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ABSTRACT

Interband cascade lasers are semiconductor lasers emitting in the mid-infrared domain but relying on interband transitions, contrary to their
intersubband counterparts, quantum cascade lasers. Our experimental study of the relative intensity noise in a multi-mode interband cascade
laser at 4.1 lm shows that the room-temperature structure exhibits a relaxation frequency in the GHz range. We demonstrate that, far above
the threshold current, the relaxation frequency increases with the bias current, and our simulations are in good agreement with our experi-
mental efforts. Fitting of the relative intensity noise resonances gives access to several intrinsic parameters of the interband cascade laser
under study such as differential gain, compression gain, and K-factor. This study is a clear step for understanding dynamics interplays in
interband cascade laser structures, which means understanding the non-linear and modulation bandwidth limitations of such lasers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0070981

The development of reliable, versatile, and efficient sources in the
mid-infrared domain has become a key requirement for many applica-
tions. Supercontinuum generation in fibers or bulk crystals,1–3 as well
as optical parametric oscillators (OPOs),4 are among the options. A
main focus has been dedicated to semiconductor heterostructures gen-
erating mid-infrared light. Those are called cascade lasers, and the first
technology that was introduced relied on intersubband transitions.5

The resulting quantum cascade lasers (QCLs) were proven powerful
for many applications such as spectroscopy of greenhouse gas mole-
cules6 or free-space communications in the transparency windows of
the atmosphere.7 The second technology was introduced by Yang in
19958 and is called interband cascade lasers (ICLs). The process relies
on cascaded interband recombination in successive quantum wells,
which limits the emission wavelength below 7lm at room tempera-
ture.9 The ICL technology has been recently improved by replacing a
single type-II interface by a W-shape configuration,10 where an
electron-hole is positioned between two electrons in the quantum well
configuration. The consequence is a high electron-hole overlap despite
the type-II alignment. Because they are interband lasers, ICLs exhibit
carrier lifetime on the order of nanoseconds11 that strongly exceeds
typical photon lifetime of few picoseconds. This is a clear advantage
compared to QCLs with picosecond carrier lifetime,12 because this

means that ICL’s performances are not hindered by phonon scattering
losses. This property, combined with the W-shape configuration,
decreases the current threshold density by one order of magnitude,
leading to typical electrical power consumption below 1W at peak
optical power. This paves the way for light and portable systems with
battery-driven ICLs. Integration of this mid-infrared technology can
be further developed with ICLs on a silicon substrate for on-chip sens-
ing technologies.13 Application of ICLs has been extended to picosec-
ond pulses14 and free-space communication between 3 and 5lm,
where the atmosphere is highly transparent. The maximum data rate
one can expect with direct electrical modulation of an ICL is bounded
by the laser’s relaxation oscillation frequency. On the one hand, pio-
neer experimental efforts showed a modulation bandwidth of more
than 3GHz in a cryogenic ICL,15 but subsequent efforts only achieved
a maximum transmission rate of 70 Mbits/s.16 Recent free-space com-
munication experiments have demonstrated hundreds of Mbits/s data
rates at room temperature,17,18 while ICLs on RF-optimized mounts
showed bandwidth in the GHz range at room temperature.19 On the
other hand, ICLs were found to exhibit multi-GHz non-linear dynam-
ics bandwidth, both experimentally20 and numerically,21 which clearly
advocates for a wide use in mid-infrared private communications.22

Despite a clear development of experimental applications using ICLs,
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the theory about their intrinsic properties is still scarce23,24 and needs
further investigation. A recent experimental analysis25 has investigated
the differential gain and gain compression factor of an ICL, but the
conclusions are not compatible with the aforementioned literature
describing high-speed capabilities. Furthermore, this effort did not
succeed in observing ICL relaxation oscillations that we clearly exhibit
in our experimental findings described hereinafter.

In this work, we numerically and experimentally study the rela-
tive intensity noise (RIN) of a Fabry–P�erot (FP) ICL to extract the
relaxation frequency and subsequent key parameters such as differen-
tial gain, compression gain, and K-factor. The resonance is clearly seen
in the RIN curves, and its frequency value increases when increasing
the bias current of the ICL, as also expected from the theoretical view-
point while previous experimental efforts about RIN in ICLs could not
clearly exhibit the relaxation oscillation frequency. This work is of
utter interest for the characterization of these novel mid-infrared semi-
conductor structures and will foster the development of further high-
speed applications.

The 4.1lm FP ICL under study is designed and manufactured at
Universit�e de Montpellier, and the details about the laser can be found
in Fig. 1(a). The structure is grown by molecular beam epitaxy on a
GaSb substrate. The active region is composed of seven-stage cascade
periods of GaInSb type-II “W” quantum wells (QWs). This “W”
design is a key tool for efficient interband recombination and is opti-
mized for 4.1lm lasing operation at room temperature. The process
relies on interband recombination between the electron-hole and the

electron in the “W” QWs. Those are surrounded by an electron injec-
tor and an electron-hole injector. Electrons and holes are spread to the
next cascade level thanks to quantum engineering of the band energy
alignment and of the tunneling transitions. The active region is sur-
rounded by the GaSb optical confinement layer and cladding with
AlSb/InAs superlattices. The ICL was then soldered with indium on a
copper block and mounted in a package with a direct connection
between the SMA central contact and the laser ridge. A SMA-PCB end
launch connector (Radiall R125539000) with a bandwidth of 18GHz
was used for this purpose. This is suitable for radio frequency modula-
tion. The ICL is kept at a constant room temperature, and a continu-
ous bias is provided by a low-noise current source (LDX-3232 CW
QCL driver). The parameters of operation are described in Fig. 1(b),
and the ICL has a threshold current of 75mA at 297K and a maxi-
mum beam power of 15 mW per facet at 185mA and 4.3V. This
results in a wall-plug efficiency of 4%. As we carry out experiments
with a multimode laser, as shown in the inset of Fig. 1(b), we can evalu-
ate the mode spacing and obtain an average material index of ng¼ 3.5.

In order to determine the bandwidth of the ICL, we performed
optical and electrical rectifications, and later on, these bandwidths are
compared with the extracted relaxation frequency. The rectification
method26 allows retrieving the electrical bandwidth without an optical
detector, and it is, thus, widely used in the mid-infrared domain, where
cheap room-temperature fast detectors are still missing.27 We also
evaluate the optical bandwidth by modulating the bias current with a
sine wave and measuring the response with a 700MHz bandwidth

FIG. 1. (a) Schematic representation and simplified band diagram of our interband cascade laser at 4.1 lm. (b) ICL Light-intensity-voltage (PIV) curve under continuous wave
pumping and a temperature of 288 K with typical optical spectrum in the inset. (c) The optical rectification is shown in red, and the electrical rectification is shown in blue for a
supply current of 125mA and a temperature of 288 K. The cutoff frequency is similar in both cases. The bottom left inset shows two ICLs mounted on a support suitable for
high-frequency modulation.
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mid-infrared detector. The electrical and optical rectification responses
of the ICL are displayed in Fig. 1(c). The two 3dB-bandwidths are
consistent and are approximately 700MHz at 288K. In addition, the
correlation between the electrical and optical bandwidths means that
the mount of the ICL [inset of Fig. 1(c)] does not limit the modulation
frequency. However, we do not see any clear indication of relaxation
oscillations with these two methods.

Spontaneous noise is the main source of noise for optical sources,
because it induces a variation of the optical output power. Moreover,
circumventing noise limitations is of paramount importance in order
to improve the quality of a laser transmission.28 Because they are inter-
band semiconductor lasers, ICLs are expected to operate in the class B
regime with the upperstate lifetime often being much longer than the
cavity damping time and that conveys a relaxation oscillation.29 The
RIN is the ratio between the power spectral density of the intensity
noise and the squared average optical power.

In our configuration, depicted in Fig. 2, the ICL is biased with a
low-noise current source and kept at room temperature. The optical
signal generated by the ICL is collimated by a lens to a mercury–cad-
mium–telluride detector (MCT-VIGO UHSM-10.6) with a 3 dB-
bandwidth of 1.3GHz and 50 X loadout resistance. The 50� 50lm2

active area of this detector allows detecting mid-infrared signals down
to a few hundreds of lW. The resulting electrical signal can be
accessed via two SMA ports: a DC port for frequencies up to 300Hz
and an AC port for frequencies from 10 kHz. On the one hand, AC
signal is amplified with a low-noise amplifier with 25-dB gain and 25-
GHz bandwidth (SHF-826H) prior to the analysis with a 43-GHz
bandwidth electrical spectrum analyzer (ESA-FSU Rohde&Schwarz).
The RF power retrieved with the electrical spectrum analyzer is the dif-
ference between the noise contribution for the whole setup and the
contribution for the setup without laser illumination. This corresponds
to the first term in Eq. (1). On the other hand, the DC signal directly
gives the evaluation of the shot noise of the detector, which corre-
sponds to the second term in the following equation:

RINðf Þ ¼
Spðf Þ

BGR � I2ph
� 2eB
hIphi

; (1)

where Spðf Þ ¼ Sðf Þ � Sdarkðf Þ with Sdark being the total noise caused
by the setup without illumination, which will be considered as white
noise, B being the resolution bandwidth of the ESA, G being the gain
of the amplifier, R being the resistance of the detector, e being the elec-
tric charge carried by an electron, and Iph being the photovoltaic cur-
rent of the detector.

The study of the intensity noise allows determining the relaxation
oscillation frequency as well as several intrinsic parameters of the laser
structure, which is of paramount importance for nonlinear and high-
speed applications. Previous studies showed a RIN around �130 to
�150 dB/Hz (Refs. 23 and 24) but, because of a narrow detector band-
width (400MHz), did not exhibit any clear relaxation oscillation fre-
quency. The RIN analysis for a wide frequency range is represented in
Fig. 3(a). We show the evolution of the RIN for five different currents
above 1:8� Ith and at a constant temperature of 295K. At low fre-
quencies, around 10MHz-100MHz, the RIN level is significantly
high, in the range of �95 dB/Hz, and drops when increasing the fre-
quency. As the ICL under study is multimode, various contributions
can impact the noise level at low frequencies such as technical, ther-
mal, or partition noises.30 Moreover, for the aforementioned frequency
range, the RIN increases when increasing the bias current. The most
probable cause is the appearance of newmodes in the optical spectrum
leading to an increase in partition noise. Around 100–500MHz, the
impact of these phenomena diminishes, and the trend is reversed. The
RIN decreases when the bias current is increased, which is in agree-
ment with prior results.23,24 By further increasing the frequency of the
analysis, the relaxation oscillation of the ICL is clearly observed in the
GHz range. Notably, the value of the relaxation frequency is large
enough to achieve multi-Gbits/s data transmission and to expect a
very large chaos bandwidth (>GHz), which is relevant for private opti-
cal communications. In addition, this result is of prime interest,
because previous studies stated that the relaxation oscillation was
above 3.2GHz,15 but that was not clearly unveiled in subsequent
research works. As expected, Fig. 3(a) shows that the oscillation fre-
quency increases with bias current. The relaxation oscillation was not
observed for pump currents below 1:52� Ith because of other sub-
stantial noise contributions and large damping factors. Finally, it is
important to note that the noise is not influenced by the bias current
after the relaxation oscillation. We estimate the shot noise of our
detector to be around�135 dB/Hz.

In order to access ICL’s intrinsic parameters from the relaxation
oscillations, a small signal analysis can be applied to the ICL’s rate
equations.24 From this, an expression of the RIN can be retrieved and
expressed as a function of angular frequency x,

RINðxÞ ¼ a1 þ a2x2

S2x4
R
jHðxÞj2; (2)

where xR is the angular relaxation frequency, S is the total photon
number, a1 and a2 depend on intrinsic parameters of the ICL, andH is
the modulation transfer function of the ICL taking into account the
damping factor c such as

HðxÞ ¼ x2
R

x2
R � x2 þ jxc

: (3)

With the aforementioned model and the parameters that charac-
terize the ICL under study, numerical simulation of the RIN is carried

FIG. 2. Experimental setup for the determination of the RIN. The ICL is maintained
at room temperature, and the distance between the emitting facet and the MCT
detector is roughly 20 cm. Further analysis of the RIN signal leads to the determina-
tion of the relaxation frequency around the GHz.
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out. Relevant parameters for the rate equations and, therefore, for RIN
simulation are all gathered in Table I. Among them, only the injection
current efficiency g and the spontaneous emission factor b were not
directly accessible for the ICL under study. Typical values from the lit-
erature are chosen, that is to say, g ¼ 34% (Refs. 24 and 31) and
b ¼ 0:001.32 As shown in Fig. 3(b), the evolution of the maximum of
the resonance with the bias current is found in a good agreement with
the experimental findings. However, it is relevant to note that the sim-
ulated RIN level is lower before relaxation oscillation, which is essen-
tially attributed to the parasitic noise not taken into account in the
simulation. Despite the fact that the shape of the relaxation oscillation
is very similar, the related frequency is higher than the experimental
one. Such a difference may be due to approximations made on intrin-
sic parameters, such as spontaneous emission factor, refractive index,
optical confinement factor, and current injection efficiency, which are
not easily accessible for ICLs. The two previous equations, (2) and (3),
allow fitting the experimental RIN curves with a least squares approxi-
mation (dashed black curves in Fig. 3(a)). Those fittings are useful to
determine the intrinsic parameters, such as angular relaxation fre-
quency xR and c, as demonstrated hereafter. Theoretically, the
squared frequency linearly evolves with the current offset29 as follows:

f 2R ¼
Cp�ga

4p2eV
gi I � Ithð Þ; (4)

where Cp is the optical confinement factor, �g is the group velocity in
the active area, a is the differential gain, e is the charge of an electron,
gi is the injection efficiency, and V is the volume of the active area,
whereas I and Ith are the bias current and the threshold current of the
laser, respectively. In Fig. 4, the evolution of the squared resonance fre-
quency is plotted as a function of the current offset I � Ith, associated
with a linear fit at 293K. From the slope of this curve, one can obtain
the value of the differential gain in the ICL following Eq. (3). The dif-
ferential gain a ¼ dg

dN corresponds to the derivative of small signal gain
with respect to the carrier density. When combined with a small active
region, a large differential gain is a key material parameter for improv-
ing the laser’s high-speed capabilities. From this work, the differential
gain is estimated to be 6 �10�17 cm2 at 293K, which is consistent
with typical values already reported in QW lasers (for instance, a¼ 1.2
�10�16 cm2 in Ref. 33).

Another parameter of interest for laser high-speed operation is
the K-factor, which is a marker of the damping response. Large K pre-
vents high-speed modulation, but in some cases, appropriate damping
suppresses overshoot due to relaxation oscillations. The K-factor is
defined as29

c ¼ Kf 2R þ c0; (5)

where fR represents the relaxation oscillation frequency and c0, the
damping offset, which is inversely proportional to the carrier lifetime.

FIG. 3. (a) Relative intensity noise of the ICL at 295 K for various bias currents from 1:8� Ith to 2:3� Ith. Dashed black lines correspond to the fitting of the resonance associ-
ated with the relaxation oscillation. It leads to the determination of the relaxation frequency around the GHz. (b) Simulations of the intensity noise behavior for the laser under
study, which shows good agreement with the experiment for 295 K and bias currents around 2� Ith. The numerical model follows the work of Ref. 24, and relevant data used
in the simulation are gathered in Table I.

TABLE I. List of ICL’s parameters that are implemented in numerical simulations and in the fitting of the RIN.

Parameter Value Parameter Value

Cavity length L 3 mma Photon lifetime sp 7:6 psa

Cavity widthW 10 lma Spontaneous emission time ssp 15 nsa

Facet reflectivity R 0.32a Auger lifetime saug 1:08 nsa

Refractive index nr 3.5a Differential gain a 6� 10�17 cm2,b

Optical confinement factor Cp 0.23a Transparent carrier number Ntr 108,a

Internal loss ai 5 cm�1,c Spontaneous emission factor b 10�3,d

Stage number m 7a Current injection efficiency g 0.34a

aICL data.
bEvaluated from fitting.
cExtrapolated from a similar structure emitting at 3:3lm (Refs. 31 and 34).
dICL data from the literature.
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In Fig. 5, the damping factor is plotted as a function of the
squared resonance frequency at 293K. From the linear fit, K¼ 3.7ns,
which gives a maximum modulation bandwidth of 2.4GHz according
to the formula 2

ffiffiffi
2
p

p=K .24 This result shows that ICLs are not limited
to low-frequency operation25 and can be deployed for multi-Gbits/s
optical communication.18 The damping factor offset c0¼ 1.5 ns�1

leads to an effective carrier lifetime of 0.6 ns. Furthermore, we can also
derive the gain compression factor �. This parameter may be used to
describe the reduction in the optical gain above the threshold due to
any other process such as spatial hole burning and carrier heating. In
order to retrieve the gain compression factor, the following relation-
ship can be used:

K ¼ 4 � p2 e
�ga
þ sp

� �
: (6)

The compression gain also accounts for the capability of a laser to be
modulated at large output power. Here, using the previous findings, a
value of e ¼ 4.7 �10�17 cm3 is extracted at 293K. This result is in

good agreement with a prior work about interband lasers, where a
compression factor e ¼ of 1 �10�17 cm3 was exhibited.35 On top of
that, it is relevant to highlight that the compression factor reported in
this work is similar to that of QW lasers.

This paper reports on the intensity noise and intrinsic properties
of a mid-infrared interband cascade laser emitting at 4.1lm. The
results describe the unprecedented exhibition of the relaxation fre-
quency in the GHz range, which is of first importance for enhancing
modulation capabilities of such lasers. For that purpose, differential
gain, K-factor, gain compression, and carrier lifetime are also analyzed.
All these values are found consistent with those reported in interband
quantum well lasers. The trends given by the simulations are also in
good agreement with our experimental results. Differences between
the experiment and the numerical simulation can be explained by the
fact that the model did not take into account other types of noise, like
spatial hole burning, thermal, and other parasitic noise. Further efforts
will focus on developing a model that includes these phenomena.
Overall, this work is a key step to consider ICLs for versatile, light, and
cheap multi-Gbits/s transmission systems in the mid-infrared domain.
In addition, these results confirm the potential of ICLs for broadband
chaos, which is found useful in applications such as private optical
communication and physical random bit generation. Optical injection
and self-feedback are expected to improve the modulation bandwidth
of this novel semiconductor laser, and this will be investigated in
future experiments. The latter will also explore methods to reduce the
RIN level with a view toward squeezed states of light in ICLs and shot-
noise-limited mid-infrared sources. Such achievement could be a
game changer in many applications, where ultra-low laser noise below
the standard quantum limit is required like precision measurement,
metrology, spectroscopy, and continuous-variable systems.
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