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Optically injected quantum dot lasers display many unique nonlinear phenomena and are in
particular, excellent testbeds for different forms of excitability. We analyse the recent discovery of
Type II excitability in such devices. An optothermal instability leads to the phenomenon and while
an underlying Hopf bifurcation is ultimately responsible for the observation, intriguingly there are
two potential routes: One via a subcritical bifurcation and an associated bistable region and the
other via a supercritical bifurcation and an associated canard explosion.

I. INTRODUCTION

The well-known limitations of conventional, digital
computing for certain problems has led to an enormous
interest in artificial neural networks. Neuromorphic pho-
tonics has emerged as one of the leading candidates for
emulating the computational abilities of the brain with
semiconductor lasers in particular leading the way given
their compact size and ultrafast processing speeds and
most importantly for this work, their ability to produce
excitable responses in a variety of configurations [1] . Ex-
citability of course was originally discovered in biological
systems [2] but has been observed in a multitude of dif-
ferent systems including chemical, electrical and optical
systems [3–11]. Small perturbations of the rest state lead
to short phase space excursions. However, there exists a
perturbation threshold above which the system under-
goes a large phase space excursion corresponding to a
pulse (or a spike as they are often called in neuronal stud-
ies). Following a pulse, there is a refractory time during
which another excitation cannot be triggered [12].

Many photonic devices and device configurations have
been shown to exhibit excitability and related phenom-
ena. The optical feedback configuration provided one
of the earliest examples of the phenomenon and contin-
ues to be a rich source of excitability [6, 9, 10, 13, 14].
Two section lasers employing saturable absorbers pro-
vide many examples with several novel laser types [15–
21]. Several schemes make use of lasers with two in-
herent lasing states including semiconductor ring lasers
[22, 23], VCSELs [24] and dual state quantum dot (QD)
lasers [26, 27]. Other authors have considered systems
where lasers were not central to the excitable dynamic,
such as [28, 29] where photonic crystal cavities were con-
sidered and [30, 31] where resonant tunnel photodiodes
were used in conjunction with a laser. Central to the
work presented here is the optical injection configuration
which has provided many examples of single and multi-
pulse excitability [7, 8, 11, 12, 22, 24, 32–37]. We note
that these lists are non-exhaustive and we do not even
consider approaches to neuromorphic photonics outside
excitability such as reservoir computing [38]. See [1] for a

recent comprehensive review of neuromorphic photonics.
Depending on the system specifics, one typically ob-

tains either Type I excitability or Type II excitability
[39], but not both. Recently however, we have demon-
strated that optically injected QD lasers can display both
Type I and Type II excitability [40]. We investigate the
emergence of the Type II phenomenon in greater depth
in this work. We first review some of the known results
for excitability with optically injected QD lasers.

II. EXCITABILITY IN OPTICALLY INJECTED
QD LASERS

It has been shown in several previous works that Type
I excitability is generic in optically injected edge emitting
semiconductor lasers for weak injection levels [7, 11, 41].
In particular, it arises with injected QD lasers, and be-
cause of the high relaxation oscillation damping of these
devices it arises in many unique forms. At extremely low
injection levels, QD lasers behave just like idealised Adler
phase oscillators [34]. As the injection level is increased
the details of the excitable dynamics evolves. 2π phase
rotations are obtained for both positive and negative de-
tuning at low injection levels [33] and these phase slips
can be deterministically triggered as shown in [36]. For
higher injection levels QD lasers display bursting with
groups of pulses rather than isolated pulses emitted [34].
Uniquely among semiconductor lasers, QD devices can
emit from multiple energy states and this too can lead
to novel dual excitable regimes such as non-Adler Type I
excitability [26] and tunable bursting regimes [27] featur-
ing slow passage through a Hopf bifurcation. The mutual
coupling configuration is the natural extension of optical
injection system and when mutually coupled with delay,
excitable pulse trains are generated by QD lasers [42]
which could be of interest for networks of artificial neu-
rons.

Type II excitability is less well known in the optically
injected laser system. It typically manifests in fast-slow
systems and the Van der Pol Fitzhugh Nagumo model
is the prototypical model used to describe it. Recently,
such excitability has been reported for optically injected
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QD devices: When a QD laser is optically injected with
high injection strength, excitable square pulses are ob-
tained [40]. The duration of each square is constant and
on the order of a microsecond but the rise and fall times
of each square are on the order of a nanosecond. Physi-
cally, a bistability is broken by an optothermal coupling,
leading to a deterministic evolution of the detuning be-
tween the master and slave lasers. This manifests as a
deterministic square wave cycle between the remnants
of the two states. Close to this deterministic cycle, the
system is excitable and noise induced pulsations are ob-
tained as shown in [40]. Such optothermal coupling has
also previously been described in [27, 29, 43–47]. In [47]
the authors also identified a canard explosion using an
injected semiconductor optical amplifier.

In this work we show that the pulses can be triggered
deterministically with a well defined threshold above
which pulses can be triggered with 100% efficiency. We
analyse the phase excursion of the trajectory and find
that it is a bounded cycle. Such cycles are often (but
not always) associated with Hopf bifurcations [48, 49]
and so one might expect to find such a bifurcation. The
conventional route to Type II excitability is via a sub-
critical Hopf bifurcation. The rest state is bistable with
a large amplitude cycle close to the excitable regime and
after passing the bifurcation, the large amplitude cycle
is the only attractor in the system. There is another al-
ternative to this scenario which is to find a supercritical
Hopf bifurcation. The large amplitude excitable trajec-
tories then arise due to a canard explosion. In this case,
the small amplitude oscillations born in the bifurcation
quickly lead to a large amplitude cycle. Intriguingly, we
find both routes numerically. Which one arises depends
on the ratio of the photon and carrier lifetimes.

III. EXPERIMENT

A 300 µm long InAs based QD laser similar to the
one used in [40] was optically injected with a tunable
laser source (TLS) in a unidirectional master-slave con-
figuration. The TLS had a linewidth of approximately
100 kHz. A polarization controller was used to maximise
coupling between the master and slave. The pump laser
was operated at 40 mA, 1.25 times threshold. FIG.1
shows the evolution of the intensity with detuning (as
previously shown in [40] but displayed again here for com-
pleteness).We begin with large negative detuning, where
the frequency of the master is far less than that of the
slave. Here a simple limit cycle was obtained. By increas-
ing the detuning the QD laser became phase locked to
the master. Increasing in detuning again, isolated square
pulses induced by noise began to appear, as seen in FIG
2 (a), where the low intensity section corresponds to the
phase locked state. As the detuning is further increased,
square pulses with random interpulse times become more
frequent, FIG. 1 (a). Increasing the detuning again, the
noise induced train gives way to a periodic square wave

train FIG. 1 (b). Continuing to increase the detuning,
the deterministic train gives way to noise induced square
dropouts FIG. 1 (c) and finally the slave becomes phase
locked again, but to the high intensity section.
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(b) −4.8 GHz
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(c) −3.4 GHz
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(a) −6.2 GHz

FIG. 1: Experimental data where (a) shows noise
induced pulse train, (b) shows periodic square pulse
train and (c) shows noise induced square dropouts.
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FIG. 2: (a) Timetrace of a noise induced excitable pulse
at approximately -6.6 GHz detuning. (b) The phase
associated with the timetrace from (a). The phase

undergoes a change of 2.4 rad at the onset of a square
pulse and over the duration of the pulse the phase
undergoes a slow change of approximately 1.4 rad.

While the intensity behaviour has been reported in
[40], the underlying phase trajectories have heretofore
not been discussed or studied. We investigate the phase
dynamics of the squares in this work, using the phase
resolving technique developed in [50]. This method uses
a 3 � 3 coupler. One input arm receives light from the
slave, another receives 10% from the TLS and the third is
left empty. All three outputs are detected using 12 GHz
detectors connected to a real time oscilloscope. FIG.
2 shows a noise induced excitable square pulse and its
phase. Over the duration of the high intensity section of
the square pulse, the phase undergoes a slow change of
approximately 1.4 rad. This slow change can also be seen
in the the long narrow section of the 2D phase diagram
in FIG. 3. The more concentrated shape around (0, 0.4)
corresponds to the approximately constant, low intensity
section in FIG 2 (a). The phase of lower intensity sec-
tion also remains approximately constant, FIG. 2 (b).
The phase trajectory is clearly bounded. The slow phase




