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This work demonstrates that mid-infrared quantum cascade lasers operating under external optical feedback
can output a chaotic dynamics through low-frequency fluctuations close to 77 K. Results also show that the
birth of chaotic dynamics is not limited to near-threshold pumping levels. In addition, when the semiconductor
material is cooled down from room temperature to 77 K, it is found that the laser destabilization takes place
at a lower feedback ratio which proves that quantum cascade lasers are sensitive to temperatures, likely due
to changes in the upper state lifetime. These examinations are meaningful for chaotic operation of quantum
cascade lasers in secure atmospheric transmission lines and optical countermeasure systems.
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I. INTRODUCTION

Quantum cascade lasers (QCLs), theoretically demon-
strated for the first time in the early 1970s' and then
experimentally produced since 1994, are unipolar semi-
conductor laser sources based on intersubband tran-
sitions and have proved to be powerful, tunable and
versatile mid-infrared light sources operating at room
temperature.® The wide range of achievable wavelengths
from mid-infrared to terahertz domain paves the way
for multiple applications* such as optical countermea-
sures for defense purposes, particle detection below one
per million, jamming-resistant free-space communica-
tions and LIDAR remote sensing,® all demanding sta-
ble single-mode operation with a narrow linewidth, high
output power and high modulation bandwidth. External
optical feedback consisting of re-injecting part of the light
of a semiconductor laser in order to modify its emission
properties has been studied in a wide range of purposes.®
It has strong influence on the QCL dynamics and sev-
eral feedback regimes have been analogously identified
to interband diode lasers,” including noise reduction® or
mode selection in widely tunable sources.” However, con-
trary to interband lasers in which the carrier-to-photon
lifetime is around 103, QCLs exhibit a sub-picosecond
intersubband carrier dynamics hence leading to a very
small carrier-to-photon lifetime ratio around 0.1.'9 Re-
cent work showed that mid-infrared QCLs under external
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optical feedback can experience a route to chaos when
pumped close to threshold.!' The latter was first ob-
served through a Hopf bifurcation to periodic dynam-
ics at the external cavity frequency and then through
low frequency fluctuations (LFF) which is a signature
of deterministic chaos. The LFF can be described as a
competition between modes which are located on a feed-
back ellipse. The trajectory wonders around an external
cavity mode for a few revolutions and then hops to the
next mode with a higher intensity, repeating it until it
reaches the highest order mode where the collision with
its antimode produces the drop off®. In addition, experi-
ments proved that the route to chaos was not associated
to the undamping of the relaxation oscillations, which
strongly differs from what is commonly observed in in-
terband semiconductor lasers.® This work goes a step fur-
ther by investigating the impact of the temperature on
the nonlinear dynamics properties of a mid-infrared QCL
operating under external optical feedback. In particular,
it is shown that the LFF regime remains highly sustained
in liquid nitrogen (77 K) and that its occurrence is not
limited to near-threshold operation. Overall, when the
QCL is cooled down from room temperature (290 K) to
77 K, experiments reveal that the laser destabilization
appears at a lower feedback ratio owing to a 100% in-
crease of the upper state lifetime between 290 K and 77
K which is also confirmed by a numerical analysis. These
novel insights are meaningful for understanding and con-
trolling the intersubband dynamics as well as for devel-
oping secure atmospheric transmission lines and optical
countermeasure systems.
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FIG. 1. Scanning electron micrographe of a buried het-
erostructure quantum cascade laser.

1. METHODS

The QCL from mirSense under study is 2 mm long
and 14 pym wide, with emission at 5.6 ym wavelength.
The device consists of a distributed feedback (DFB) laser
working in single mode operation, achieved via a metal
grating cladding at the top of the laser ridge. One of
the facets of the laser is highly reflective and the other
one is cleaved to have a 70% transmission coefficient, al-
lowing the light to be emitted from the QCL but also
the back-reflected wave to couple inside the laser cavity.
The laser ridge is made of two InP cladding layers sur-
rounding the 1.5 um active region, which consists of 30
periods of strained AllnAs/GalnAs grown by molecular
beam epitaxy, inspired by a design from Ref. 12. The
laser die is epi-side down mounted using AuSn to an AIN
submount to ensure good thermal dissipation as shown
on Fig. 1. Indeed, the QCL is pumped with a quasi-
continuous wave and this induces a strong heating of the
whole structure. This QCL exhibits a threshold current
I, of 590 mA when pumped at 290 K with a 300 ns pulse
at a repetition rate of 100 kHz (i.e. a 3% duty cycle). At
77 K, the threshold current is 331 mA and the current
leading to the maximum emitted power is 950 mA. The
QCL emits single-mode at 1775 em~! (corresponding to
an optical wavelength of 5.63 um), as shown on Fig. 3.

Fig. 2 shows that the external optical feedback set
up is composed of two parts. On the one hand, there
is a back-reflection path with a polarizer designed for
mid-infrared light and a gold plated mirror placed on a
accurately moving cart. This mirror defines the exter-
nal cavity length which is one of the main parameters
of external optical feedback. The polarizer is the key
optical device for varying the amount of optical feed-
back knowing that the QCL wave is indeed TM polar-
ized. This defines the feedback ratio f, standing for the
ratio between the back-reflected power that couples in-
side the laser cavity and the total power emitted by the
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FIG. 2. Experimental setup with the feedback path allowing
controlling the back-reflected light and the detection path.

laser. In what follows, the optical feedback f is con-
trolled by rotating the polarizer. In the detection path,
we use a high bandwidth mid-infrared detector (Vigo
PEM Mercury-Cadmium-Telluride; MCT) operating at
room temperature. The signal retrieved from the MCT
detector is amplified with a low noise amplifier (Mini-
Circuits ZFLN-1000) with 1000 MHz bandwidth, in order
to overcome the background noise. This is subsequently
analyzed with a real time 500 MHz oscilloscope. For an
external cavity length between 30 and 60 cm, the re-
lated frequency at which the destabilization takes place
in the laser, is between 500 and 250 MHz, within the os-
cilloscope bandwidth. Indeed, no relaxation oscillations
appear in a QCL, contrary to what is usually found in
diode lasers. A 60/40 mid-infrared beam splitter then
splits the focused laser beam into both paths. Focus-
ing is achieved with a lens in front of the laser. Two
different setups are implemented, based on the measure-
ment temperature. When the laser is studied at room
temperature, the QCL package is horizontally clamped
over an indium foil and a copper mount with a Peltier
module for temperature control. In that configuration,
the wave hitting the beam splitter is P-polarized and the
transmission of the beam splitter at this wavelength is
about 60%. Low temperature measurements down to 77
K are implemented in a cryostat. The QCL is vertically
clamped over a copper mount, the latter being placed
inside a vacuum chamber in order to insulate from the
outside. A heater and a temperature controller inside
the vacuum chamber allow a better control of this key
parameter. The cryostat has an output covered with a
ZnSe window made for mid-infrared light and a focusing
lens is placed between this window and the beam split-
ter. The wave hitting the beam splitter is S-polarized and
the maximum achievable transmission is 35% because the
QCL is vertically inserted inside the vacuum chamber. In
order to minimize the environmental perturbations such
as acoustic and mechanical noises, the laser is mounted
on a suspended optic table. Consequently, the feedback
mirror remains immobile and the observed pattern can-
not be related to self-mixing effects. Furthermore, the
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FIG. 3. LIV and spectral (inset) characteristics of the free-running QCL operating at 290 K and under pulsed wave with 3%

duty cycle.

applied feedback ratios are well above the ones required
for self-mixing interferometry.'3

Il. RESULTS

Initial experiments showed that the LFF chaotic
regime was observed when driving the QCL very close
to threshold at I = 1.005 x I, ' whereas in our case, the
laser operates at high bias current, i.e I = 2.2 x Iy, at 290
K and at 77 K. In what follows, the laser is biased with a
quasi-continuous source which emits a 2 pus pulse and the
external cavity length is set to 35 cm which leads to an
external cavity frequency of 430 MHz. Fig. 4 displays the
temporal waveforms recorded at 290 K (a) with f = 0.246
and at 77 K (b) with f = 0.089. These measurements
show that the LFF dynamics is still highly sustained at
77 K and, in addition, the operating feedback can be
much smaller than that used at room temperature. In
both cases, the chaotic pattern is composed of slow oscil-
lations modulated by faster ones. The fast oscillations oc-
cur at a frequency close to the external cavity roundtrip
frequency, which is 320 MHz as illustrated in the signal
FFT (inset of Fig. 4). The 320 MHz peak is in the same
order-of-magnitude as our expectations, though slightly
lower than our theoretical estimates. The slight deviation
is attributed to the transient regime that still appears in
the pulse due to the internal heating of the structure. The
slow oscillation is about 20 MHz and corresponds to the
contribution of the low-frequency chaotic dynamics as al-
ready reported elsewhere. However, as compared to the
LFF pattern reported in Ref. 11, our measurements illus-
trate another LFF regime taking place at higher injected
currents, in a similar way to interband diode lasers'. As
the QCL is pumped well above the threshold and because
the bias current is fixed during the whole experiment, the
retrieved LFF pattern is purely delay-induced and does
not link to or is not supported by a possible noise current

source dependence.

Fig. 5 exhibits the whole evolution of the temporal
waveforms of the QCL for different amount of external
optical feedback f at 77 K. For each trace, the transient
regime lasts between 0.8 and 1.2 us. It can be clearly seen
for Fig. 5 f) and Fig. 5 g) until approximately 1.2 us. Un-
der free-running operation (f = 0), the QCL operates in
a steady-state hence the time trace is unchanged. Let
us note that the latter is not completely flat because the
amplifier used for the experiments had a low-frequency
cutoff below 100 kHz and therefore, part of the square
signal harmonics are lost. When the feedback is slightly
increased to f = 0.0003, oscillations start to appear and
hence the QCL is likely operating in a limit cycle with
oscillation frequency slightly smaller than the external
cavity as aforementioned. At f = 0.0003 and f = 0.0008,
the traces do not exhibit LFF pattern. The later is ob-
served for feedback ratios above 0.0046. At f = 0.0298, f
= 0.0393 and f = 0.089, an increase of the back-reflected
light gives rise to a pattern composed of pure LFF with
an intensity modulation, as described on Fig. 5 g). At
the maximum reachable feedback, the time trace at 77
K also exhibits another stage with lower frequencies as
shown on Fig. 51). This step was never reached at 290 K
even when the feedback ratio was higher than in our cryo-
genic measurements here. The coexistence of LFF with
more complex dynamics is a good precursor for generat-
ing chaos with a higher dimensionality. To confirm the
chaotic behavior, we calculated the Lyapunov exponents
(LEs) from the time traces, which describe the divergence
rate of nearby attractor trajectories and are a widely used
criterion in defining chaos.!516 Positive LEs indicate the
ultra-sensitivity to initial conditions of chaotic state.!>2°
The phase portraits (Fig. 6 a) for 290 K, Fig. 6 c) for 77
K) of the temporal waveforms are plotted and show the
rich attractor structure. The four Largest Lyapunov Ex-
ponents (LLEs) are also given in Fig. 6 b) and Fig. 6 d),
for 290 K and 77 K respectively. First, in Fig. 6 b), the



1.0 CL)
Text

0.8

0.6 |

Intensity (a.u)

0.4 —

0.2

Tier

0.0 ; ;
1.40 1.45 1.50
Time (us)

1.55 1.60

0.8

0.6 -

0.4

Intensity (a.u)

0.2

Intensity (dB) _

50
0 100 200 300 400 500
Frequency (MHz)
T

0.0 T T T
1.20 1.25 1.30 1.35

Time (ps)
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The left part shows the required critical feedback leading to
LFF emergence for three temperatures : 290 K, 170 K and 77
K; dashed blue line is for visual guidance for the reader.

calculated LLEs converge to values A\; = 0.485 pus™1, Ao
= 0.284 ps™, A3 = -0.021 pus~! and Ay = -0.656 pus~!
at 290 K condition. The two maximum LEs with are
positive, illustrating a fast divergence rate between adja-
cent orbits and indicating that the system is in a chaotic
state. The third LE has a value of nearly zero, which is
related to the periodic part in the chaotic temporal evo-
lution of QCL. The LEs of the QCL operating at cryo-
genic temperatures (77 K) are also calculated. The LEs
curves converge to the values A\; = 0.444 us—!, Ay = 0.238
1o X3 = -0.002 ps~ ! and Ay = -0.582 ps~!, respec-
tively. The positive LEs values clearly illustrate that the
QCL system is under a chaotic state and even an upper
chaos state, since there are two positive LEs.'?:16 Differ-
ent LFF regimes were originally pointed out in interband
diode lasers'4 while a recent paper has even analyzed the
dynamical transitions between them showing the birth
of well-defined dropouts near the threshold, followed by
faster and irregular fluctuations at higher pumps.?! Al-
though a route to chaos involving periodic oscillations at
the external cavity frequency followed by deterministic
LFF is also observed at 77 K in agreement with Ref. 11,
this work shows that decreasing the temperature makes
the QCL more sensitive to the optical feedback with LFF
dynamics taking place over a wide range of feedback lev-
els. Indeed, at 290 K, a feedback ratio as high as 0.0199 is
required to observe the birth of the LFF dynamics while
it does not exceed 0.0046 here at 77 K (0.0085 at 170 K
as shown in Fig. 5 left axis). Such a difference can be
attributed to the increase of the carrier-to-photon life-
time ratio. At room temperature, the latter is typically
of the order of 0.1 in a QCL whereas it is four orders of
magnitude larger in interband lasers?2
The carrier lifetime can be approximated via the
upper-state lifetime 7.,23 defined as follows :
1 1 1
— o~ — 4

Te 731

(1)

T32

with 735 the time constant related to the carrier scat-
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FIG. 6. System dynamics analysis through Lyapunov Exponents (LEs). The upper row is the combination for the 290 K case.
The lower row is the combination for the 77 K case. Each combination includes the phase portrait (a, c) of temporal waveform
and the calculated spectrum of Lyapunov exponents (b, d). As the time evolves, curves in each panel converge to the values
of such exponents. Only the largest four LEs are plotted in each diagram. For the calculated spectra, the curves converge to
values (b) A1 = 0.485 usil, Ao = 0.284 ,usil, A3 = -0.021 ,usfl and My = -0.656 usfl under 290 K, and values (d) A1 = 0.444
st Ao = 0.238 us™, A3 = -0.002 ps™! and Ay = -0.582 pus~! under 77 K. Blue dots on the left diagrams are the retrieved
values of the derivative of the laser’s intensity I’ as a function of the laser’s intensity I and the red curve represents the phase
diagram after noise filtering.

tering into the lower laser level and 731 the one into the
bottom level with a time constant through longitudinal-
optical phonon emissions (the energy levels are shown in
the inset of Fig. 7). In this work, the upper-state lifetime
is investigated with a custom heterostructure simulation
software named METIS based on semi-classical Boltz-
mann equations with thermalized subbands.?* Fig. 7
shows the evolution of 7. from 373 K down to 73 K
with steps of 20 K. Other numerical studies using a
density matrix transport model showed similar results
for the carrier lifetime of mid-infrared QCLs.?® For each
temperature, the upper bound represents the value of
T just above threshold and the lower bound represents

Upper state lifetime (ps)

Temperature (K)

FIG. 7. Simulation of upper state lifetime evolution with
temperature for the QCL under study. The inset shows the
wavefunctions and energy levels for this QCL at 290 K.

P I I the value of 7, close to the current value leading to the

T . . . .
Boutnaetflon (4) ™ ! ] maximum output power. Numerical simulations show
150 200 250 200 250 that the mean upper state lifetime increases from 0.47

ps to 1.26 ps when cooling down the device which corre-
sponds to a total variation of about 170%. The latter di-
rectly transforms into a larger carrier-to-photon lifetime
ratio. Assuming the photon lifetime is slowly varying
compared to the upper state lifetime between 290 K and
77 K,25 the carrier-to-photon lifetime is thus expected to
increase from 0.13 to 0.26 on average. This largely ex-



plains the increased sensitivity to external optical feed-
back of the QCL in this study, as underlined in the Lang
and Kobayashi model for semiconductor lasers under ex-
ternal optical feedback?” in which the carrier-to-photon
lifetime ratio plays a predominant role. However, in com-
parison with diode lasers in which the threshold leading
to instabilities usually decreases at higher temperature
due to a reduced output power and a larger linewidth
enhancement factor?®, this work shows that the QCL be-
comes more sensitive to optical feedback at low temper-
ature, despite a larger output power. As a consequence
of that, other parameters such as the linewidth enhance-
ment factor and the damping rate which were not studied
in that experiment, may also vary with temperature and
further influence the QCL sensitivity to optical feedback.

IV. CONCLUSION

To summarize, we qualitatively retrieve experimental
evidence showing the main feedback regimes and a bi-
furcation process from steady state to LFF dynamics
through a limit cycle, the deterministic chaotic behav-
ior being confirmed by a Lyapunov exponents analysis.
We show that the LFF regime is stronger at 77 K owing
to a 100% increase of the upper state lifetime between
290 K and 77 K. As a result, the laser destabilization
takes place at a lower feedback ratio through an increase
of the carrier-to-photon lifetime ratio which is an impor-
tant feature for understanding the underlying physics of
QCLs. This work paves the way towards the develop-
ment of possible secure atmospheric transmission lines
and unpredictable optical countermeasures operating in
the mid-infrared wavelengths.

ACKNOWLEDGMENTS

This work is supported by the French Defense Agency
(DGA), the French ANR program under grant ANR-
17-ASMA-0006, the Office of Naval Research (N00014-
16-1-2094) and the National Science Foundation (DMR-
1611598). Authors acknowledge Dr. Virginie Trinité for
helping with METIS, Zhangji Zhao for assistance in the
cryogenic measurements, Prof. Benjamin S. Williams
and Dr. Sudeep Khanal for the fruitful discussions.

REFERENCES

IR. F. Kazarinov and R. A. Suris, Sov. Phys. Semicond. 5, 707
(1971).

2J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson,
and A. Y. Cho, Science 264, 553 (1994).

3Y. Yao, A. J. Hoffman, and C. F. Gmachl, Nature Photonics 6,
432 (2012).

4F. Capasso, Optical Engineering 49, 111102 (2010).

5F.-Y. Lin and J.-M. Liu, IEEE journal of selected topics in quan-
tum electronics 10, 991 (2004).

6D. M. Kane and K. A. Shore, Unlocking dynamical diversity:
optical feedback effects on semiconductor lasers (John Wiley &
Sons, 2005).

“L. Jumpertz, M. Carras, K. Schires,
Physics Letters 105, 131112 (2014).
8M. Ravaro, S. Barbieri, G. Santarelli, V. Jagtap, C. Manquest,
C. Sirtori, S. Khanna, and E. Linfield, Optics express 20, 25654

(2012).
9A. Hugi, R. Maulini, and J. Faist, Semiconductor Science and
Technology 25, 083001 (2010).

10y, Petitjean, F. Destic, J.-C. Mollier, and C. Sirtori, IEEE Jour-
nal of Selected Topics in Quantum Electronics 17, 22 (2011).

1L, Jumpertz, K. Schires, M. Carras, M. Sciamanna, and F. Gril-
lot, Light: Science & Applications 5, ¢16088 (2016).

12A. Evans, J. Yu, J. David, L. Doris, K. Mi, S. Slivken, and
M. Razeghi, Applied Physics Letters 84, 314 (2004).

13M. C. Cardilli, M. Dabbicco, F. P. Mezzapesa, and G. Scamarcio,
Applied Physics Letters 108, 031105 (2016).

14T, Heil, I. Fischer, and W. Elséfler, Physical Review A 58, R2672
(1998).

153, C. Sprott, Chaos and Time-Series Analysis (Oxford Univer-
sity Press, 2003).

16E. Ott, Chaos in dynamical systems (Cambridge university press,
2002).

7P, Grassberger and I. Procaccia, Physica D: Nonlinear Phenom-
ena 9, 189 (1983).

18H. G. Schuster and W. Just, Deterministic chaos: an introduc-
tion (John Wiley & Sons, 2006).

9P, Grassberger and I. Procaccia, Physical Review Letters 50, 346
(1983).

208, H. Strogatz and D. E. Herbert, Medical Physics-New York-
Institute of Physics 23, 993 (1996).

21C. Quintero-Quiroz, J. Tiana-Alsina, J. Roma, M. Torrent, and
C. Masoller, Scientific reports 6, 37510 (2016).

22, Jumpertz, Nonlinear Photonics in Mid-infrared Quantum
Cascade Lasers (Springer, 2017).

23T, Gensty and W. Elsifler, Optics communications 256, 171
(2005).

24V, Trinité, E. Ouerghemmi, V. Guériaux, M. Carras, A. Nedelcu,
E. Costard, and J. Nagle, Infrared Physics & Technology 54, 204
(2011).

25M. A. Talukder and C. R. Menyuk, New Journal of Physics 13,
083027 (2011).

267, Liu, C. F. Gmachl, L. Cheng, F.-S. Choa, F. J. Towner,
X. Wang, and J. Fan, IEEE journal of quantum electronics 44,
485 (2008).

27R. Lang and K. Kobayashi, IEEE journal of Quantum Electronics
16, 347 (1980).

280. Carroll, I. O’Driscoll, S. P. Hegarty, G. Huyet, J. Houlihan,
E. A. Viktorov, and P. Mandel, Optics express 14, 10831 (2006).

and F. Grillot, Applied



