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ABSTRACT

Interband cascade lasers (ICLs) constitute a new class of semiconductor lasers allowing lasing emission in the 3— 7
pm wavelength region. Their structure presents similarities and differences with respect to both standard bipolar
semiconductor lasers and quantum cascade lasers (QCLs). In contrast to QCLs, the stimulated emission of ICLs
relies on the interband transition of type-II quantum wells while the carrier-to-photon lifetime ratio is similar to
conventional bipolar lasers. ICLs can be classified into class-B laser systems like common quantum well lasers,
and they exhibit a multi-GHz relaxation oscillation frequency that is related to the maximum modulation/chaos
bandwidth achievable by these lasers. Moreover, ICLs take advantage of a cascading mechanism over repeated
active regions, which allows us to boost the quantum efficiency and, thus, the emitted optical power. On top
of that, the power consumption of ICLs is one or two orders of magnitude lower than their QCL counterparts
whereas high-power of few hundreds of milliWatts can be achieved. Here, we report some recent results on
the dynamic and nonlinear properties of ICLs. In particular, we demonstrate the generation of fully-developed
chaos under external optical feedback. We show that ICLs exhibit some peculiar intensity noise features with
a clear relaxation oscillation frequency. Together, these properties are of paramount importance for developing
long-reach secure free-space communication, random bit generator, and remote chaotic LIDAR systems. Lastly,
we also predict that ICLs are preferable devices for amplitude-noise squeezing because large amplitude noise
reduction is attainable through inherent high quantum efficiency and short photon and electron lifetimes.

Keywords: interband cascade laser, mid-infrared photonics, quantum optics, amplitude-noise squeezing, non-
linear dynamics

1. INTRODUCTION

Most of the communication networks rely on optical components that were optimized for the so-called telecom
wavelength in the near-infrared domain.! Optical fibers are the main medium for information propagation and
key elements such as amplifiers and modulators are seamlessly integrated within fiber systems.? When fibers
are not considered for light transmission, other schemes at lower wavelengths are considered for underwater
communication® or satellite-to-ground quantum key distribution.* Despite many advantages in free-space com-
munication, such as low attenuation and reduced scattering, mid-infrared (mid-IR) wavelength technology has
known few main breakthroughs that could lead to a large adoption for real-field application. Only recent works
with intersubband devices opened new opportunities for mid-infrared high-speed communication.>® One of the
current drawbacks of intersubband technology is that emitters require high voltage and bias current, thus leading
to configurations that are far behind near-infrared state-of-the-art devices in terms of energy-to-data rate ratio.
Interband cascade lasers (ICLs) constitute a new class of semiconductor lasers allowing lasing emission in the
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MIR typically between 3 and 7 micron optical wavelength region.” Their structure presents similarities and dif-
ferences with respect to both standard bipolar semiconductor lasers and quantum cascade lasers (QCLs) which
rely on intersubband optical transitions in the conduction band. Therefore, as opposed to QCLs, the stimulated
emission of ICLs relies on the interband transition of type-II quantum wells.® With a carrier-to-photon lifetime
ratio similar to conventional bipolar lasers, ICLs can be classified into class-B laser systems like common quan-
tum well lasers. Consequently, they also exhibit a multi-GHz relaxation oscillation frequency that drives their
modulation capabilities.” Moreover, ICLs take advantage of a cascading mechanism over repeated active regions,
which allows boosting the quantum efficiency and, thus, the emitted optical power. In this work, we investigate
the peculiar dynamic and nonlinear properties of ICLs emitting at 4.1 ym. In particular, we demonstrate the
generation of fully-developed chaos under external optical feedback. We show that ICLs exhibit intensity noise
features with relaxation oscillations which is of paramount importance for high-speed data transfer.!'® We also
bring insights that make this kind of laser relevant for quantum applications such as squeezed states of light,'!
which have not been demonstrated using mid-infrared semiconductor sources so far. Together, these results
provide new insights for the development of free-space laser communication, random bit generator, and remote
chaotic LiDAR systems.

2. RELATIVE INTENSITY NOISE

The relative intensity noise (RIN) of semiconductor lasers degrades the signal-to-noise ratio (SNR) and increases
the bit-error rate of optical signals hence setting a limit of a high-speed communication system.'? System
limitations due to poor SNR can be compensated by increasing the bias current of the laser source but at the
price of larger energy consumption. In semiconductor lasers, the RIN mainly stems from intrinsic optical phase
and frequency fluctuations caused by spontaneous emission as well as the carrier noise, describing the fluctuations
in the optical power of a laser. Fig. 1 shows the evolution of the RIN of the ICL under study for different currents
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Figure 1. RIN spectrum measured over the 10 MHz-5 GHz interval at room temperature and for various pump currents.
The horizontal dashed line represents the shot noise limit.

above the threshold current Iy at room temperature. The shot noise level is represented by the horizontal dashed
line. At low frequency, around 10 MHz-100 MHz, the RIN level is significantly high, in the range of -95 dB/Hz,
and drops when the frequency increases. In addition, a resonance peak is clearly identified in the RIN spectra at
any bias current shown here. As opposed to QCLs which are overdamped oscillators due the fast intersubband
transitions, the ICL displays a clear relaxation frequency in the order of 1 GHz that slightly increases with the
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bias current. Finally, let us stress that the noise is not influenced by bias current after the relaxation oscillation.
We estimated the shot noise of the detector used in the experiments around -135 dB/Hz. This result constitutes
an experimental evidence of relaxation oscillations in such ICLs, which is of first importance to better understand
their high-speed capabilities and their chaos bandwidth when subjected to destabilization.

3. AMPLITUDE-NOISE SQUEEZING

The key property of a laser operating far above the threshold is its generation of coherent states of light'® where
the field fluctuations have an equal amplitude in the two quadrature components (e.g., laser amplitude and
phase) and minimize the product given by Heisenberg’s uncertainty principle. Measurement of Poissonian photon
statistics and shot-noise-limited photocurrent fluctuations characterized by an balanced homodyne photodetector
strongly supports this theory. However, previous studies from Y.Yamamoto et al.'*'® revealed that amplitude-
squeezed light in semiconductor lasers is achievable with a suppressed-pump-noise configuration, which displays
reduced fluctuations in one quadrature component of the coherent state at the expense of enhanced fluctuations
in the other. Here, We numerically demonstrate that ICLs are eligible sources for the generation of amplitude-
squeezed light, hence operating below the shot noise level, as well as sub-Poissonian output photon statistics.
In order to do so, we expand a recent stochastic model'® to the case of amplitude-squeezed light generation
in the mid-infrared range according to the ICLs’ band structure.!” In general, we provide a framework to
permit an exact evaluation of the squeezing performance without the mathematical assumptions related to the
derivation of a differential description, which predicts the laser statistical dynamics based on the Monte Carlo
algorithm. More importantly, it intuitively accentuates the discreteness of the changes in photons and carriers
and the inherent noise of all physical processes like pumping, spontaneous emission, stimulated emission, and
transmission through the laser facet, which cannot be captured by the conventional rate equation approach.
Fig. 2 (a) shows the balanced homodyne detection setup for the characterization of squeezed light at mid-
infrared wavelength. Our numerical results are displayed in Fig. 2 (b)-(d). One can clearly observe a strong
intensity-noise reduction in the case of the quiet pump in contrast to the normal pump in (b) and the nature
of photon statistics becomes sub-Poissonian instead of Poissonian in (c¢). Moreover, a squeezing bandwidth of
several GHz is attainable by using Fourier transform analysis in (d). This result will further accelerate the
development of the original quantum hardware in the mid-infrared range which is not yet available and that can
be implemented, for instance, in laser-based free-space secure communication systems.

4. OPTICAL FEEDBACK

Under external optical feedback, ICL can exhibit several types of non-linear dynamics, as also found in other
interband semiconductor lasers.!® Among all the non-linear patterns, hyperchaos'? is of major interest as
one can take advantage of chaos dynamics for a range of applications, from private communication based on
chaos synchronization?’ to jamming-resistant LiDAR?! and fast physical random bit generation.?? In the mid-
infrared domain, quantum cascade lasers (QCLs) also exhibit complex chaos under self-reinjection. Yet, they
are intersubband lasers and so far, the typical chaos bandwidth is found to be less than 100 MHz, hindering the
development of the aforementioned applications.?? So far, experiments with ICLs under external optical feedback
have shown chaos bandwidth of a few hundreds of MHz,?* but recent findings about the relaxation oscillation
frequency in ICLs are promising for chaos with multi-GHz bandwidth.2> When performing experiments with a
Mercury Cadmium Telluride (MCT) detector with a tabulated bandwidth of 800 MHz, we are able to generate
flat chaos up to a frequency of 1 GHz, as illustrated in Fig. 3 (a). Furthermore, contrary to QCLs which require
high bias currents and voltages, this wideband mid-infrared chaos was generated with a bias current of 160 mA
and a voltage of 4 V. In addition, one can see in Fig. 3 (b) that the power of the chaotic signal is at least 10
dB above the noise between 0.03-1.23 GHz when smoothing the FFT signal on 1000 samples. This is another
advantage as it means that almost no noise-filtering is required before processing this chaos for applications such
as private communication or random number generation.

5. CONCLUSIONS

We have investigated high-speed properties of mid-infrared interband cascade lasers in recent experimental and
numerical efforts. Relative intensity noise analysis showed clear relaxation oscillation at GHz frequency that was
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Figure 2. (a) Schematic of the balanced homodyne detection setup. 1) Quiet pump source, 2) Interband cascade laser, 3)
Focusing lens, 4) Half-wave plate, 5) Polarizing beam splitter, 6) Mirror, 7) Balanced homodyne photodetector, 8) Elec-
trical spectrum analyzer; (b) Simulated time series of amplitude-squeezed light (red) in ICLs under the suppressed-pump-
noise configuration while the grey line represents the same situation under regular pump operation; (c) The simulated
photon distribution of amplitude-squeezed light in ICLs. Red curve indicates Gaussian fitting and blue curve represents
Poissonian fitting with the same mean value. The pump current is set as 25 x I;,. (d) The simulated frequency spectrum
of amplitude-squeezed light in ICLs (blue). The black dashed line indicates the shot noise level.
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Figure 3. (a) Flat bandwidth chaos in a mid-infrared ICL subject to external optical feedback (green) and electrical noise
of the MCT detector alone (black). It is relevant to note that the black curve gives access to the detector bandwidth,
which is tabulated at 800 MHz; (b) Difference in power between the two previous curves, when performing a rolling
average over 1000 samples (red). The dashed lines indicate the maximum frequency where the chaos signal is 10 dB above
noise level. It is relevant to note that high above the system bandwidth, the red curve converges towards 0 dB, meaning
that the oscilloscope noise becomes the main component (for f > 2 GHz).
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later confirmed in external optical feedback experiments where the laser generated hyperchaos. The development
of a stochastic model for an interband cascade laser with quiet pump operation paves the way towards squeezed
light at mid-infrared wavelength. These results confirm the relevance of interband cascade lasers for applications
ranging from quantum sensing to secure communication, especially when battery operation is required and
prevents the use of more energy-consuming quantum cascade lasers.
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