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Abstract

A laser exhibits both controllable gain and loss and, under proper design conditions, is an ideal
non-Hermitian system allowing the direct observation and engineering of spectral singularities
such as exceptional points (EPs). A dual section distributed feedback (DFB) quantum cascade laser
(QCL) is a prototype of such a system, allowing the controlled coupling of a ladder of cavity
Fabry—Perot modes to a quarter wave shifted DFB mode. Tuning the coupling strength and the
gain difference between these two set of modes enables probing the regimes from weak coupling to
strong coupling and the robust observation of EP singularities. At these EPs, the laser exhibits a
sequence of lasing and switching off the coherent emission when pumped above transparency.
Additionally, the pumping scheme allows the deliberate lifting of the EP degeneracy. These results
show that dual section QCL is a perfect platform to study EPs because the coupling parameter and
system loss can be tuned in a single device.

Lasers are prototype non-Hermitian systems because they feature intrinsically gain and losses. The cavity
modes within them can interact and couple to each other, and tuning of the gain/losses of supported modes
by the laser cavity subsequently give rise to the occurrence of exceptional points (EPs), at which two or
more eigenvalues and the corresponding eigenvectors coalesce. In contrast to the degeneracy in a Hermitian
system (a diabolic point), an EP is a branch point in the complex energy surface where the Hamiltonian
matrix becomes defective. EPs are of great importance due to the counter-intuitive phenomena associated
with them, such as loss-induced optical transparency [1], unidirectional transport of light [1-4],
topological energy transfer [5]. Several systems have been explored in order to enable the efficient access of
EPs such as coupled photonic crystal nanolasers, where employing asymmetric optical gains/losses leads to a
phase transition of lasing modes at EPs [6]. Coupled micrometer-sized cavities was another platform in
order to investigate EPs, where in addition to asymmetric gain or loss, one can also control the intercavity
coupling strength [2, 7]. Still a simplified and practical approach to access the EPs and investigate the phase
transitions around this spectral singularity remained a challenge.

The importance of the EPs arises also from the fact that these singularities mark the boundary between
the weakly and strongly coupled regime [8]. In coupled laser cavities, an EP can lead to pump-induced [9]
or loss-induced [10] revival of lasing. Also this phenomena was used for mode control of lasing in coupled
micro-rings under asymmetric optical pumping [7]. Exotic effects such as self-pulsation were found to be
connected to these two-fold degeneracy (in real and imaginary part) of the eigenvalues in multi-section
distributed feedback (DFB) lasers [11-13].

We have previously realized dual section DFB quantum cascade lasers (QCLs) with electrically
wavelength-switching capability [14] for the purpose of gas spectroscopy applications at mid-IR spectrum
[15]. In our realized devices, two DFB grating sections featuring quarter wave shift (QWS) defect, each
optimized on different target lasing wavelength, are stacked on top of a single ridge waveguide. In order to
allow each section to be independently pumped, the top layer cladding was etched partially between the two
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Figure 1. The concept of the coupling in dual section DFB QCLs. (a) Schematic of a dual section DFB QCL with QWS defect in
each section. The front and back sections are designed to operate at two different wavelengths, i.e., 4.3 and 4.6 pzm. The etched
top cladding between the two sections allows driving the two sections independently with a sufficient electrical isolation. The
electrically driven section is labeled as active section. (b) Finite element simulation of the thermal distribution along the laser
performed by COMSOL Multiphysics, when driving one section of device. The color code in the 3D view of device represents the
temperature difference to the substrate. (c) The line cut of the temperature difference along the laser ridge for different injection
current densities in the laser. (d) Top: the schematic showing the two cavities: the DFB grating cavity with a QWS defect on left
side and the FP cavity made by the laser facet reflector (r,) and reflection from the DFB grating (r,) on the other side. Applying
different bias current, or biasing different segments of QCL, can change the temperature profile and refractive index profile along
the laser. Distortion of the grating refractive index shift the position of the reflector r,. Bottom: the schematic of the field
intensity for the QWS mode and the closest FP modes to that, that fall in the stop-band of the grating spectrum. The intensity
plots are shifted vertically to show their energy difference. The FP modes, are localized in the passive section of device, whereas
the QWS is mainly localized around the QWS defect position. Different temperature-dependent tuning of the FP modes and the
DEB modes, lead to the detuning of these two set of modes. (e)—(g) Illustration of the real part (frequency) and the imaginary
part (losses) of the eigenmodes of the Hamiltonian (3), consisting of a single DFB mode coupled to multiple FP modes. From left
to right, depending on the value of -, system undergoes weak coupling regime (mode repulsion in imaginary part), exceptional
point (coalescence of the modes in both real and imaginary part), and strong coupling (repulsion of the modes in real part of
eigenvalues, similar to strong coupling in Hermitian systems).

segments and the top metal pads were realized separated (see figure 1(a)). Despite the great features of these
devices for gas spectroscopy applications, they suffer from the distinct power modulations as function of the
pumping current above threshold. The depth of these power modulations was so high in some cases, that
could even switch on and off the device above the first lasing threshold. This strong power modulation was
attributed to the etaloning effect, i.e. the interference of the light originated from the active DFB section
inside the passive section. As shown by the finite element simulations in figures 1(b) and (c), the
temperature profile of the laser can lead to relatively large difference temperature between the front and
back section of the device. Note that in all the measurements, only one section of the device was pumped at
a time. As a results of this temperature profile driven by the injected current, the passive section of laser acts
as an etalon that its transmission spectrum is tuned with respect to the DFB mode, and therefore modulates
the output power the laser. Although, this picture can well explain the case of weak coupling between the
Fabry—Perot (FP) modes and the lasing DFB modes, it does not capture all dynamics of the laser as will be
discussed in the following. Applying anti-reflective (AR) coatings was consider as a remedy to suppress the
modulations originated from etaloning effect of the passive section on the lasing mode power. Here, we
demonstrate that the different coupling regimes of the FP modes and the QWS DFB mode can be realized
in our multi-section DFB QCLs and can be interpreted through a non-Hermitian dynamics model. The
predictions by this simple model provide quite comprehensive picture of the observed dynamics in our
QCLs, and hint toward the detrimental role of EP degeneracy in our studied system.

FP modes with an energy close to the one the target lasing mode experience the high reflection of the
grating on one side and the cleaved laser facet reflection on other side, as shown as reflectors r, and ry in
figure 1(d). Therefore, the intensity profile of the FP modes are localized at the passive section of device. On
the other hand, the intensity profile of QWS lasing mode is localized at the QWS defect position in the
grating. This separation of the profiles, allows careful engineering of the mode overlaps and therefore the
coupling of these two set of modes. The design parameters, such as the relative position of the QWS
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position in the grating and its distance from the passive section, combined with the strength of the grating
can be used to tune the overlap of these modes. Moreover, the electrical injection in different segments
allows tuning of the temperature profile and therefore the refractive index profile along the laser. As a direct
consequence, the refractive index of the DFB grating at the interface of the two DFB segments can be
distorted, and hence the FP modes confinements can be relaxed. This helps increasing the wavefunction
overlap of FP modes with the QWS DFB mode, and allows electrical tuning of the coupling strength €2 of
these two set of modes.

In order to make it easier to grasp the dynamics of the system, let us first look at the dynamics of the
eigenvalues of a basic characteristic matrix (Hamiltonian) of a system, where one resonant mode interacts
with a group of orthogonal modes. Typically, the coupled cavity systems are designed to be reduced to two
dimensions, where only two modes are coupling with each other. However, the physics can be generalized
and expanded to the case where more than two modes couples to each other in laser cavity. The
non-Hermitian Hamiltonian of a system consisting of two coupled modes can be expressed as:

0 : Q

Wy + 1¢net1 Y
0 .

E Wz + lgnetZ

where w]Q denotes the angular frequency of the mode j in absence of any coupling, and g,.,; = & — Qmj —

denotes the net gains of each mode including the gain g;, mirror losses c,;; and waveguide losses cv,,;. The

coupling strength of the modes is given at the off-diagonal elements of the matrix by coupling constant

/2. The eigenvalues of this system are described as:

Q 2
Wi = Way, + igay. £ \/<2> + (Aw +1Ag)?, (2)

. , + . .
with w,y, = 992 and g, = (gmnizgmz) standing for the mean values of resonance angular frequencies and

the average net gains of the modes. The terms Aw = w and Ag = w

between the angular frequencies and the net gain of modes.

are the differences

When the modes are tuned, i.e., Aw = 0, the ratio % determine the system dynamics. This is shown for
the expanded version of Hamiltonian (1), where multiple FP modes coupled to a the modes originated from
a DFB grating. Here, we simplified the modes DFB to a QWS defect mode of the DFB grating. The
expanded non-Hermitian Hamiltonian reads:

r . Q Q Q Q T
s igaws 2 2 2 2
Q .
5 wrsy + 0w + iggp 0 0 0
Q .
- 0 szSR + ow + 1rp 0 e 0
H= 2 ,
Q .
E 0 0 3WFSR + ow + grp .. 0
Q .
5 0 0 0 ... Mmuwpsp + 0w + 1gFp

3)
where dw represent the detuning of the FP modes ladder with respect to the QWS mode, index m denotes
the FP modes index, and wgsg denotes the angular frequency spacing between the FP modes. The terms
Zqws and ggp denote the net gain of the QWS defect mode and FP modes, respectively. Here we neglect the
waveguide losses and consider a cold cavity, where the net gain is given by the mirror losses. This
approximation is justified by the fact that when driving the target DFB section, the large value of the
difference in the mirror losses is the determinant factor in the value of Ag,, in our system. We assume the
same coupling between the QWS DFB mode and all FP modes. The temperature tuning of the DFB modes

frequencies can be approximated by:
c
WDFB = 2T -——,
2
where An’. denote the grating periodicity and the effective refractive index, respectively. The temperature
tuning is dominated by the temperature tuning of the refractive index, and the temperature tuning of A is
considered usually as second order effect [16]. Whereas the angular frequencies of DFB modes depend on

the effective refractive index over the length of DFB section (1), FP modes probe the temperature tuning
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of the effective refractive index of the FP cavity. This explains the different tuning dependence of these two
set of modes as function of the injected current. This difference in the temperature tuning coefficient, when
one of the device sections is electrically driven, causes detuning of DFB QWS mode with respect to FP
modes as function of current, as shown schematically in figure 1(d).

The real and complex part of eigenvalues for this Hamiltonian matrix is shown in figures 1(e)—(g), for a
given value of Ag and varying 2. For small value of Aﬂg, system operates in weak coupling regime as shown
in figure 1(e). The modes cross in real part and show anti-crossing in the imaginary part of the eigenvalues.
On the other extreme, i.e. large value of L\%, the system’s eigenvalues undergo level repulsion in the real
part, whereas the imaginary parts cross (see figure 1(g)). This case is similar to the usual strong coupling
regime observed in Hermitian system where lossless optical resonators interact [17]. In between these two
extremes, the so-called EP singularity happens, where the eigenmodes coalesce in both real and imaginary
parts [8, 18] (see figure 1(f)). It is worth emphasising on the difference of the expected modulations of the
mirror losses in the case of weak coupling (figure 1(e)) and EP degeneracy (figure 1(f)). Whereas in the case
of EP degeneracy, the mirror losses for the DFB mode crosses with the one of the FP modes, in the case of
weak coupling the depth of the mirror losses modulations is much weaker. This shallow modulations of the
mirror losses in the weak coupling case can lead to the modulation of the optical power of QCLs as function
of the driving current above threshold similar to devices presented in our previous publications [14], but
are not strong enough to switch off the laser. Moreover, one expects that in weak coupling regime, by
increasing the injection current, gain of the QCL to be able to follow the changes in the mirror losses and
therefore observing modulations of the output power but not switching off of the laser. This is in contrast
to the striking behavior of the QCLs presented in the following and their dynamics was assigned to the role
by played by the EP degeneracy.

In the following we present results of dual section of DFB QCLs, operating at different regime of
coupling. The coupling strength in the presented devices can be changed either by changing the design
parameters, such as modifying the physical distance of the QWS defect from the FP cavity, or electrically by
changing the driving segment of QCL. All presented QCLs were implemented with an inverted buried
hetero-structure process [19]. The active region was grown on InP and based on a heterogeneous quantum
cascade stack of two bound-to-continuum single wavelength-active regions. The first consisted of 17
Ing ¢6Gag 34As and Ing 335 Al 665As quantum cascade (QC) periods optimized for emission at 4.3 pm,
followed by 18 QC periods optimized for emission at 4.6 ym. The active region was capped with a
lattice-matched InGaAs spacer layer, which was used for the definition of the gratings. Two DFB gratings
with different grating periodicity and the length of 2 or 2.5 mm were etched in a wet etch process into this
spacer layer. Definition of the laser ridge was also done through a wet etch process that leaded to ridge
widths varying between 4 to 6 um. Electrical contacts were deposited to individually provide current to
either one of the gratings, effectively forming a front and rear laser section. In order to reduce cross-leakage
between the two devices, the thickness of the InP cladding on top of the active waveguide was reduced to
2 pm in between the two devices by means of a shallow wet etch.

We used a one-dimensional transfer matrix method (TMM) simulation to look at the threshold of the
cavity modes, when only one section of device was electrically driven. The temperature profile to estimate
the tuning was adapted from COMSOL finite element simulations [14]. We only considered the mirror
losses in these TMM simulations and ignored the waveguide losses and gain. The TMM calculation was
performed on the grating structure with temperature profile extracted from a 3D finite element simulation
(COMSOL Multiphysics). In all TMM simulations only the target DFB section was pumped, unless stated
otherwise. The temperature profile was extended however to the passive section too. The position
dependence of the temperature profile T'(x), was transformed to the profile of the effective refractive index
(nefr) as function of position and temperature:

eff( AT, x) = ne(To) X (8 x AT(x) + 1),

with the thermal tuning coefficient 3 = 7.1 x 10° K™!, and the effective refractive index at threshold

ner (T0) = 3.165 at 4.3 um wavelength, which was extracted from the laser spectrum at threshold [20, 21].
The grating was terminated on both sides with refractive index of 1 for air, except for the study of AR
coating in the supplementary materials (https://stacks.iop.org/NJP/24/053047/mmedia).

The laser characterizations were performed using Laboratory Laser Housing (LLH) laser boxes (Alpes
Lasers SA, Switzerland) that offers temperature control with Peltier elements and dry atmosphere with N,
purging. The lasers were driven using a direct-current source (QCL 2000, Wavelength Electronics, USA).
LIV curves are recorded using a calibrated photodiode. Spectral measurements are acquired by Fourier
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Figure 2. Strong coupling of FP modes to the QWS DFB modes. (a) The intensity profile of the QWS mode and its closest FP
modes extracted from TMM simulations for a 4 mm long dual section DFB QCL (device 1), where the QWS on is positioned at
the middle of the driven section and the grating refractive contrast was estimated to be % ~ 0.5% from the width of the DFB
stop-band. The position of the QWS defect in the grating and length of the device allows relatively large overlap of the mode
profiles. (b) The measured sub-threshold spectral map of the device. The QWS mode is distinguished by the highest intensity
mode in the middle of photonic gap, and anti-crosses with FP modes. (c) Spectral map of the device at driving currents above
threshold. The QWS lasing mode turn on and off multiple times, and there is a clear energy gap between each turning off point
(marked by dashed lines) and the consequent turning on point. The integrated optical intensity of the QWS mode is plotted
in red.

Table 1. List of devices in the manuscript.

Device Total length (mm) Relative QWS position % (%) Figures
Device 1 4 Middle 0.5 Figure 2
Device 2 5 Shifted toward facets 0.6 Figures 3 and 4

transform infrared spectroscopy, with a maximum spectral resolution of 0.075 cm™! (Vertex 80, Bruker
Corp., USA), with the signal acquired by a DTGS detector (for measurements above threshold) or a MCT
detector (for sub-threshold measurements).

Figure 2 shows the results for a 4 mm long DFB QCL (device 1 in table 1) with QWS located in the
middle of the front and back sections. The results of TMM simulation for the intensity profile of the QWS
DFB mode and its closest FP modes on the optical spectrum, shows a relatively good overlap of the modes
(figure 2(a)). A refractive index contrast % ~ 0.5%, extracted from the measured width of the DFB
stop-band, was used in these simulations. The results of the sub-threshold spectral map of the laser
(figure 2(b)) confirms the expected onset of anti-crossing between the frequency of the main QWS mode
and detuned FP modes. One can also note the clear difference in the temperature tuning of these two set of
modes. The bandgap of DFB was measured to be 2.2 cm ™!, and band-edge DFB modes can be identified at
the edge of the gap, also repelling the FP modes. These strong coupling dynamics manifest themselves on
the behavior of the laser when operated at current densities above the lasing threshold, as shown by the
optical spectral map of this laser in figure 2(c). Despite the single mode emission of the laser over the whole
dynamic range of the laser above threshold, the laser switches on and off multiple times and each time the
laser emission frequency experience a jump, with a value consistent with the observed anti-crossing gap in
sub-threshold experiments. In order to highlight this different behavior of the laser, the integrated intensity
of the lasing mode is shown by the red solid curve in the same graph.

In a 5 mm long dual-section DFB QCL (device 2 in table 1), with QWS positioned at x = 0.4 x Lg, the
overlap of the modes was found to be dramatically lower (see figure 3(a)). The latter observation was
turther confirmed by the absence of anti-crossing between the modes, when the device was measured at
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Figure 3. Multiple occurrence of EP over the dynamic range of DFB QCL. (a) The intensity profile of the QWS mode and the
closest FP modes to that as function of position along the device extracted from TMM simulations, for a 5 mm long dual section
DFB QCL (device 2), where the QWS on is positioned at 0.4 x Lg. The grating refractive index contrast was estimated to be

% ~ 0.6% from the width of the DFB stop-band. (b) Measured spectral map of the device at sub-threshold currents. The map is
obtained when driving the DFB section corresponding to the observation frequency. The absence of the mode repulsion and still
strong modulation of the intensity of the QWS mode are the remarkable differences compared to strong/weak coupling regime.
(c) TMM simulation results for the grating structure of the device, including the temperature profile along the device waveguide
as function of the injected current. The QWS mode crosses in both real (frequency) and imaginary part (losses) when the FP
modes tuned to be in resonance with the QWS DFB mode. (d) The measured spectral map of the device when driven above
threshold. One distinct feature here is the absence of the frequency gaps between the subsequent off/on points, consistent with
the absence of anti-crossing in the sub-threshold spectral map. The integrated intensity of the QWS mode is shown by the red
solid curve, distinguishes the dynamics in this case from weak coupling regime.

sub-threshold current densities (figure 3(b)). The strong interaction of the QWS mode with its surrounding
FP modes, clearly visible on the intensity modulations of the QWS modes in this case, distinguishes the
state of the system from weak coupling regime. In order to highlight this difference, the results of the TMM
simulation for this device is shown in figure 3(c). Whereas in weak coupling case, a weak modulation of the
QWS mode’s threshold is expected, in this case the QWS mode’s threshold hops to the value of the
threshold for FP modes at crossing points. In our TMM calculations, we search for modes with threshold in
a range of values from zero to a value that is set high enough in order to capture all high threshold FP
modes. The TMM calculations starts looking for solution from minimum value. In this way, we assure that
if two modes cross at a point, our TMM method does not miss the mode with minimum threshold.
Therefore, the results in figure 3(c), suggest the two-fold degeneracy (real and imaginary part) of the DFB
mode with FP modes at crossing points. It is worth noting that the higher value of the grating contrast
% ~ 0.6% found in this case, is also supporting the more localization of the QWS mode profile and
therefore reducing of the mode overlaps compared to the device presented in figure 2. The above-threshold
spectral map characteristics of this device show again multiple switching on/off above threshold, however
with absence of any splitting energy gaps between each pair of on/off points (see figure 3(d)). The
integrated intensity of the lasing mode, shown by the red solid curve in the same graph, highlights the
impact of the EP on dynamics of the laser. Previously, the role of EP on the laser dynamics was
demonstrated as the observed loss induced suppression and revival of lasing in coupled micro-resonators
[10], loss induced phase transition of the lasing modes in coupled photonic crystal nanolasers [6] or the
reversed the pump dependence of a laser in QCL ring cavities [9]. In all these demonstrations, the gain or
loss differences between the resonances was tuned either by an external disturbing element or by
asymmetric electrical or optical pumping of the resonators in order to move the complex eigenvalues close
to the EP. In our demonstration, however, the net gain difference between the interacting modes is
determined mainly by the large difference in the mirror losses for FP modes and DFB modes, and is fixed by
the device design parameters such as the length of the device or the refractive index contrast of the DFB
grating. Pumping of the device sections can marginally change the gain difference between the modes. Still,
one can use the electrical pumping scheme to tune the coupling strength between the modes and move the
complex eigenvalues around the EP as demonstrated in the following.

Although, we used the device design parameters such as the position of the QWS defect in the grating or
the length of the device in order to probe different coupling regimes, these dual section devices provide
more degrees of freedom when tuning of the coupling strengths is needed. In the same device shown in
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Figure4. Lifting the EP degeneracy by different electrical pumping schemes. (a) The effective refractive index profile along the
waveguide of laser, where the QWS defect location is marked by dashed line at x = 0.4 x Lg. The device is driven electrically in
the counterpart section (the orange color) of the one with DFB designed at the observation wavelength. The inset shows
schematically the impact of the temperature profile induced by changing the electrically pumped section, as a shift of the
reflection point for the FP modes inside the DFB grating (r,). (b) Intensity profile of the QWS mode and the four closest FP
neighbor modes as function of position along the laser waveguide, extracted for AT = 35 °C from TMM simulations. As a result
of the extension of the heating profile toward the target DFB section, the intensity profile of FP modes penetrates more in the
DEFB section. (c¢) The simulated spectral map at sub-threshold current densities. As a consequence of the increased overlap
between the FP modes and the QWS mode intensity, the coupling strength €2 is increased by increasing the temperature
difference between the two section AT, and the FP modes starts to repel the QWS modes. The insets highlight the onset of
coalesce of modes and anti-crossing of modes in real parts for different values of AT. (d) The measured sub-threshold spectral
map of the device, where EP degeneracy is clearly lifted at the applied current range to the device.

figure 3, by swapping the pumped section and passive section, the EP degeneracy is lifted and system moves
toward strong coupling. As shown in figure 4(a), in this case the temperature profile tail disturbs a
considerable length of the DFB section (passive section in this case, as marked by blue color). As a result of
this distortion, the reflector r, of the FP cavity is shifted inside the DFB grating. Therefore, the intensity
profile of the FP modes extends toward the DFB section that contains the QWS defect at the target
wavelength (figure 4(b)). The simulated spectral map by TMM (figure 4(c)), shows transition from EP
regime at small ATs to the strong coupling regime and level repulsion at relatively large values of ATs. This
was confirmed experimentally by the sub-threshold spectral map in figure 4(d). This tuning feasibility is of
crucial importance, as it suggest this device to be used for input—output applications. It is worth
mentioning that in the given parameter space shown in figure 1, the EP corresponds strictly speaking to a
single point. Nevertheless, the laser dynamics will be affected by the EP degeneracy when our system probes
the regions in the parameter space in close vicinity of this degeneracy point. Therefore, the results in

figure 4 showing a continuous transition to the strong coupling regime by changing the coupling strength of
the interacting modes, suggest that our system can hit the exact EP degeneracy condition since EP defines
the boundary between the weak and strong coupling regime.

The design of the dual section DFB QCLs provides a flexible and robust non-Hermitian system enabling
the study of the interplay between the different loss and coupling parameters. The laser dynamics was
shown to be strongly modified by the strength of the interaction of modes and the existence of the EP
degeneracy. The simplicity of theses designs in operation as compared to coupled ring cavities and
possibility to tune electrically the strength of interactions make these devices fascinating for exploring the
non-Hermitian photonic coupled systems.

Acknowledgments

We acknowledge financial support from the H2020 European Research Council Consolidator Grant (No.
724344) (CHIC), and Nano-Tera.ch foundation under project ‘IrSens IT’.




10P Publishing

New J. Phys. 24 (2022) 053047 M Shahmohammadi et al

Data availability statement

The data that support the findings of this study are available upon reasonable request from the authors.

ORCID iDs

Mehran Shahmohammadi ©© https://orcid.org/0000-0002-6168-3365
Martin J Stiess @ https://orcid.org/0000-0002-6333-8266

Romain Peretti ©© https://orcid.org/0000-0002-1707-7341

Filippos Kapsalidis @ https://orcid.org/0000-0001-5927-0038
Andres Forrer (¥ https://orcid.org/0000-0002-9229-1110

Jérome Faist © https://orcid.org/0000-0003-4429-7988

References

[1] Guo A, Salamo G J, Duchesne D, Morandotti R, Volatier-Ravat M, Aimez V, Siviloglou G A and Christodoulides D N 2009
Observation of P7 -symmetry breaking in complex optical potentials Phys. Rev. Lett. 103 093902
[2] ChangL, Jiang X, Hua S, Yang C, Wen J, Jiang L, Li G, Wang G and Xiao M 2014 Parity-time symmetry and variable optical
isolation in active—passive-coupled microresonators Nat. Photon. 8 524-9
[3] FengL, Xu Y-L, Fegadolli W S, Lu M-H, Oliveira J E B, Almeida V R, Chen Y-F and Scherer A 2013 Experimental demonstration
of a unidirectional reflectionless parity-time metamaterial at optical frequencies Nat. Mater. 12 108—13
[4] Regensburger A, Bersch C, Miri M-A, Onishchukov G, Christodoulides D N and Peschel U 2012 Parity-time synthetic photonic
lattices Nature 488 16771
[5] Xu H, Mason D, Jiang L and Harris ] G E 2016 Topological energy transfer in an optomechanical system with exceptional points
Nature 537 80—3
[6] Kim K-H, Hwang M-S, Kim H-R, Choi J-H, No Y-S and Park H-G 2016 Direct observation of exceptional points in coupled
photonic-crystal lasers with asymmetric optical gains Nat. Commun. 7 13893
[7] Hodaei H, Miri M-A, Heinrich M, Christodoulides D N and Khajavikhan M 2014 Parity-time-symmetric microring lasers Science
346 975-8
[8] Miri M-A and Alu A 2019 Exceptional points in optics and photonics Science 363 eaar7709
[9] Brandstetter M, Liertzer M, Deutsch C, Klang P, Schoberl ], Tiireci H E, Strasser G, Unterrainer K and Rotter S 2014 Reversing
the pump dependence of a laser at an exceptional point Nat. Commun. 5 4034
[10] Peng B, Ozdemir S K, Rotter S, Yilmaz H, Liertzer M, Monifi F, Bender C M, Nori F and Yang L 2014 Loss-induced suppression
and revival of lasing Science 346 328—32
[11] Mohrle M, Sartorius B, Bornholdt C, Bauer S, Brox O, Sigmund A, Steingruber R, Radziunas H and Wunsche H-J 2001 Detuned
grating multisection-RW-DFB lasers for high-speed optical signal processing IEEE J. Sel. Top. Quantum Electron. 7 217-23
[12] Wenzel H, Bandelow U, Wunsche H-J and Rehberg ] 1996 Mechanisms of fast self pulsations in two-section DFB lasers IEEE J.
Quantum Electron. 32 6978
[13] Sartorius B, Mohrle M, Reichenbacher S, Preier H, Wunsche H-J and Bandelow U 1997 Dispersive self-q-switching in
self-pulsating DFB lasers IEEE J. Quantum Electron. 33 211-8
[14] Stiess M et al 2016 Dual-section DFB-QCLs for multi-species trace gas analysis Photonics 3 24
[15] Shahmohammadi M, Kapsalidis F, Stiess M J, Gini E, Beck M, Hundt M, Tuzson B, Emmenegger L and Faist ] 2019
Multi-wavelength distributed feedback quantum cascade lasers for broadband trace gas spectroscopy Semicond. Sci. Technol. 34
083001

[16] Faist] 2013 Quantum Cascade Lasers (Oxford: Oxford University Press) p 306

[17] Haus H A and Huang W 1991 Coupled-mode theory Proc. IEEE 79 1505—18

[18] Heiss W D 2004 Exceptional points of non-Hermitian operators J. Phys. A: Math. Gen. 37 245564

[19] Beck M, Hofstetter D, Aellen T, Faist J, Oesterle U, llegems M, Gini E and Melchior H 2002 Continuous wave operation of a

mid-infrared semiconductor laser at room temperature Science 295 301-5

[20] Gmachl C, Straub A, Colombelli R, Capasso F, Sivco D L, Sergent A M and Cho A'Y 2002 Single-mode, tunable
distributed-feedback and multiple-wavelength quantum cascade lasers IEEE J. Quantum Electron. 38 569—81

[21] Wittmann A, Bonetti Y, Fischer M, Faist J, Blaser S and Gini E 2009 Distributed-feedback quantum-cascade lasers at 9 um
operating in continuous wave up to 423 K IEEE Photon. Technol. Lett. 21 814—6



https://orcid.org/0000-0002-6168-3365
https://orcid.org/0000-0002-6168-3365
https://orcid.org/0000-0002-6333-8266
https://orcid.org/0000-0002-6333-8266
https://orcid.org/0000-0002-1707-7341
https://orcid.org/0000-0002-1707-7341
https://orcid.org/0000-0001-5927-0038
https://orcid.org/0000-0001-5927-0038
https://orcid.org/0000-0002-9229-1110
https://orcid.org/0000-0002-9229-1110
https://orcid.org/0000-0003-4429-7988
https://orcid.org/0000-0003-4429-7988
https://doi.org/10.1103/physrevlett.103.093902
https://doi.org/10.1103/physrevlett.103.093902
https://doi.org/10.1038/nphoton.2014.133
https://doi.org/10.1038/nphoton.2014.133
https://doi.org/10.1038/nphoton.2014.133
https://doi.org/10.1038/nphoton.2014.133
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/ncomms13893
https://doi.org/10.1038/ncomms13893
https://doi.org/10.1126/science.1258480
https://doi.org/10.1126/science.1258480
https://doi.org/10.1126/science.1258480
https://doi.org/10.1126/science.1258480
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1038/ncomms5034
https://doi.org/10.1038/ncomms5034
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1109/2944.954133
https://doi.org/10.1109/2944.954133
https://doi.org/10.1109/2944.954133
https://doi.org/10.1109/2944.954133
https://doi.org/10.1109/3.481922
https://doi.org/10.1109/3.481922
https://doi.org/10.1109/3.481922
https://doi.org/10.1109/3.481922
https://doi.org/10.1109/3.552261
https://doi.org/10.1109/3.552261
https://doi.org/10.1109/3.552261
https://doi.org/10.1109/3.552261
https://doi.org/10.3390/photonics3020024
https://doi.org/10.3390/photonics3020024
https://doi.org/10.1088/1361-6641/ab2838
https://doi.org/10.1088/1361-6641/ab2838
https://doi.org/10.1109/5.104225
https://doi.org/10.1109/5.104225
https://doi.org/10.1109/5.104225
https://doi.org/10.1109/5.104225
https://doi.org/10.1088/0305-4470/37/6/034
https://doi.org/10.1088/0305-4470/37/6/034
https://doi.org/10.1088/0305-4470/37/6/034
https://doi.org/10.1088/0305-4470/37/6/034
https://doi.org/10.1126/science.1066408
https://doi.org/10.1126/science.1066408
https://doi.org/10.1126/science.1066408
https://doi.org/10.1126/science.1066408
https://doi.org/10.1109/jqe.2002.1005407
https://doi.org/10.1109/jqe.2002.1005407
https://doi.org/10.1109/jqe.2002.1005407
https://doi.org/10.1109/jqe.2002.1005407
https://doi.org/10.1109/lpt.2009.2019117
https://doi.org/10.1109/lpt.2009.2019117
https://doi.org/10.1109/lpt.2009.2019117
https://doi.org/10.1109/lpt.2009.2019117

	Exceptional point singularities in multi-section DFB lasers
	
	Acknowledgments
	Data availability statement
	ORCID iDs
	References


