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Investigation of Chaotic and Spiking Dynamics in
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Abstract—This study investigates chaotic and spiking dynamics
of mid-infrared quantum cascade lasers operating under external
optical feedback and emitting at 5.5 µm and 9 µm. In order to
deepen the understanding, the route to chaos is experimentally
studied in the case of continuous-wave and current modulation
operation. The non-linear dynamics are analyzed with bifurcation
diagrams. While for quasi-continuous wave operation, chaos is
found to be more complex, pure continuous wave pumping always
leads to the generation of a regular spiking induced low-frequency
fluctuations dynamics. In the latter, results show that by combining
external optical feedback with periodic forcing and further induced
current modulation allows a better control of the chaotic dropouts.
This work provides a novel insight into the development of future se-
cure free-space communications based on quantum cascade lasers
or unpredictable optical countermeasure systems operating within
the two transparency atmospheric windows hence between 3 µm–
5 µm and 8.5 µm–11 µm.
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I. INTRODUCTION

R ECENT progress in the study of non-linear dynamics
using delay-coupled semiconductor lasers has paved the

way for integrated complex photonics [1], which is becoming
a field versatile enough to mimic bioinspired concepts such as
neural networks and large-scale synchronization [2]. To this end,
triggering spikes in semiconductor lasers has become a field of
growing importance with the intent of controlling precisely the
time interval and the amplitude of these events. A technique
commonly used to achieve such goal is to combine the non-linear
effects induced by optical or optomechanical feedback with a
bias perturbation. Recent experimental efforts about on-demand
extreme events [3], Canard explosions [4] and other non-linear
phenomena [5] in semiconductor lasers emphasize a renewed
interest in this domain that has been explored both numerically
and experimentally since the 90ies [6]–[11]. However, most of
these experimental studies have been carried out in the near-
infrared region with standard laser diodes governed by interband
transitions. In this paper, we report an experimental analysis
of the spiking non-linear dynamics in mid-infrared quantum
cascade lasers (QCLs) emitting at 5.5 μm and 9.0 μm, the latter
being extremely relevant for free-space communications across
the atmosphere, because highly transparent between 8.5 μm–
11 μm. Indeed, it is known that turbulence on the propagation
path significantly deteriorates the optical signal causing e.g.
beam spreading, beam wandering, scintillation or loss of spatial
coherence [12]. In this case, the scintillation will be the predomi-
nant phenomenon, corresponding to intensity fluctuations of the
propagating beam. This effect evolves as a function of λ−7/6

[13], and will therefore be less significant at higher wavelength
hence the advantage of mid-infrared waves for free-space op-
tical communications. QCLs with compact size and improved
power efficiency are advantageous compared to large CO2 lasers
with complex setup and high power consumption. In addition,
commercial detectors within this optical range are expensive and
uncommon, which further increases the cost of eavesdropping
and makes mid-infrared QCLs candidates of high potential for
free-space communications with enhanced privacy. QCLs are
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versatile and powerful optical sources based on intersubband
transitions operating not only in the mid-infrared but also in
the terahertz domain [14], with optical power over 4.5 W at
4.7 μ m in continuous-wave operation at room temperature [15]
and an expected power of 20 W with broadband and thermally
optimized QCLs [16]. So far, QCLs have been successfully
utilized for non-invasive sensing, light detection and ranging
(LIDAR) as well as optical countermeasures [17]. Also, due to
the broad development of integrated MIR technologies, QCLs
on silicon are now highly envisioned as a promising solution
for many integrated mid-infrared applications in gas sensing,
defense, and medical applications [18], [19]. Finally, recent re-
sults about their chaotic behavior under external optical feedback
[20] pave the way for free-space secure communications. The
combination of optical nonlinearities and ultrafast dynamics is
a booming feature and it can give rise to unprecedented physical
insights revolutionizing the next generation of quantum cascade
devices. External optical feedback consists in reinjecting part
of the light emitted by a laser via a mirror thus forming an
external cavity. The behavior of the laser is then determined by
the amount of optical feedback that couples back into the laser
cavity, and which is called the feedback ratio, as well as the phase
and the polarization of the back-reflected wave [21]. In laser
diodes, the amount of feedback required to destabilize the laser
and enter a chaotic state is very low due to a carrier lifetime in
the order of the nanoseconds. QCLs exhibit much shorter carrier
lifetimes in the order of the picoseconds [22] and therefore, the
feedback ratio leading to a chaotic behavior is more important
(a few percent). Additionally, very low temperatures seem to
facilitate this non-linear process [23]. A particular feature of
QCLs is the absence of relaxation oscillations [24], which is a
direct consequence of the relatively short carrier lifetime com-
pared to the photon lifetime. To this end, when applying external
optical feedback to a QCL pumped with a quasi-continuous bias,
the deterministic chaos is characterized by periodic oscillations
at the external cavity frequency followed by a low-frequency
fluctuation (LFF) pattern leading to dropouts in the experimental
time trace [20]. Yet, the time interval between these dropouts is
not constant. Adding a direct current modulation with a periodic
sine forcing makes the spikes appear for a given phase shift of the
external frequency modulation corresponding to the entrainment
phenomenon [25], [26].

This paper further investigates the nonlinear dynamical fea-
tures of a mid-infrared QCL operating under optical feedback
with continuous-wave operation and, respectively, current mod-
ulation. Section II introduces the features of the QCLs under
study emitting at 5.5 μm and 9.0 μm as well as the experimental
setup. Section III investigates chaotic dynamics in QCLs op-
erating at room temperature and different pumping conditions.
The route to chaos is experimentally studied in the case of a
quasi-continuous bias and a continuous bias and the non-linear
dynamics are analyzed with bifurcation diagrams. Although
chaos with improved reliability and higher dimensionality is
obtained with a QCL pumped quasi-continuously, our results
anticipate that the subsequent synchronization may be more
difficult to be achieved. Section IV investigates the spiking
dynamics under current modulation. With continuous bias, the

Fig. 1. V-I (blue) and L-I (red) curves of a free-running Type 2 QCL operating
at 290K in pulsed operation mode (12% duty cycle at a repetition frequency of
400 kHz).

chaotic pattern displays a LFF induced spiking dynamics. Al-
though this deterministic chaos is of lower dimensionality, it may
be promising for developing secure communication links where
the chaotic pattern itself can be used to encode information,
as described in Section V. Lastly, Section VI summarizes the
results and provides conclusions on the work conducted.

II. EXPERIMENTAL APPARATUS

A. Devices

The devices under investigatio are lasers manufactured by
mirSense and inspired by the designs described in Ref. [27]
and Ref. [28]. These designs allow producing QCLs with wave-
lengths around 5.5 μm and 9 μm, refer to as Type 1 and Type 2,
respectively throughout this study. We have previously reported
some results on the performance of Type 1 QCLs where the
characteristics of these lasers are fully described [23]. In addi-
tion, measurements on the linewidth enhancement factor (more
commonly called the α-factor) of such lasers were also carried
out. The retrieved above-threshold value of the effectiveα-factor
is in the order of 2 whereas for currents below threshold, it is in
the order of−0.4 [29], [30]. This relatively large enhancement of
the linewidth enhancement factor can be attributed to the QCLs
operation far above the threshold current and to the distributed
feedback grating cavity which can induce severe longitudinal
spatial hole burning [31].

The LIV characteristics and the optical spectrum of a Type
2 QCL are depicted in Fig. 1 and Fig. 2, respectively. The
QCLs under study are equipped with a distributed feedback
(DFB) grating, which means that they emit single mode at the
aforementioned wavelengths. The whole structure of Type 1
QCLs is epi-side down mounted which allows some of the Type 1
lasers to be pumped with a continuous bias for temperature up to
313 K. This type of QCLs can also be cooled down to cryogenic
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Fig. 2. Experimental spectrum of a free-running Type 1 QCL (orange) and
Type 2 QCL (cyan) operating at 290 K with pulses of 300 ns with a repetition
frequency of 400 kHz (representing a 12% duty cycle).

temperature, allowing us to carry out a feedback-sensitivity
analysis with respect to the temperature for a range of more
than 200 K [23]. In the case of Type 2 QCLs, the lasers are in an
epi-side up configuration and require temperatures below 65 K
to be pumped with a continuous current. The experiment was
carried out at 40 K with a liquid helium cooling. The threshold
current of Type 1 QCLs is in the range of 250–350 mA with a
continuous bias and liquid nitrogen cooling. For Type 2 QCLs,
the threshold with continuous bias and liquid helium cooling is
in the range of 900–1100 mA.

B. Experimental Setup

The QCLs under study are inserted inside a cryostat or, for
some QCLs of Type 1, in a ILX LDM 4872 QCL mount which
allows working conditions between 248 K and 313 K. Due to the
highly divergent beams, a focusing mid-infrared lens is placed
in front of the QCL. The external cavity, which is realized by
the emitting facet of the QCL and the gold-plated mirror, results
in external optical feedback and a polarizer allows controlling
the amount of feedback. Setting it to 90◦, corresponding to
a TM polarization, leads to a maximum feedback ratio. The
beam is completely blocked when the polarizer is set to 0◦.
Thanks to a non-polarizing beam splitter (NPBS), part of the
QCL’s beam can be analyzed with a fast oscilloscope and real
time spectrum analyzer (RSA). The detector used is a Mercury-
Cadmium-Telluride detector (MCT) and the signal retrieved by
this detector is amplified with a low-noise amplifier. The QCL is
powered with a low-noise current source (Wavelength Electron-
ics QCL2000 LAB) which provides the continuous current. This
current source has a built-in low-pass filter and is designed to be
modulated up to 3 MHz with a sine modulation and up to 2 MHz
with a square modulation. We implement the modulation with
a waveform generator (Rigol DG1022Z) at 200 mega samples

per second. We were able to experimentally reach modulation
frequencies up to 5 MHz in the case of a sine modulation but the
amplitude of the modulation strongly decreases due to the 3 MHz
bandwidth of the current source. Regarding all aforementioned
bandwidth requirements, we focus on frequencies below 1 MHz
to be able to carry out a relevant comparison between the case
where a sine modulation is added and the case where a square
modulation is used.

III. ROOM TEMPERATURE QUASI-CONTINUOUS WAVE AND

CONTINUOUS WAVE CHAOTIC DYNAMICS

A. Quasi-Continuous Wave

In this section, we focus on the observation of non-linear
phenomena when the operation temperature is close to 290 K.
When varying the amount of external optical feedback by means
of the mid-infrared polarizer, several regimes such as stable
operation and LFF appear. These phenomena have been already
found and described in the case of quasi-continuous bias, both
close to room temperature [20] and cryogenic temperature [23].
Studying these non-linear phenomena in the case of a contin-
uous bias is essential for practical applications of such lasers
into a communication system, however, it requires the optical
path to be very stable. Indeed, as detailed in the next section,
the frequency of the current modulation is one of the main
components of the RF spectrum, both in the case of a sine and
square modulation. Consequently, it seems likely that the LFF
phenomenon builds up on a frequency determined by the modu-
lation frequency. This cannot happen in the case of a continuous
bias because no specific frequencies are a priori fostered. The
experiments are consequently carried only with Type 1 QCLs
within a LDM 4872 mount, because this configuration provides
less vibrations than the one using a cryostat and a vacuum pump.
It can be assured that feedback is at its maximum when the
amplitude of the spikes, described in the next section, is also at
its maximum. It is important to emphasize that the symmetry of
the pattern needs to be carefully retrieved. Indeed, restabilization
can occur in semiconductor laser with external optical feedback
[32], meaning that the feedback can lead to a case where the
signal is constant and the RF spectrum is flat. We actually never
observed such a behavior in the case of a quasi-continuous bias.
Being able to precisely assess the golden mirror tilt giving the
maximum feedback ratio leads to phenomena which are highly
reproducible.

Fig. 4A) shows a selection of experimental time traces when
varying the feedback ratio from 0% to the achievable maximum
of 24.6% for a quasi-continuous bias with a pulse width of
2 μs. The lowest value of feedback strength displays a stable
signal corresponding to free-running operation. Oscillations
start appearing for feedback ratios above 1.1% and the transition
between oscillations and the LFF regime can be observed for a
feedback ratio of 2%. The deterministic pattern becomes then
more complex until the maximum feedback ratio of 24% is
obtained. The related bifurcation diagram is plotted in Fig. 4B)
and displays the extrema of the experimental time traces for a
selection of feedback strengths. Increasing the feedback ratio
lead to changes in the dynamics observed in the time traces. The
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Fig. 3. Close-up of a Type 2 QCL (a) and experimental setup (b) with an external cavity length for the conventional optical feedback; NBPS: non-polarizing
beam splitter, MCT: Mercury-Cadmium-Telluride detector, OSCI: fast oscilloscope, RSA: real-time spectrum analyzer.

Fig. 4. Experimental time traces when the laser is pumped in the quasi-continuous mode (A) for several values of the feedback strength in % and related
bifurcation diagram (B) when the temperature is 290 K. a) 0.05%, b) 1.1%, c) 3.3%, d) 24.6%; For low feedback strength, the signal is nearly continuous and then,
with increasing feedback strength, evolves towards non-linear patterns such as oscillations and LFF.

dashed lines correspond to the different feedback strengths at the
far-right of the solid lines, but are placed in the middle of the solid
lines for visual guidance for the reader and represent the analysis
of the time traces of Fig. 4A). The bifurcation diagram plotted
in Fig. 4B) shows a Hopf bifurcation for a feedback strength of
3.3%. The corresponding time-periodic oscillations for higher
feedback ratios have a frequency of nearly 50 MHz, which is ten
times lower than the theoretical frequency of the external cavity
(fext ≈ 430 MHz) when oscillations are expected to occur [20].
This behavior may be due to multiple reflections since the laser
is operated at I = 2.2× Ith, which corresponds to the current
leading to the maximum output power. Figure 5 shows that the
external cavity frequency is missing for a configuration close

to the Hopf bifurcation. Yet, this figure demonstrates that the
frequency of the external cavity can be found in the LFF pattern
for high feedback ratios, as already reported in Ref. [23] for a
feedback ratio of 24%. When increasing feedback strength above
3.3%, the intensity extrema spread over a wide range of values
corresponding to the onset of a chaotic pulsing output combined
with fast pulses, which is represented by solid lines around the
zero intensity value in the bifurcation diagram. A numerical
model of a QCL under similar conditions and a simulation of the
bifurcation diagram can be found in Ref. [20]. It is worth noticing
that the simulated bifurcation diagram displays the same route
to chaos but for higher feedback strengths. In that experimental
configuration, the transition between the oscillations and the
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Fig. 5. RF spectra related to Fig. 4a), b) and d) and obtained with a Fast Fourier Transform (colors remain the same). (A) analysis of the whole bandwidth.
Only the purple curve (corresponding to a high feedback strength) shows the contribution of the external cavity frequency around 330 MHz. A small discrepancy
between the theoretical cavity frequency and the experimental one has already been pointed out [20], [23]. (B) Close-up on low frequencies, the green curve (low
feedback strength) is characterized by small bumps around 42 and 86 MHz, contrary to the orange curve (zero feedback strength). This supports the claim that the
frequency of the pattern seen in Fig. 4b) may be related to multiple reflections in the external cavity.

Fig. 6. Experimental time traces in continuous mode (A) for several values of the feedback strength in % and related bifurcation diagram (B) when the temperature
is 249 K. a) 5.81%, b) 6.27%, c) 6.50%, d) 6.72%; The signal is primarily steady and then evolves to non-linear patterns such as oscillations and LFF. Traces b)
and c) show the transition between an oscillatory state and the LFF regime, when the periodic pattern starts displaying dropouts with high amplitude. For feedback
strength below 5%, the QCL’s signal is constant.

LFF regime is characterized by the coexistence of the two
regimes as shown in Fig. 4A), plot c).

B. Continuous Wave

For the experiments with a pure continuous bias, a QCL from
the same batch as the one used for the quasi-continuous wave
experiments was utilized. This means that the two lasers are
made with the same epitaxial stacks but tiny defects in the
growing process make them slightly different : the previous one

can only be pumped with a 70% duty cycle at 263 K whereas
the laser we are going to focus on now can be pumped with a
continuous bias. Fig. 6A) and Fig. 7A) show the evolution of
the time traces when increasing the feedback strength at two
different temperatures where several non-linear patterns can be
experimentally observed. The LFF pattern is better visualized in
Fig. 6A) while Fig. 7A) displays a restabilization. The changes
in the retrieved waveforms might be due to the intrinsic defini-
tion of chaotic behavior for which a tiny change in the initial
conditions can lead to very different results [33]. For instance,
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Fig. 7. Experimental time traces for continuous operation (A) for several values of the feedback strength in % and related bifurcation diagram (B) when the
temperature is 263 K. a) 3.14%, b) 3.56%, c) 3.99%, d) 6.72%; values above 7.16% lead to a stable signal and this corresponds to a restabilization, which is never
seen in the case of a quasi-continuous bias. Traces a) and b) exhibit several extrema and could be of prime interest in the case of secure communications through
chaos synchronization.

the transition between oscillations and the LFF pattern can be
clearly seen in Fig. 6A) : some dropouts start appearing for
a feedback ratio of 6.27% and then become the preponderant
pattern above 6.50% (compare Fig. 6A) plot b) with plot c)). In
the case of Fig. 7A), the transition does not look the same. The
amplitude of the oscillations increases to give a chaotic pattern
with several maxima and minima (Fig. 7A, plots c) and d)) before
an homogenization of the extrema and the occurring of a pattern
similar to the LFF dynamics already studied [23]. It is also worth
noticing that the LFF pattern in the case of Fig. 7A) has the same
curvature than the LFF pattern studied in [23], which is not the
case of the LFF pattern of Fig. 6A). Indeed, the latter exhibits
a slow increase before a sudden drop related to the competition
between modes which is expected from this type of lasers under
perturbation [32]. Albeit different in shape, the two observed
patterns were retrieved for an identical configuration, except the
temperature of the heat sink. Further investigations are needed to
determine which parameters could change the curvature of the
LFF. The bifurcation diagrams (Fig. 6B) and Fig. 7B)) are also
quite different from the one obtained in the quasi-continuous
case. Both show a Hopf bifurcation point but then, the route
to chaos only displays a limited number of extrema, except for
the transition between the oscillatory and the LFF state. In the
continuous bias case, we have never observed fast oscillations
at the frequency of the external cavity though the pump current
is highly above threshold (I = 1.7 ×Ith for the continuous bias
experiments). This is the reason why the bifurcation diagrams
do not show solid lines around the value corresponding to a
constant output of the laser, and whose ordinate is 0 in the
bifurcation diagram. For one of the two configurations, we were
able to see a restabilization for feedback ratios larger than 7.2%,
until the maximum achievable feedback ratio of 10.5%. Depicted
time traces in Fig. 7A) also display, in the middle of each LFF
pattern, a singular notch for the highest values of feedback ratio

(see Fig. 7A), plot d)). This leads to another splitting in the
bifurcation diagram because in that case, not only one minimum
and one maximum exist. For the same range of feedback ratios,
the global pattern is very similar and the frequency of this pattern
decreases from 4 MHz to 1.5 MHz before the signal becomes
stable again with the restabilization shown in Fig. 7B). Another
difference between the quasi-continuous and the continuous case
is the characteristic time of the non-linear dynamics. For the
continuous case, the characteristic time is around 1 μs with a
continuous bias (which is equivalent to a quasi-continuous bias
with an infinite period) and it goes down below 0.1 μs when
the laser is pumped with a quasi continuous bias with a pulse
width of 2μs. For pulse widths below 1μs, the QCL remains in a
transient state and it is difficult to study the non-linear dynamics.
This discrepancy may be due to a sum of non-linear, electrical
and thermal effects in the quasi-continuous case.

All these facts show that QCLs can be used in secure commu-
nications through chaos synchronization because these semicon-
ductor lasers exhibit a wide diversity of non-linear dynamics and
a slight change in the initial experimental conditions can lead
to various patterns. This is especially true for continuous bias,
when no specific frequencies (except the one of the external
cavity) are injected into the system, which further complicate
the deciphering of the encoded message for a third party. If a
synchronization can be achieved, methods already demonstrated
with laser diodes [34], [35] could be implemented in QCLs for
free-space transmissions.

IV. SPIKING DYNAMICS UNDER CURRENT MODULATION

Applying both an external optical feedback and current mod-
ulation allows synchronizing the spikes of the LFF with the
frequency of the forcing. This is the entrainment phenomenon,
already mentioned in the introduction. Most of the studies focus
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Fig. 8. Experimental time trace (A) and RF spectrum (B) when external optical feedback and a sine modulation at 1 MHz with an amplitude of 2% is applied. The
RF spectrum starts at a frequency of 1.2 MHz to visualize the significant frequencies. I: continuous pump current, A: peak-to-peak amplitude of the modulation,
F: frequency of the modulation.

Fig. 9. Experimental time trace (A) and RF spectrum (B) when external optical feedback and a sine modulation at 1 MHz with an amplitude of 4% is applied. The
RF spectrum starts at a frequency of 1.2 MHz to visualize the significant frequencies. I: continuous pump current, A: peak-to-peak amplitude of the modulation,
F: frequency of the modulation.

on a sine wave modulation that is applied to the laser, the latter
being moreover pumped with a continuous current above thresh-
old. Here, we study both the case of a sine wave modulation and
the case of a square wave modulation. A square wave modulation
is not identical to a quasi-continuous wave in the sense that a
continuous bias is applied prior to the addition of the square wave
modulation. A quasi-continuous bias starts well below threshold
and goes up to the required value of bias current. Most of the
time, the starting point is at a few dozens of mA because when
remaining too close to zero mA, the voltage is quite unstable and
this can also lead to a voltage slope that is beyond the required
specification of the current source, especially in a cryogenic
environment where LIV characteristics are highly sensitive to
temperature [36]. For the sine wave modulation case, we focus
on the Type 2 QCL whose wavelength is very relevant for free-
space communication purposes [37]. These are, to the best of our
knowledge, the first results reporting on the non-linear dynamics

of QCLs emitting right in the transparency window between
8.5 μm and 11 μm. Similar results with a Type 1 QCL have
already been reported [38]. Fig. 8A) shows the synchronization
of the LFF spikes with the sine wave modulation. The continuous
bias applied to the QCL is 975 mA and a sine modulation with an
amplitude of 20 mA (2% of the pump current) and a frequency of
1 MHz is applied. In this case, there are two dropouts per periods,
always occurring for the same phase shift of the periodic forcing.
Fig. 8B) displays the RF spectrum retrieved with the RSA. It is
composed of several spikes with a constant frequency interval of
1 MHz, corresponding to the frequency of the sine wave modula-
tion. The entrainment phenomenon is however not only defined
by the frequency of the modulation. For instance, Fig. 9A)
shows the time trace under the conditions described in Fig. 8,
except that the sine wave modulation has now an amplitude of
40 mA (4% of the pump current). The synchronization with
the periodic forcing still occurs but the number of dropouts per
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Fig. 10. Experimental time trace (A) and RF spectrum (B) when external optical feedback and a sine modulation at 0.5 MHz with an amplitude of 4% is applied.
The RF spectrum starts at a frequency of 1.2 MHz to visualize the significant frequencies. I: continuous pump current, A: peak-to-peak amplitude of the modulation,
F: frequency of the modulation.

Fig. 11. Experimental time trace (A) and RF spectrum (B) when external optical feedback and a square wave modulation at 0.5 MHz with an amplitude of 28%
is applied. The RF spectrum starts at a frequency of 1.2 MHz to visualize the significant frequencies. I: continuous pump current, A: peak-to-peak amplitude of the
modulation, F: frequency of the modulation.

period doubles. This main change in the waveform has never-
theless very small impact on the RF spectrum analysis. Fig. 9B)
shows that the spectrum is still composed of spikes which are
separated by 1 MHz. A decrease in the forcing frequency leads
also to a decrease in the intervals that are retrieved in the RF
spectrum. Fig. 10B) displays the RF spectrum in the case where
the frequency of the sine wave is 0.5 MHz and its amplitude
is 40 mA. And indeed, the frequency interval between spikes
is 0.5 MHz. Fig. 10A) shows that the number of dropouts per
period has also changed. It is consequently possible to tune the
number of spikes per period when the LFF spikes are entrained
by varying either the frequency or the amplitude of the applied
forcing. The higher the frequency, the lower the number of spikes
and the lower the amplitude, the lower the number of spikes.
Other results with a Type 1 QCL showed that the value of the
continuous pump that is applied prior to the periodic modulation
has very small influence on the number of spikes per period [38].
If the periodic forcing is not a sine wave but a square wave, like

shown in Fig. 11A), the conclusions remain similar for the RF
spectrum analysis. In the case of a Type 1 QCL, Fig. 11B) shows
that the frequency interval is 0.5 MHz when the bias forcing is
a square wave with a frequency of 0.5 MHz and a duty cycle
of 90%. The shape of the spikes in the spectrum looks however
a bit different compared to Fig. 10B) but this is only due to
the frequency step that was chosen to carry out the analysis
with the RSA. The time trace also displays a synchronization
of the LFF dropouts as seen in Fig. 11A). Dropouts always
appear for a given phase shift of the square signal, especially
along the slopes of the square. But contrary to the cases with a
sine wave modulation, the time interval between the dropouts
is not constant anymore. Dropouts are mainly gathered at the
upper edge of the square and are seldom in the plateau region
corresponding to the constant value of the upper part of the
square. It is worth noticing that despite the similarities of the RF
spectra regardless of the kind of forcing used and the dependence
on the frequency of the modulation, the dropouts synchronize
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with the forcing in several ways. This observation could lead
to a very precise triggering of such dropouts and can be highly
relevant for secure communications.

V. CONCLUSION

This work addresses a comprehensive investigation of chaotic
and spiking dynamics in mid-infrared QCLs operating under
continuous-waves and current modulation. In particular, the
study unveils for the first time dynamical results with a QCL
emitting at 9 μm. Overall, results show that depending on
the pumping conditions, QCLs can exhibit different routes to
chaos. On the one hand, when using quasi-continuous wave
operation, chaos is found to be more complex, which could
be very advantageous for secure communications purposes.
Secure communication is achieved via a master and a slave laser
with similar parameters and operating conditions in order to
allow the synchronization [39]. The master laser is chaotically
driven with external control methods (e.g. optical injection,
optical feedback), then synchronized with the slave laser, and
eventually, the message to be transmitted is hidden inside the
chaotic signal of the master laser [40]. The decoding is divided
into two steps: a detector records the signal (with the encrypted
message) from the master laser and another detector records the
one from the slave laser, which is a mirror image of the master’s
chaos. Substracting the intensities of the first detector with that
of the second detector allows recovering the hidden message
[41]. However, synchronization may be difficult to achieve in
the case of quasi-continuous pumping, because the thermal
shift inside the laser’s structure leads to a shift in the emission
wavelength of the QCL. On the other hand, pure continuous
wave pumping leads to a more regular spiking dynamics that
can be controlled by adding current modulation. This entrain-
ment phenomenon studied by adding sine and square wave
modulations allows finely triggering the spiking that is suitable
for secure communications where the chaos itself contains the
secret message [42]. Moreover, developed chaos can also be
found in this configuration for narrow ranges of feedback ratios.
Even if these specific spots can be difficult to reach, they can
be candidates of choice for chaos synchronization and secure
communications because the temperature of the device remains
steady. In summary, this work is of paramount importance for
the development of compact secure high-speed communication
systems in the mid-infrared domain. The findings of this study
can be implemented in applications ranging from civil to defense
with a focus on airborne communications, spaceborne commu-
nications (such as transmissions between satellites or transmis-
sions between space rovers) and last-mile connections in remote
or devastated areas. Further studies will now concentrate on the
chaos synchronization as well as on the implementation of a
private QCL transmission channel operating at high-speed.
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