phase noise is efficiently reduced
from –55 dB·c/Hz to –75dB·c/Hz at an offset of 10 kHz and
from –75 kHz to –94 dB–c/Hz at an offset of 100 kHz. As
the –3-dB modulation bandwidth of the laser was less than
3 GHz, further improvement of the phase noise to comply with
system requirements implies reducing the losses of the loops
by increasing the modulation efficiency of the QDash laser.
As mentioned in part C, practical applications force to perform
specific growth optimization both for improved nonlinear effects
(i.e., enhanced FWM efficiency) and increased differential gain.

More recently, low phase noise OEO was implemented by
means of a 10-GHz QD MLL (RF linewidth < 30 kHz) in-
tegrated into a self-injection loop [39]. This makes the whole
system simpler and potentially more compact compared to the
optoelectronic oscillator that makes use of optoelectronic con-
version. When the loop is open, the phase noise exhibits a typi-
cal value of –75 dB·c/Hz at an offset of 100 kHz and when the
loop is closed its value is reduced to –105 dB·c/Hz, a ∼30-dB
phase noise reduction. This demonstrates the potential of QDash
MLLs inserted into a controlled feedback loop to achieve low-
noise oscillators without optoelectronic conversion.

VII. CONCLUSION

Progress in the growth of self-assembled QDs and QDashes
on InP semiconductor substrates has allowed the achievement of
high-performance long-wavelength monolithic MLLs. Specific
QDash properties, such as inhomogeneous broadening, fast car-
rier dynamics, and low optical confinement factors have proved
valuable assets for ultrashort pulse generation with extremely
low noise. Single-section QDash-based FP devices in particu-
lar have demonstrated subpicosecond pulsewidths at ultrahigh
repetition rates up to 346 GHz. RF linewidths down to a few
kilohertz have been reported. Subpicosecond timing jitter in
10- and 40-GHz single-section MLLs was obtained. Con-
trolled optical feedback has allowed to further decrease the
RF linewidth to the sub-kHz range in the more standard two-
section MLL configuration. There is still room for performance
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improvement by fully exploiting the broad optical spectrum.
The influence of the type of active region (e.g., DWELL or
DBAR) on mode-locking performance will be further investi-
gated. Future developments should also include output power
optimization in specific (flared) guided wave configurations.

This should pave the way to a number of applications in the
field of not only optical telecommunications but also optical
interconnects or microwave photonics. First reported demon-
strations based on one-section devices include all-optical clock
recovery at up to 160 Gb/s, generation of coherent frequency
combs for high bit rate WDM transmission, RoF at 60 GHz for
broadband wireless services and extremely low phase noise in
all-optical oscillators.
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Abstract—This paper reports on recent results on passively
mode-locked InAs/InP quantum-dot-based lasers. These low-
dimensional structures have proved very attractive in improving
most of the properties of these devices. Subpicosecond pulse gen-
eration at repetition rates up to beyond 300 GHz has readily been
demonstrated. Ultranarrow RF linewidths reach record values of
less than 1 kHz. Controlled optical feedback allows a further reduc-
tion of this linewidth yielding extremely low timing jitter. A com-
parison of single-section and standard two-section lasers is given
for the first time. These performances open the way to various ap-
plications at 1.55 μm, including very high bit rate all-optical signal
processing, frequency comb generation, radio over fiber (RoF), and
low-noise all-optical oscillators.

Index Terms—Mode-locked semiconductor lasers, optical pulse
generation, quantum dot (QD) lasers.

I. INTRODUCTION

S EMICONDUCTOR monolithic mode-locked lasers (MLL)
are very attractive devices for short pulse generation and

have found applications in a vast number of fields, including
optical telecommunications, microwave photonics, radio over
fiber (RoF), optical sampling, biology, and medicine [1], [2].
They have been the subject of numerous investigations since
the early demonstration of a semiconductor laser diode, and
achieve now unprecedented performance characteristics with
pulsewidths in the range of a few hundreds of femtoseconds,
repetition rates in excess of 300 GHz at the first harmonic, low
timing jitter, and narrow RF linewidths.

Advances in material sciences, in particular, molecular beam
epitaxy (MBE) growth, has allowed the achievement of low-
dimensional structures including quantum wells (QWs) from
which high-performance lasers have been fabricated, particu-
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larly contributing to the development of modern optical fiber
communication systems. More recently, quantum dot (QD)
nanostructures have been grown in which the charge carriers
are confined in the three space dimensions. This results in many
remarkable properties of directly modulated QD-based lasers
and their investigation has witnessed a huge interest in the last
decade or so [3].

The first report of a QD-based passive MLL dates back to
2001 [4]. Indeed, some properties of QD lasers are particularly
interesting for the mode-locked regime, including low threshold
current densities, broad optical gain spectra related to the dot
size distribution, potentially low linewidth enhancement factors,
ultrafast carrier dynamics, and low optical confinement factors.
Most of the achievements have been reported for the InAs/GaAs
QD material system that has benefited of much attention. Recent
reviews discussing the advantages of using QDs for passively
MLLs and related performance are given in [5] and [6] for laser
emission at 1.3 μm on GaAs substrates. It is in particular found
that the mechanisms for passive mode locking are similar to
those of bulk or QW-based standard two-section components
consisting of saturable absorber and gain sections [6].

This paper concentrates on passively MLLs intended for the
1.55-μm window, and grown on InP substrates. MBE growth
on InP(1 0 0) usually results in the formation of quantum dashes
(QDashes) or elongated dots, reported by several groups [7]–[9],
while metal–organic vapor phase epitaxy (MOVPE) or chem-
ical beam epitaxy (CBE) growth yields truly 3-D-confined
dots [10], [11]. The first reports of QDash-based MLLs emit-
ting at 1.55 μm were for devices consisting of a single-section,
so-called “self-pulsating” lasers [12], [13]. QDs obtained by
CBE [11] also allow mode locking in single-section devices,
while devices based on MOVPE growth present a more conven-
tional behavior in two-section devices where both Q-switching
as well as mode locking are reported, depending on operating
conditions [10]. The following section describes the growth and
type of structures investigated. The results obtained for single-
section QDash-based devices will be highlighted in Section III.
Subpicosecond pulse generation is hence demonstrated with
repetition rates beyond 300 GHz. The mechanism behind pulse
generation in these one-section devices will be discussed. Recent
study on two-section devices made from an optimized nine-layer
QDash design is reported in Section IV. Mode-locking trends
in these lasers are compared to those of a reference one-section
device made from the same wafer and to the ones reported for
InAs/GaAs QD lasers. The use of relatively low confinement

1077-260X/$26.00 © 2011 IEEE
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Fig. 1. SEM view of (a) single-mode BRS and (b) shallow-ridge MLL.

factor material systems is advantageous for reducing the phase
noise in these devices, owing to the small coupling of the ampli-
fied spontaneous emission (ASE) to the propagating mode. This
major parameter has been extensively investigated in QDash
lasers with a variety of techniques [14], [15] and is discussed in
Section V. The effect of controlled feedback to further reduce
the phase noise is also reported.

Highlights of a few applications based on these novel devices
are presented in Section VI, including all-optical clock recovery
at 40 Gb/s [16] and up to 160-Gb/s [17] frequency comb genera-
tion for high bit rate wavelength-division multiplexing (WDM)
transmission [18] and microwave photonics [19].

II. GROWTH AND DEVICES

The devices presented in this paper consist of InAs QDash
structures grown by gas source MBE (GSMBE) on (1 0 0)
InP substrates. The typical dash height and width are ∼2 and
∼20 nm, respectively. Their length ranges from 40 to 300 nm,
depending on growth conditions, while their surface density is
between 1× 1010 and 4× 1010 cm−2 [7]. Two types of structures
were investigated: dashes in a barrier (DBAR) and dashes in a
well (DWELL). The DBAR structure consists of InAs QDashes
enclosed within 40-nm-thick barriers and two 80-nm-thick sep-
arate confinement heterostructure (SCH) layers. Both the bar-
riers and the SCH are undoped and lattice-matched quaternary
Ga0.2In0.8As0.4P0.6 layers (λg = 1.17 μm). In the DWELL
structure, the QDashes are additionally embedded within 8-nm-
thick QWs obtained from a lattice-matched quaternary material
emitting at 1.45 μm. The barrier for the QW is again the qua-
ternary Ga0.2 In0.8As0.4P0.6 material with λg = 1.17 μm. Laser
structures have been processed into either ridge waveguide or
buried ridge stripe (BRS) lasers (see Fig. 1).

In an earlier study, we have investigated the growth opti-
mization of 6-, 9-, and 12-layer InAs/InP DWELL laser struc-
tures [20]. Broad-area laser performance has been investigated
as a function of number of layers showing an optimal modal
gain for a nine-DWELL layer structure. Fig. 2 shows the thresh-
old current density as a function of reciprocal cavity length for
each structure. The Γg0 modal gain factors are derived from the
slope of the curves and amount to 36, 48, and 40 cm−1 for 6,
9, and 12 layers, respectively. Moreover, the size distribution
of QDashes, illustrated by the room temperature full-width at

Fig. 2. Threshold current density evolution versus reciprocal cavity length
for 6 layers (�), 9 layers (�), and 12 layers (•) BA lasers. Reprinted with
permission from [20].

half-maximum (FWHM), is kept constant from 1 to 12 layers at
a value of ∼50 meV.

Exploiting the higher optical confinement factor of multi-
ple layers, which results in a higher modal gain, allowed laser
emission for very short cavity lengths. This opens the way to
very short pulse generation at extremely high repetition rates in
simple one-section device configurations.

III. SHORT PULSE GENERATION USING ONE-SECTION

FABRY–PEROT LASERS

In this section, we present mode-locking characteristics of
single-section QDash lasers without resorting to an absorber
section. The enhanced four-wave mixing (FWM) observed
in QDash-based amplifiers [21], [22] appears to be the phe-
nomenon leading to the mode locking in single-section Fabry–
Perot (FP) devices. This is attributed to mutual sideband in-
jection due to self-induced carrier density modulation at the
longitudinal mode spacing. This process may induce a strong
correlation between the phases of longitudinal modes, helping
the formation of a pulse train with a repetition rate correspond-
ing to the cavity round-trip time.

Other demonstrations have been reported using one-section
FP lasers based on QW [23], [24] and QD active layers [10].
In the latter, Lu et al. attribute the passive mode-locking
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Fig. 3. AC signal of an isolated pulse at 134 GHz for a 340-μm-long QDash
FP laser. Reprinted with permission from [13].

mechanism to large nonlinear optical effects, such as self-
phase modulation, cross-phase modulation, and FWM processes
within the QD gain cavity.

A semiclassical model for QW self-pulsating FP lasers has
been proposed [24] based on a simplified three-mode operation,
in which nonlinear dispersion cancel out the mode phase dif-
ferences induced by the linear dispersion of the gain medium,
allowing for ML to establish. A complete model is, however,
still needed to account for the many observations reported for
both the QW- and QD-based single-section MLLs.

In an earlier study, we have reported transform-limited pulse
generation at 134 GHz using a 340-μm-long single-section as-
cleaved Fabry-Perot QDash laser diode [13]. Its active core
consists of a stack of six InAs QDash layers embedded within
InGaAsP QWs (DWELL structure) and separated by InGaAsP
barriers. The laser shows a threshold current of 21 mA, with
a slope efficiency of 0.12 W/A per facet. A typical autocor-
relation (AC) signal of an isolated pulse is shown in Fig. 3.
The pulsewidth is measured to be 800 fs after deconvolu-
tion assuming a Gaussian profile. Subpicosecond pulses are
hence generated without any pulse compression scheme. The
time–bandwidth product (TBP) is 0.46, which indicates almost
transform-limited pulses.

To achieve even higher repetition rates, optimization of
QDash growth has been performed allowing laser emission for
cavity lengths down to 120 μm. These optimized structures
have been investigated for pulse generation at high repetition
rates [25]. In this case, the active region consists of six layers of
InAs QDashes enclosed within 40-nm-thick barriers (DBAR)
and two 80-nm-thick SCH layers. The laser shows a threshold
current of 6 mA, with a slope efficiency of 0.26 W/A per facet.
Facets are high reflection coated. Fig. 4 shows a typical AC
pulse train for 170-μm- and 120-μm-long lasers correspond-
ing, respectively, to a 245- and 346-GHz repetition rates. Af-
ter deconvolution of the Gaussian AC profile, we obtained a
pulsewidth Δt of 870 fs at 245 GHz [see Fig. 4 (a)]. As the
FWHM of the optical spectrum is 9.3 nm for the 170-μm-long
laser [see Fig. 4 (b)], the TBP is evaluated to be 1, indicat-

Fig. 4. (a) and (c) AC traces for the 170-μm- and 120-μm-long lasers. (b) and
(d) Corresponding optical spectra. Reprinted with permission from [25].

ing some residual frequency chirp being present in the pulses.
Fig. 4(c) shows the AC signal of the 120-μm-long laser, indi-
cating a repetition period of 2.9 ps (corresponding to 346-GHz
repetition rate). The shortest pulsewidth of 560 fs is obtained
for a driving current of ∼220 mA. Fig. 4(d) shows the corre-
sponding optical spectrum having 8.4 nm width. The TBP was
0.6, close to the Gaussian transform-limited value. Pulses are
achieved with peak powers of 100 mW at 245 GHz repetition
rate and 20 mW at 346 GHz repetition rate.

One-section lasers show a unique potential, as they allow the
achievement of ultrahigh repetition rates without the require-
ment of a saturable absorber or complex design.

IV. SHORT PULSE GENERATION USING TWO-SECTION

DEVICES: A COMPARISON

Two-section passively MLLs consisting of saturable ab-
sorber and gain sections have been extensively investigated
in InAs/GaAs QD material systems. These MLLs emitting
in the 1.3-μm window have benefited from the broad spectra
and ultrafast dynamics in QDs for achieving subpicosecond
pulses [5], [6], [26], [27].

While two-section QD-based MLLs results at 1.5 μm are
found in the literature [28], [29], their relatively high thresh-
old current densities and waveguide internal losses limit their
performance to relatively long pulse durations at low repetition
frequencies when compared to their InAs/GaAs counterparts.

In this section, we present for the first time, to our knowl-
edge, high repetition rate two-section passive mode locking
at 1.55 μm with comparable performance to that reported for
1.3-μm InAs/GaAs devices. The results are attributed to an opti-
mized structure design that yields broad optical spectra and rel-
atively low threshold currents. The active region consists of nine
layers of InAs QDashes separated by InGaAsP barriers. From
this dash-in-a-barrier structure, BRS waveguide lasers were pro-
cessed with a ridge width of 1.5 μm. The as-cleaved one-section
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Fig. 5. L–I curves for the one-section device and for the two-section device
under no bias (open circuit) and applied bias from 0.4 to −1.2 V.

and two-section lasers have a total length of 890 μm, the latter
including a 90-μm-long absorber section yielding a repetition
rate of 48 GHz in both devices. Threshold currents in the two-
section device ranged from 35 mA without biasing the absorber
section (open circuit) to 70 mA when a reverse bias of −1.2 V is
applied, with corresponding slope efficiencies varying from 0.1
to 0.08 W/A per facet. Corresponding values of 20 and 0.12 W/A
are found for the one-section device. Modal gain and internal
losses were determined from threshold current versus recipro-
cal length and slope efficiency versus length curves from broad
area (BA) lasers. They have been estimated at 50 and 18 cm−1 ,
respectively. Light–current (L–I) characteristics are shown in
Fig. 5 for both the one-section and the two-section devices at
different absorber bias. Absorption in the smaller section occurs
even when forward biased, which explains the lower L–I curve
at 0.4 V compared to the open-circuit case.

A systematic investigation of ML trends versus operating
conditions was carried out. The trends are also compared to
those of a single-section laser fabricated from the same wafer
and having the same cavity length. The simultaneous effects
of gain current and absorber bias on the pulse duration and
the FWHM of the optical spectrum are shown in Fig. 6(a) and
(b), respectively. Pulse durations were measured by AC through
second-harmonic generation with a time resolution of 0.1 ps and
assuming secant-hyperbolic pulses. The spectra were measured
by an optical spectrum analyzer with a spectral resolution of
0.1 nm. The selected range of driving conditions was found to
yield stable mode locking, which smoothly disappears into a
continuous wave (CW) or no-lasing regime when driving the
laser beyond this region. We notice that mode locking occurs
even when forward biasing the absorber section. Fig. 6(a) shows
the effects of driving conditions on the pulse duration. Two types
of trends are identified when varying the absorber voltage at a
fixed drive current. An exponential reduction in pulse duration
is observed from the onset of ML at ∼0.4 V down to a value
of ∼0 V. Fig. 6(c) shows this trend at 180 mA from 0.3 to
−0.1 V where the pulsewidth decreases from 5 to ∼2.5 ps. This
is in agreement with experimental and theoretical results for QD

Fig. 6. (a)–(c) Pulse duration and (d)–(f) optical spectrum FWHM as a func-
tion of bias and drive current. One-section results are shown in (c) and (f).

MLLs [6], [30]. The opposite trend is observed, if the absorber
bias is further decreased to less than ∼0 V. This pulse broaden-
ing may be attributed to the quantum-confined stark effect, as
described in [31] for QD MLLs, in which a red shift of the ab-
sorption spectrum with decreasing bias may result in a reduction
of absorption efficiency. As for the case of 1.3-μm QD MLLs,
increasing the drive current at a fixed absorber bias has the effect
of increasing the pulse duration as seen in Fig. 6(e) at 0.2 V.
Interestingly, increasing the driving current in the single-section
device results in a reduction of the pulse duration, supporting
the assumptions of an ML regime, which relies on intensity-
dependent nonlinear interactions. This feature of one-section
ML lasers is of great interest since it may allow for the si-
multaneous achievement of short pulse durations and relatively
high average powers. Minimum time–bandwidth products have
been evaluated at ∼1.5 and ∼8 for the two-section and single-
section lasers, respectively, which indicate chirped pulses. AC
traces corresponding to the shortest attainable pulsewidths in
both the single- and two-section devices are shown in Fig. 7,
obtained for driving currents of 200 mA and 100 mA (at a bias
of 0.2 V) yielding ∼5.5 and ∼ 2.5 ps, respectively. For the op-
tical spectrum, the general trend is an increase in the FWHM
by decreasing the absorber bias down to an optimum value for
a given driving current, as can be seen from Fig. 6(d) at I =
180 mA. The spectral width also increases with drive current, as
can be observed in Fig. 6(f) for a fixed absorber bias of −0.7 V.
Fig. 6(f) also shows a similar trend for the single-section laser.
We attribute this spectral enlargement for both the single- and
two-section configurations to band-filling effects due to larger
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Fig. 7. AC traces for the single- and two-section devices when operating at
200 mA and [100 mA, 0.2 V], respectively.

carrier densities attainable in this nine-QDash layer active stack.
Broad spectral features are desirable for applications such as co-
herent frequency comb generation for WDM transmission [18].
Both two-section and single-section devices when driven at high
injection currents may hence be suitable for this kind of appli-
cations. Noise properties were assessed by measuring the RF
linewidth of the first harmonic at 48 GHz. Both the single- and
the two-section devices exhibited minimum RF linewidths of
∼100 kHz.

V. NOISE IN QDASH PASSIVE MLLS

A. Noise in Single-Section QDash Passive MLLs

MLLs are attractive candidates for the generation of stable
and periodic pulse trains. They exhibit a potential for appli-
cations where small timing jitter is needed. For instance, op-
tical sampling requires a timing jitter of less than 1 ps and
even challenging values of 20 fs pulse-to-pulse for an 8-bit
40-Gb/s optical sampler [32]. MLLs characteristics are also
potentially valuable in the realization of low-phase-noise oscil-
lators at multigigahertz frequencies for applications in RoF sys-
tems [33]. For these purposes, low-dimension QD/Dash-based
active materials exhibit unique properties compared to their
QW-based counterparts. Indeed, the reduction of the material
dimensionality, which implies a lower active volume, results in
a lower optical confinement factor [3]; hence, the interaction
of the optical guided mode with the ASE is reduced. Moreover,
owing to the discrete nature of energy states, the energy diagram
of a QD/Dash laser is equivalent to a three-level system [34],
where the population inversion factor is close to one. These two
properties are responsible for the improved timing jitter per-
formance observed in QD/Dash MLLs. In passively MLLs, the
frequency noise of the fundamental harmonic line, measured af-
ter photodetection, is mainly induced by spontaneous emission,
which represents a source of frequency white noise or equiva-
lently 1/f2 phase noise; therefore, the power spectral density of
the photocurrent (RF spectrum) is given by a Lorentzian func-
tion, whose linewidth is found to be directly linked to the timing

Fig. 8. RF linewidth dependence on material dimensionality. (Adapted from
[7].)

Fig. 9. (a) SSBPN spectral density around the first harmonic of the detected
RF signal. (b) Evolution of the timing jitter with increasing delay in the cross-
correlation measurement. Solid line: theoretical square-root fit. Reprinted with
permission from [14].

jitter [35]. It was shown that the value of the RF linewidth, and
therefore, timing jitter, of an MLL is strongly affected by the
material system and typically decreases by one order of magni-
tude when going from bulk to QW and from QW to QD/QDash
active regions [7]. Typical values of the RF linewidth lie in the
range of a few tens of kilohertz [13] down to a few hundreds
of hertz [36], [37] for QD/QDash MLLs compared to several
megahertz down to several hundreds of kilohertz for multi-QW
MLLs (see Fig. 8), which indicate better timing jitter perfor-
mance for the QD/Dash-based MLLs.

The timing jitter of passively MLLs is usually evaluated by
integrating the single sideband phase noise (SSBPN) spectra
in the RF domain. By using this technique, we have measured
the timing jitter of single-section QDash MLLs with repeti-
tion frequencies of 40 and 10 GHz. The 40-GHz laser is based
on a nine-layer InAs/InP DWELL structure. The SSBPN spec-
trum L(f) measured by an electrical spectrum analyzer and its
Lorentzian fit are represented in Fig. 9(a). Integration of the
SSBPN was performed between 1 and 20 MHz. Below 1 MHz,
the phase noise is affected by low-frequency drifts, and above
20 MHz, by the noise floor level of the ESA as described in [14].
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The timing jitter amounts to 0.79 ps, obtained from the measured
data, and 0.86 ps using a Lorentzian fit. Its RF linewidth was
measured to be 240 kHz.

More recently, optimized active cores with a lower con-
finement factor have allowed a further reduction in the RF
linewidth [37]. These active cores consist of a three-layer stack
of InAs QDashes embedded in 40-nm-thick InGaAsP barriers.
From this structure, a 10-GHz MLL was processed. A narrow
RF linewidth of∼850 Hz was obtained, leading to a timing jitter
of 400 fs in the 150 kHz–50 MHz frequency range. The earlier
measurement scheme presents a limitation in determining high-
frequency jitter. The limitation arises from the noise floor of
the electrical spectrum analyzer, which is reached at some point
when increasing the offset frequency. Another limitation comes
from the detector and the spectrum analyzer bandwidths, typ-
ically around 50 GHz, limiting the repetition frequency range
of operation. These limitations are overcome by optical cross-
correlation measurements, as described in [38]. This technique
has been implemented for measuring the timing jitter in the
previously described devices. The experimental setup is pre-
sented in [14]. The approach makes use of variable lengths of
dispersion-shifted fiber and a controlled fine-delay stage with a
5-fs resolution. Fig. 9(b) shows the evolution of the integrated
timing jitter τJ with increasing delay in the cross-correlation
measurement for the 40-GHz MLL. By fitting the data with a
square-root function, the timing jitter is found to scale as τJ =
0.201 L1/2 , with τJ in units of picoseconds and L in units of
meters. The length dependence of τJ corresponds to the theo-
retical 1/f2 slope of the phase noise in passively MLLs. A timing
jitter of 1.08 ps for the frequency interval [1 MHz, 20 MHz] has
been evaluated, which is slightly larger than the value of 0.86 ps
earlier found by integrating the first harmonic sideband. This
technique was also applied to the optimized 10-GHz QDash
MLL. A timing jitter of 500 fs in the 150 kHz–50 MHz range
has been obtained, which is in good agreement with the value
of 400 fs found after SSBPN integration [37].

In this section, we have demonstrated that InAs/InP QDash
passive MLLs can exhibit narrow RF linewidths down to less
than 1 kHz, implying subpicosend timing jitter values. These re-
markable noise performances have been exploited for very high
bit rate all-optical signal processing and can be used for low-
noise millimeter-wave generation such as in RoF transmission
systems (see Section VI).

B. Noise in Two-Section QDash Passive MLLs

First systematic investigations of two-section QDash passive
MLLs emitting at 1.5 μm were presented in Section IV for
an optimized DBAR structure. Noise trends as a function of
driving conditions in these 48-GHz devices were assessed by
RF linewidth measurements and compared to those of a one-
section device from the same wafer and having same cavity
length. Fig. 10(a) shows the dependence of the RF linewidth
on the applied bias at currents of 120, 160, and 200 mA. A
decrease in the RF linewidth with increasing reverse bias up
to an optimum bias point is observed for a given drive current.

Fig. 10. RF linewidth as a function of (a) absorber bias and (b) driving
current.

Fig. 10(b) shows the evolution of the RF linewidth as a function
of driving current for both the single- and the two-section de-
vices, the latter when biased at −0.7 V. We note an increase in
the RF linewidth with current for the two-section device and a
slight change for the one-section laser. These observations may
be explained by recognizing that varying the gain section cur-
rent or the absorber section bias outside their optimal range will
alter the balance condition between the effects of gain satura-
tion and saturable absorber that is required for mode locking in
two-section devices; hence, a further increase or decrease in bias
will result in unstable ML or CW regimes that can be evidenced
by an increase in RF linewidth. The RF linewidth increase with
current may be attributed to the optical spectrum broadening
which results in a scale of ASE spectral bandwidth, and hence,
ASE noise, thus increasing the timing phase noise. In general,
the one-section device presents a reduced RF linewidth, which
may be attributed to lower cavity losses, and hence, reduced
phase noise from spontaneous emission. The generally larger
RF linewidth observed in two-section devices can, however, be
reduced by feedback-stabilization techniques without greatly
affecting the pulse durations as described in the following
section.

C. Noise Reduction in QDash Passive MLLs

The phase noise of QDash MLLs can be further reduced by
means of stabilization techniques based on controlled feedback.
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Fig. 11. RF linewidth as a function of the feedback level at a current of
110 mA and a voltage of –1.9 V. Inset (a) RF Spectrum showing harmonic
modes separated by 8 MHz. Inset (b) RF spectrum with approximately −22 dB
showing an RF linewidth of ∼500 Hz. Reprinted with permission from [40].

This approach has been applied to single-section devices
using optoelectronic [19] and optical injection [39] schemes.
It has also proven effective in reducing the RF linewidth in con-
ventional two-section QDash MLLs [40] and more recently in
InAs/GaAs QD MLLs [41] through optical feedback by using an
external optical reflector. In particular, we have investigated the
effect of external optical feedback on the pulse duration and RF
linewidth of two-section passively MLLs at 17 GHz [40]. In this
case, the active region consists of six layers of InAs QDashes.
The absorber–gain length ratio of the laser is 4%. We measured
the pulse duration and the RF linewidth as a function of gain
current and reverse bias with no feedback and under variable
feedback levels. Without feedback, pulse duration ranges from
3 to 14 ps, the shortest values being obtained for currents just
above threshold. When the laser is subject to a maximum optical
feedback of approximately –22 dB, stable mode locking is still
observed, even though a reduction of 25% of the mode locking
area is evidenced. Without optical feedback, the RF linewidth
ranges from 250 kHz to 3.5 MHz. Under the effect of optical
feedback, the RF linewidth decreases with feedback level. For
instance, for a bias current of 110 mA and a reverse voltage of
–1.9 V, the RF linewidth is reduced from 370 kHz (without feed-
back) down to a record value of 500 Hz with maximum feedback
(see Fig. 11), implying a 27-timing jitter reduction [35]. This RF
linewidth is comparable to that of high-performance InAs/GaAs
QD MLLs [36].

We have also studied the effect of the external cavity length
Lext on the RF spectrum by using a delay stage in free space.
At strong feedback levels greater than approximately −25 dB,
the RF linewidth does not significantly change with Lext [see
Fig. 12(a)], whereas at lower feedback ratios [see Fig. 12 (b)], a
∼9-mm periodic dependence is observed. This length introduces
a time delay of ∼60 ps in free space, which corresponds to
the ML repetition frequency of 17 GHz. This periodicity may
suggest an agreement with numerical simulations in [42] where
the nonresonant case (i.e., when the ratio between Lext and the
laser cavity is irrational) would correspond to the regions of
increased RF linewidth in Fig. 12(a). This case may also agree

Fig. 12. RF linewidth and center frequency versus external cavity length
change for (a) feedback level of approximately −22 dB and (b) feedback level
of approximately −40 dB.

to the unstable dynamics observed by [43] in an InAs/GaAs QD
MLL. Fig. 12 also shows the effect on the ML center frequency,
showing a periodic dependence also reported in [43].

VI. HIGHLIGHT OF A FEW APPLICATIONS

Owing to their relatively low phase noise characteristics, one-
section QDash MLLs have drawn a lot of interest for diverse
applications, such as all-optical signal processing and low-noise
optoelectronic oscillators (OEOs). Moreover, the wide optical
spectrum features combined with the ML performance in these
devices represent an advantage in the generation of optical fre-
quency combs. This section reviews published literature related
to some of these applications. It is to be noted that these are all
single-section MLL-based applications, since high-performance
mode locking in two-section devices at 1.5 μm have not been
reported up to now.

A. High Bit Rate All-Optical Signal Processing.

All-optical clock recovery at 40 Gb/s has been recently
achieved by using a single-section QDash MLL having a rep-
etition frequency of 39.4 GHz [16]. High-frequency jitter sup-
pression of a jittered signal is effectively achieved after injection
into the QDash MLL owing to its inherently narrow free-running
RF linewidth, which is measured to be 20 kHz when biased at
210 mA. The rms timing jitter of the input signal is reduced
from 1.37 to 0.31 ps. The jitter filtering characteristics comply
with the ITU-T recommendations. This result paves the way to
all-optical clock recovery up to 160 Gb/s.
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More recently, all-optical clock recovery performance have
been measured at 40, 80, and 160 Gb/s through subharmonic
locking mechanism in a 40-GHz one-section QDash FP laser
exhibiting a narrow RF linewidth of 10 kHz [17]. Additionally,
QDash passively MLLs have been used in wavelength preserv-
ing all-optical 3R regenerators at 40 Gb/s [44]. The 3R regener-
ator includes a single-section QDash MLL laser for low timing
jitter clock recovery, which reduces the timing jitter of the input
signal from 900 fs to an output timing jitter of less than 550 fs
owing to the high-frequency noise-suppression characteristics
of the QDash MLL. It is found that the timing jitter of the recov-
ered clock does not change appreciably, as it remains constant
at 350 fs for input timing jitters ranging from 400 to 900 fs.

B. Frequency Comb Generation

The inherently wide optical gain spectra related to the inho-
mogeneous broadening in QDash structures is an asset for fre-
quency comb generation [45]. In addition, the perfect longitudi-
nal mode spacing in QDash MLLs can offer the precise channel
separation required in WDM systems, which is otherwise diffi-
cult to accomplish. Moreover, due to the ML process, the WDM
channels will be coherent, leading to a reduced crosstalk and to
an optimal spectral efficiency [46]. Error-free transmission of
eight separate channels has recently been achieved at 10 Gb/s for
a 50-km SMF span, using a 100-GHz QDash-based MLL [18]
having a flat optical spectrum of ∼10 nm width. The 100-GHz
spaced channels are filtered out and launched separately into
the fiber. A small measured penalty of ∼1.5 dB by using this
transmission scheme is shown to arise from the higher relative
intensity noise of single longitudinal modes. Bandgap engineer-
ing of QDash structures to further widen the optical spectrum
remains a key strategy to continue increasing the capacity of
WDM systems.

C. Radio Over Fiber

QDash-based MLLs present interesting properties and poten-
tial for 60-GHz RoF systems for broadband wireless services.
The increase in the demand of bandwidth-hungry multiple ser-
vices (e.g., multimedia applications such as high-definition TV
(HDTV) at bit rates from 1 Gb/s up to 10 Gb/s per user requires
the use of transmission techniques of millimeter-wave signals
over optical fibers [33], [47].

To ascertain the validity of QDash MLLs for wireless net-
works, experiments of both frequency up-conversion and distri-
bution, and frequency down-conversion and distribution were
carried out over several tens of meters. The radio signal is taken
from the IEEE 802 standard [47] with a data rate of 3 Gb/s. The
mean error vector magnitude (EVM) was measured to be 10.5%
and 15.2% for the up- and down-conversion processes, respec-
tively. The criterion for successful detection being an EVM less
than 23%, these experiments validate the ability of the use of
single-section QDash lasers for radio-signal transport.

The advantages of 60-GHz QDash MLLs were further as-
sessed in transmission experiments of uncompressed HDTV at
a maximum data rate of 3 Gb/s, another major application of
broadband RoF technology. It is worth noting that the genera-

tion unit consists of a single 60-GHz MLL that can be directly
modulated to encode the data onto the signal.

Further improvement of the performances includes the op-
timization of the direct modulation bandwidth. This implies a
simultaneous optimization of the active region for both enhanced
mode-locking efficiency and increased direct modulation band-
width. Such devices are expected to offer a very competitive
approach for compact, reduced complexity and cost-effective
systems for millimeter-wave generation at the central station for
bit rates beyond 10 Gb/s compared to systems using a Mach–
Zehnder modulator.

D. Low-Phase-Noise-Coupled Optoelectronic Oscillator

QDash passively MLLs have also been used for the realization
of low noise OEOs for millimeter-wave generation [19], [39]. A
first demonstration based on a coupled OEO used a 39.9-GHz
single-section MLL inserted into two fiber loops. The optical
signal is detected by a high-speed photodiode and the resulting
electrical signal is fed back into the laser through a bias tee [19].
When the loop is closed, the phase noise is efficiently reduced
from –55 dB·c/Hz to –75dB·c/Hz at an offset of 10 kHz and
from –75 kHz to –94 dB–c/Hz at an offset of 100 kHz. As
the –3-dB modulation bandwidth of the laser was less than
3 GHz, further improvement of the phase noise to comply with
system requirements implies reducing the losses of the loops
by increasing the modulation efficiency of the QDash laser.
As mentioned in part C, practical applications force to perform
specific growth optimization both for improved nonlinear effects
(i.e., enhanced FWM efficiency) and increased differential gain.

More recently, low phase noise OEO was implemented by
means of a 10-GHz QD MLL (RF linewidth < 30 kHz) in-
tegrated into a self-injection loop [39]. This makes the whole
system simpler and potentially more compact compared to the
optoelectronic oscillator that makes use of optoelectronic con-
version. When the loop is open, the phase noise exhibits a typi-
cal value of –75 dB·c/Hz at an offset of 100 kHz and when the
loop is closed its value is reduced to –105 dB·c/Hz, a ∼30-dB
phase noise reduction. This demonstrates the potential of QDash
MLLs inserted into a controlled feedback loop to achieve low-
noise oscillators without optoelectronic conversion.

VII. CONCLUSION

Progress in the growth of self-assembled QDs and QDashes
on InP semiconductor substrates has allowed the achievement of
high-performance long-wavelength monolithic MLLs. Specific
QDash properties, such as inhomogeneous broadening, fast car-
rier dynamics, and low optical confinement factors have proved
valuable assets for ultrashort pulse generation with extremely
low noise. Single-section QDash-based FP devices in particu-
lar have demonstrated subpicosecond pulsewidths at ultrahigh
repetition rates up to 346 GHz. RF linewidths down to a few
kilohertz have been reported. Subpicosecond timing jitter in
10- and 40-GHz single-section MLLs was obtained. Con-
trolled optical feedback has allowed to further decrease the
RF linewidth to the sub-kHz range in the more standard two-
section MLL configuration. There is still room for performance
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improvement by fully exploiting the broad optical spectrum.
The influence of the type of active region (e.g., DWELL or
DBAR) on mode-locking performance will be further investi-
gated. Future developments should also include output power
optimization in specific (flared) guided wave configurations.

This should pave the way to a number of applications in the
field of not only optical telecommunications but also optical
interconnects or microwave photonics. First reported demon-
strations based on one-section devices include all-optical clock
recovery at up to 160 Gb/s, generation of coherent frequency
combs for high bit rate WDM transmission, RoF at 60 GHz for
broadband wireless services and extremely low phase noise in
all-optical oscillators.
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