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Abstract: We report experimental investigations on a two-section 16-GHz
repetition rate InAs/GaAs quantum dot passively mode-locked laser. Near
the threshold current, pseudo-periodic Q-switching with complex dynamics
is exhibited. Mode-locking operation regimes characterized by different
repetition rates and timing jitter levels are encountered up to twice the
threshold current. Evolution of the RF spectrum and optical spectrum with
current is compared. The different mode-locked regimes are shown to be
associated with different spectral and temporal shapes, ranging from 1.3 to
6 ps. This point is discussed by introducing the existence of two different
supermodes. Repetition rate evolution and timing jitter increase is attributed
to the coupling between the dominant and the secondary supermodes.
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1. Introduction

High repetition rate optical pulse sources are critical for advancement in diverse applications
such as optical sampling [1], clocking [2], optical time-division multiplexing [3], clock recov-
ery and frequency conversion [4], radar and remote sensing [5], and medical diagnostics [6].
In all these applications, combining few ps pulsewidth and sub-ps timing jitter is essential.
Monolithic mode-locked semiconductor lasers are becoming increasingly attractive to provide
stable and reliable pulse trains with multi-GHz repetition rates [7]. Passive mode-locking can
be achieved simply in these lasers by designing two electrically isolated sections and applying
a reverse voltage to one of them to obtain an intracavity saturable absorber. Passively mode-
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locked lasers, where pulses modulate the absorption on their own, yield much shorter pulses
and higher repetition rates than actively mode-locked lasers, without any external electrical
oscillator [8], although sometimes at the expense of higher timing jitter.

Monolithic mode-locked picosecond pulse diode lasers have been realized since 1978 [9]
with bulk devices, then with quantum wells [7] and more recently with quantum dots [10].
Quantum-dot lasers demonstrate numerous advantages over bulk and quantum well lasers such
as low wavelength chirp, low threshold currents and reduced linewidth enhancement factor
[11]. In addition to these advantages, their broad gain spectra (due to dot size dispersion and
shape) and easy absorption saturation make them well suited to mode-locking and broadband
applications.

Stable operation in passively mode-locked laser is generally limited to small ranges of gain
and saturable loss parameters [12] [13] [14]. Indeed, CW steady-state single pulse mode-locked
solutions have to satisfy various different criteria of existence and stability and can easily be
degraded or prevented by perturbations, such as relaxation oscillations, or may not be self-
starting. Q-switching or self-pulsation can thus occur, especially at high power.

Understanding, improving and controlling the timing jitter is essential to improve perfor-
mance, manufacturability and widespread use of mode-locked lasers in real applications. One
of the most challenging problems is to achieve simultaneously very narrow pulses, low timing
jitter and sufficient optical power ( 0.1-1 W for realistic applications). Recently, both simu-
lations [15] and experiments [16] have exhibited ”incomplete”, partially stable, mode-locking
regimes at high powers. The origin and characteristics of this regime in quantum-dot lasers
have yet to be investigated. In this paper we report an extended study of the different oper-
ation regimes encountered in a two-section quantum dot passively mode-locked laser, based
on experimental measurements of the optical spectrum, radio-frequency (RF) spectrum, timing
pulsewidth and pulseshape, for different gain and absorption settings.

2. Experimental measurements and discussions

2.1. Threshold and switching regime

The device analyzed is a two-section InAs/GaAs quantum-dot laser emitting near 1.3 μm sim-
ilar to that of [16]. The molecular-beam-epitaxy-grown wafer was supplied by NL Nanosemi-
conductor GmbH. The active region consists of 10 layers of InAs quantum dots separated by 33
nm of GaAs and bounded by Al0.35Ga0.65As cladding layers. The absorber section represents
30% of the 2.5-mm total length of the cavity resulting in a repetition rate of 16.2 GHz.
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Fig. 1. Average optical power versus gain current for different absorber voltage (a) and
threshold currents as a function of the absorber voltage (b)
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Fig. 1(a) presents laser average optical power versus gain current for different values of the
absorber section voltage. Unlike in conventional single section lasers, the light power vs current
curve exhibits a sharp increase at the threshold. Using a second-harmonic-generation autocor-
relator, pico-second pulses are detected which demonstrates mode-locked operation. This is
confirmed by the existence of a peak in the RF spectrum at the cavity roundtrip frequency.
The analysis of the average output optical power using a photo-diode coupled to a 500-MHz
bandwidth oscilloscope shows the appearance of pseudo-periodic switches between the mode-
locked regime and the non-lasing state. Mode-locking modulated by Q-switching has been ob-
served in InAs/InGaAs quantum-dot two-section laser [17] and theoretical works [12] [13] [14]
on mode-locked lasers have demonstrated a range of currents in which optical bistability be-
tween non-lasing and mode-locking occurs. The pseudo-periodic switches observed experi-
mentally can therefore be explained by noise-coupled bistability between mode-locked and
non-lasing states, associated with Q-switching modulation.

Fig. 1(b) shows the range of currents where modulated mode-locking is observed as a func-
tion of the absorber voltage. The lower curve corresponds to the modulation appearence (mod-
ulated mode-locking threshold) and the upper curve corresponds to the current for which mod-
ulation disappears (pure mode-locking threshold). The difference between the two threshold
intensities increases with the reverse absorber voltage. Fig. 2 presents the different switching
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Fig. 2. Photocurrent temporal dynamics closed to the lasing treshold

regimes encountered when current is increased, showing both fast and slow switches. Fig. 2(a)
shows a switch between lasing and non lasing states with damped oscillations of period τ s from
750 to 630 ns, when the absorber voltage varies from 0 V to - 3 V, and a damping time of 6
μs. Fig. 2(b) presents switching during the first τs/2 half cycle and features faster oscillations
with a period τ f =100 ns. The dotted line in Fig. 2(b) shows the lasing and non lasing state
switching superimposed on the τs/2 half cycle switch, and shows the similarity between the
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switch times and the maxima and minima of the slow oscillation. At higher current and reverse
bias settings the two switches can behave simultaneously and Fig. 2(c) presents a succession
of switches of kind a) followed by switches of kind b) (not resolved with this time scale). Fig.
2(d) shows the fast oscillations switch of period τ f followed by damped oscillations of kind a).
These switching patterns are somewhat similar to the ones shown in Fig. 4(b) of [18] with three
main differences, the time scale is here 10 times slower, the modulation is not purely periodic
but pseudo-periodic and it corresponds to mode-locking modulated by Q-switching and not to
pure Q-switching.

2.2. RF characterization of the mode-locking regime

The mode-locked operation is detected and characterized using a high speed detector and a 25-
GHz bandwidth electrical spectrum analyzer. The power spectral density of the first harmonic of
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the photocurrent (RF spectrum) is measured for a large range of currents and different absorber
voltages. Fig. 3 shows the results of these measurements for an absorber voltage of -2.4 V.
The presence of a clear peak in the RF spectrum around 16.2 GHz indicates mode-locking in
a broad range of currents above mode-locking threshold. However, the RF spectrum exhibits
different shapes which may correspond to different regimes or types of mode-locking. For a
range of currents between the threshold current and 163 mA (range A), the RF spectrum is a
very narrow line (from several kHz to several tens of kHz [19]) whose central frequency (i.e.
pulse train repetition rate) increases with the current. At 163 mA, the RF central frequency
versus current exhibits a slope discontinuity and the RF spectrum starts to broaden with current
until 175 mA (range B). At this current, the central frequency of the RF spectrum jumps to a
higher value and exhibits a narrow lineshape as in the first range of currents. In addition, the
RF spectrum features side-bands at frequencies between 600 and 800 MHz from the central
frequency (range C). Finally, at 195 mA, the RF central frequency jumps back to the initial
central frequency and the RF spectrum becomes very broad (range D). The same measurements
for an absorber voltage of -2.3 V are presented on Fig. 4. We encounter the same succession
of regimes except that in the range C the photocurrent exhibits a noisier spectrum with small
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ranges of switching between two central frequencies.

2.3. Discussion on the RF characterization results

Two approaches exist for the theoretical investigation of mode-locking, time domain and fre-
quency domain (or coupled-mode equation). The frequency domain approach for active mode-
locking was first introduced by McDuff and Harris [20] and developed analytically by Haken
and Pauthier [21]. For passive mode-locking using a saturable absorber, a frequency domain
theory using a circuit model was presented by Fontana [22]. Frequency domain theory was de-
veloped by Yeung [23] for active mode-locking of a semiconductor laser and by Lau [24] for
active and passive mode-locking of a semiconductor laser at high repetition rate. The time do-
main approach theory was developed for active mode-locking by Siegman and Kuizenga [25]
and for passive mode-locking by Haus for both fast [12] and slow [26] saturable absorbers.
Additionally, both approaches for passive mode-locking have been compared by Haus [13].
Numerous numerical models have been developed in the two domains for active, passive, hy-
brid and harmonic mode-locking in diode laser (see [27] for an overview).

For the investigation of noise in mode-locked laser, a slow time variable is generally intro-
duced in both approaches leading to a set of temporal coupled-mode equations in the frequency
domain or a double variable temporal equation for the time domain approach using a short term
time variable as well as a time variable on the scale of many cavity round trip-times. A theory of
noise in passively mode-locked lasers (concerning pulse energy, phase, timing and frequency)
has been developed by Haus and Mecozzi [28]. A completely different theory for frequency
and temporal noises using frequency domain approach and excitation of unstable solutions of
the coupled-mode equations has been simultaneously proposed by Kim and Lau for active and
passive mode-locking in semiconductor laser at high repetition rate [29].

To analyze the results of these measurements, we will use the latter frequency domain ap-
proach and particularly the concept of ”supermode”. A supermode is here defined as a set of
longitudinal modes equally spaced and locked in a fixed phase relationship. It is a solution of
the coupled-mode equation for the intracavity electric field. Each supermode has an associated
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repetition frequency, equal to the frequency interval between the modes, and a threshold. In
the time domain, a supermode corresponds to a train of pulses of specific duration and repe-
tition rate. The repetition frequency is generally detuned compared to the free spectral range
of the cavity. In [29] the Hermite-Gaussian supermode expansion from [21] is used, which is
the result of an assumed parabolic optical gain spectrum and a sinusoidal gain modulation at
the cavity mode frequency spacing. This is a very idealized representation, indeed passively
mode-locked diode lasers generally exhibit asymetric gain curve, dispersion, index-gain cou-
pling factor. Moreover gain modulation and shaping, the latter resulting from self action of the
pulse train on the gain and the absorber media, is sharper than a sinusoid. As a result, a realistic
supermode expansion should involve supermodes with different mode separation frequencies.

We analyze consequently the results presented on Fig. 3 and Fig. 4 while considering the
existence of two supermodes. The range A represents a single supermode regime, i.e. the ex-
istence of only one supermode called SM1. The repetition frequency of the supermode SM1
changes with the current due to the refractive index change and the pulse energy change. The
range C also corresponds to a single supermode regime, with the supermode SM2. SM2 has a
repetition frequency greater than SM1. On Fig. 4 we have extrapolated (dash lines) the linear
slope of the repetition frequency of SM1 and SM2. Range B exhibits a nonlinear variation of the
repetition frequency of SM1 which is similar to the push-in effect in an oscillator submitted to
the injection of a master oscillator with a frequency difference close to the locking range [30].
Consequently we interpret the peculiar central frequency evolution in the range B as the effect
of the non lasing supermode SM2 on the lasing supermode SM1, leading to a push-in of the
repetition frequency and a sudden rise of the noise. The same interpretation can be given for the
regime C1 on Fig. 3. The main difference between the results of -2.4 V and -2.3 V is the behav-
ior in the central region C. For -2.3 V the laser does not exhibit a clear single SM2 supermode
behavior, the perturbation induced by the supermode SM1 can be clearly seen. Moreover, the
variation of the repetition frequency versus current for SM1 and SM2 appears to be of contrary
signs on Fig. 4. The range D exhibits the supermode SM1, strongly perturbed by the non-lasing
supermode SM2.

2.4. Optical spectrum characterization
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Fig. 5. Optical spectrum as a function of the gain current, Uabs=-2.4 V

To confirm our interpretation of the measurements in the RF domain, we have recorded the
optical spectrum for the same range of currents. Fig. 5 presents the results for an absorber volt-
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age of -2.4 V. Transition of regime between range B and C is obvious and confirms the existence
of two different supermodes. Transition between range A and B is characterized by a shift of
the central frequency of the optical spectrum envelope toward the central optical frequency of
SM2. Moreover these measurements show that the shift of the central RF frequency presented
in Fig. 3 cannot be explained simply by the optical frequency shift coupled to the dispersion.

2.5. Pulseshape characterization
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To understand the relation between the different regimes observed on the RF spectra, and the
pulse properties, we have measured, with a non-collinear (background-free) second-harmonic
generation autocorrelator, the autocorrelation of the pulse for the same range of currents. Each
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regime has a different pulse shape associated to it and the results are summarized on Fig. 6 and
Fig. 7. The first shape encountered in current range A (I=135 mA in Fig. 6) is correctly fitted
by the autocorrelation of a square hyperbolic secant function (Fig. 7(a)). The second shape,
encountered in current range B (I=162 mA and 170 mA plots in Fig. 6) is an intermediate
between the autocorrelation of a square hyperbolic secant function and the autocorrelation of a
symmetric two-sided inverse exponential function (Fig. 7(b)). The third shape, encountered in
the first part of range C (I=185 mA in Fig. 6), is well fitted by the autocorrelation of a symmetric
two-sided exponential function (Fig. 7(c)). Finally the last shape, encountered after I=190 mA
(I=215, 225 and 245 mA in Fig. 6), presents a symmetric two-sided inverse exponential center
and a Gaussian pedestal (Fig. 7(d)).
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Fig. 8 presents simultaneously the width of the optical pulse and the width of the optical
spectrum. The spectrum width is given by two quantities, the RMS width and the envelope full
width at half maximum (FWHM). For the regimes where the autocorrelation can be fitted with
a single function (region A and C) the FWHM of the pulse was derived from the autocorrelation
FWHM. For the shape encountered in current range B, we have plotted the FWHM calculated
with a square hyperbolic secant fit and a symmetric two-sided inverse exponential fit, so this
data is consequently to be taken with caution. In the current range A, the pulse FWHM increases
quadratically with current while the spectrum also broadens. This indicates a strong rise of the
pulse chirp with current (ΔνΔτ=3.2 at I=160 mA). In the current range B, the optical spectrum
stops broadening and the pulse shape transforms from a square hyperbolic secant shape into
a symmetric two-sided inverse exponential shape, with a FWHM relatively constant (pulse
FWHM at the beginning and the end of current range B, where shapes are clear, are similar).
As we noticed before on Fig. 6, the transition between ranges B and C is obvious in the optical
spectrum. Indeed, it strongly narrows (3 times in RMS width) whereas the two symmetric two-
sided inverse exponential pulse keeps a constant FWHM, which means that the pulse is far
less chirped (ΔνΔτ=0.4 at I=180 mA). From the appearance of the Gaussian pedestal on the
autocorrelation (I=190 mA), the spectrum FWHM rises, which is also the case in range C1.

2.6. Discussion on optical pulse and spectrum characterization

We have previously distinguished on the RF spectrum two low jitter operation regimes which
have been associated with two different optical supermodes SM1 and SM2. However, accord-
ing to the measurements on the optical spectrum and pulse shape, these two supermodes exhibit
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very different pulse shape and optical spectrum properties. SM1, in current range A, corre-
sponds to the classical operation regime of a passively mode-locked laser, i.e. square hyperbolic
secant pulse shape with pulse width increasing with current. On the contrary, SM2, in current
range C, exhibits a less classical shape, a symmetric two-sided inverse exponential shape. This
means that additional non-linear effects are present. What is surprising is that there is no dis-
continuity in the pulse shape evolution with current whereas there is a clear one in the optical
and RF spectra between current range B and C. Concerning the Gaussian pedestal, exponential
tails are mandatory in passive mode-locking, and consequently the Gaussian shape of the au-
tocorrelation can only come from a statistical averaging. We attribute this pedestal to unstable
satellite pulses corresponding to the supermode SM2, which is consistent with the RF spec-
trum in range D. It is interesting to note that a fast enlargement of the RF linewidth above a
specific power was also theoretically predicted in [29] by using two Hermite-Gauss supermode
excitation.

3. Conclusion

We have experimentally analyzed the different regimes of passive mode-locking in a two-
section quantum dot laser. In the first range of currents the laser produces low jitter classical
square hyperbolic secant pulses associate to supermode SM1 whereas in a second current range
it produces low jitter symmetric two-sided inverse exponential pulses associate to supermode
SM2. In the intermediate range timing jitter and chirp increase strongly, which is attributed to
coupling between main supermode SM1 and weak supermode SM2. The range C, where super-
mode SM2 is dominant, may be particularly interesting for applications. Indeed, in this range,
the laser exhibits 3.5-ps pulses with relatively narrow jitter (narrow RF spectrum) and several
mW of average optical power. Moreover Q-switching, whose existence is usually considered
as one of the main limits to achieve very short pulses at ultrahigh frequency [31], is observed
only near the threshold. For optimization of this laser, it would be important to understand how
to obtain good ”single supermode” operation by increasing the repetition rate difference be-
tween SM1 and SM2. Finally, a complete characterization of the pulse shape (by spectral phase
measurement) is mandatory to confirm the FWHM of the pulse in range C.
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