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ABSTRACT

A comprehensive experimental analysis of the frequency fluctuations of a mid-infrared interband cascade laser, down to the quantum-limited
operation, is reported. These lasers differ from any other class of semiconductor lasers in their structure and internal carrier generation
and transport processes. Although already commercially available, a full evaluation of their potential has not been possible, until now, mainly
because their internal dynamics are not yet understood well enough. The measured intrinsic linewidth, down to 10 kHz, ranks them in between
quantum cascade and bipolar semiconductor lasers. Understanding the noise features is especially important for demanding applications and
is a necessary step for a deeper knowledge of the physical behavior for this class of lasers, in view of the development of novel designs for

improved performance.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5139483

INTRODUCTION

Laser technology in the infrared (IR) spectral window is under-
going a major development, pushed by an increasing number of
applications. In the last two decades from their appearance, quan-
tum cascade and interband cascade lasers (QCLs and ICLs) have
played a prominent role, relying on highly reliable, compact, low
power consumption, semiconductor technology. Demonstrated in
1994," QCLs are now a mature and commercial technology.l Their
multi-watt output power emission and continuous wave and room
temperature operation across the mid-IR, with an ~4-25 ym spec-
tral coverage, have enabled their application in a broad range of
fields.”

During the last two decades, QCLs gained considerable interest
from both applied and fundamental physics viewpoints and nowa-
days have achieved a real impact on a large variety of technological
applications. Their appealing and peculiar features are due to their
intersubband operation, which, however, is responsible for their two

APL Photon. 5, 036101 (2020); doi: 10.1063/1.5139483
© Author(s) 2020

main limitations, as well. First, their operation is limited to long
wavelengths with a short-wave boundary around 4 ym due to limits
in the maximum depth of the quantum wells. The second limitation
is related to the very fast phonon relaxation process, which leads to
a very short (~ps) upper lasing level lifetime, and is responsible for
the high threshold current densities (typically >1 kA/cm?) of these
devices.

Invented in 1994,” and experimentally demonstrated in 1997,°
ICLs are emerging as a valid alternative to IR sources in the 3-
6 um wavelength region. Their structure presents similarities and
differences with respect to both standard bipolar semiconductor
lasers and QCLs. ICLs utilize optical transitions between engineered
energy levels in quantum wells, and laser emission occurs between
an electron state in the conduction band and a hole state in the
valence band. Moreover, they take advantage of a cascading mech-
anism over repeated active regions, which allows us to boost the
quantum efficiency and, thus, the emitted optical power. As com-
pared to QCLs, ICLs have the advantage of much longer lifetimes
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(~1 ns) due to their interband transitions.”'’ This allows us to cir-
cumvent the fast phonon scattering loss of intersubband devices
such as QCLs and makes these devices much less demanding in
terms of power consumption with lower compliance voltages and
operating currents, still preserving a considerable available optical
power (typically from few mW to tens of mW), which is particu-
larly advantageous for in-field sensing. ICLs can also emit in the
3-4 ym window, where QCL operation is hard to achieve and impor-
tant molecular bands for life science and astrophysics, e.g., the O-
H and C-H stretching bands, can be found."" Although their use
is constantly growing, especially for sensing applications, >’ and
also steps toward improved design and materials with better perfor-
mance have been made,”'” a full exploitation of ICLs” potential has
not been possible, thus far, because of an inadequate understanding
of their internal physics. Indeed, the carrier generation and transport
mechanisms of ICLs significantly differ from those of conventional
diode lasers and QCLs. QCLs are unipolar devices, all the carriers
are externally injected, and the internal current flow is entirely due
to electrons passing through repeated quantum well structures. In
diode lasers, instead, all the electrons and holes are injected into the
conduction and valence bands, respectively, from the two contacts.
On the contrary, ICLs are the only known lasers in which elec-
trons and holes are generated internally at semi-metallic interfaces
produced by an applied bias voltage."” Moreover, as the generated
carriers are dragged away, in opposite directions, by the external
electric field, equal numbers of electrons and holes are continuously
regenerated at the semi-metallic interfaces to maintain the thermal
quasi-equilibrium condition.'’ This behavior, which still requires a
comprehensive modeling, reflects in the frequency noise character-
istics of these lasers and is expected to set similarities and differences
with respect to QCLs and diode lasers.

Up to now, only a few issues about frequency dynamics of these
devices, including the « linewidth enhancement factor and photon
noise, have been addressed,'*”"” but no modeling of carrier gener-
ation and transport processes has been reported yet, as well as no
experimental investigation of their frequency noise characteristics
has been published. If we look back over what happened in recent
years for QCLs, we see that understanding their frequency noise fea-
tures'*”” allowed us to test specific models,” triggered a series of
improvements in the stabilization of the QCL chip temperature and
driving current, and boosted the development of frequency/phase
stabilization techniques. This led to spectacular linewidth narrow-
ing,”* "’ allowing for record sensitivities in trace-gas detection, down
to the ppq level,”” and enabling sophisticated precision spectroscopy
experiments.”””"" Just as it happened for QCLs, a fundamental step
toward comprehensive modeling and optimized design of ICLs can
be achieved by a complete experimental analysis of their frequency
noise features and internal dynamics.

In this paper, we show that ICLs have an intrinsic linewidth
intermediate between the semiconductor lasers with the lowest
phase noise, i.e., QCLs, and bipolar lasers such as quantum-well
and vertical-cavity emitting devices. In particular, a comprehensive
experimental investigation of the frequency noise power spectral
density (FNPSD) of a commercial ICL emitting at 4.6 ym is reported.
To this purpose, a set of precise requirements has to be fulfilled,
especially when the goal is to unveil the small quantum-limited con-
tributions of intrinsic frequency noise. Generally, this is not a trivial
operation to perform and can become very challenging in spectral
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regions such as the mid-IR, where optical and optoelectronic com-
ponents are not as good as those available for shorter wavelengths.
First of all, the laser has to be supplied with an ultra-low-noise
current driver, else the tiny frequency noise level associated with
spontaneous emission is completely surmounted by the contribu-
tion from current noise or from laser intensity fluctuations. Then,
a fast and sensitive photodiode is required, along with a high per-
formance spectrum analyzer, to explore all the significant regions of
noise spectrum, from the low-frequency region, where flicker noise
dominates, up to Fourier frequencies of tens of MHz, where the
noise spectrum flattens to a white noise contribution. In our work,
the dependence of the noise spectrum on laser operating current and
temperature is shown, which can be of particular interest for the
development of a model of internal dynamics. The analysis allows us
to highlight the main frequency noise contributions in ICLs, show-
ing similarities and differences with respect to standard diode lasers
and to QCLs, and to measure intrinsic linewidths at different power
levels, down to the 10-kHz level.

FREQUENCY NOISE MEASUREMENTS

The laser used in this experiment is a room-temperature
distributed feedback (DFB) ICL emitting around 4.6 pm from
Nanoplus. We operated the laser from 14.5 °C to 38 °C with driving
currents from ~35 mA to ~80 mA, measuring a maximum emit-
ted power of ~4 mW. The ICL was supplied by an ultra-low-noise
QubeCL current driver from ppqSense. In order to avoid para-
sitic optical feedback onto the laser, optical isolation was achieved
with a polarizer combined to a quarter-wave plate. For frequency
noise measurements, the slope of a strong molecular absorption
line was used to convert frequency fluctuations into amplitude fluc-
tuations that were detected by using a thermoelectrically cooled
HgCdTe detector from VIGO (PVI-4TE-6, DC-200 MHz). The fre-
quency response of the detector is flat up to about 100 MHz. A
DC-coupled spectrum analyzer was used to analyze and acquire
the signal. More details on the ICL structure and characteristics
and on the experimental setup can be found in the supplementary
material.

In Fig. 1, the FNPSD of an ICL emitting at 4.6 ym and that
of a room-temperature DFB QCL emitting at 4.3 ym are shown
for a qualitative comparison. Apart from the different noise levels,
which strongly depend on the operating temperature and current
and, therefore, cannot be directly used to compare the two sources
without a proper theoretical model, a simple analysis of the dif-
ferent trends of the spectra also allows us to understand the main
effects contributing to the frequency noise for the two lasers. While
a strong 1/f component dominates at low Fourier frequencies, the
ICL noise spectrum shows a significant deviation from this trend in
the 10-1000 kHz range, which is typical of bipolar semiconductor
lasers. This is due to thermal effects with a cutoff at a few hundreds
kHz (red line in Fig. 1). This is strongly suppressed in QCLs due
to fast recombination processes.””*’ Both noise spectra also show a
flattening to a white noise above 1 MHz, with a strong difference
in the noise level (more than two orders of magnitude), also due
to the different Henry a-factor," which takes into account addi-
tional broadening due to relaxation-oscillation noise, and which for
QCLs is negligible. For all the acquired spectra, we checked that the
contribution from amplitude noise maintains well below the overall
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FIG. 1. The FNPSD of a DFB QCL at 4.3 um and of an ICL at 4.6 um is shown for
qualitative comparison of their different trends. The QCL is operated at 15 °C and
750 mA with an output power of ~10 mW. The ICL is operated at 38 °C and 77
mA with an output power of ~0.5 mW. The main contributions to the noise trend
are shown and discussed in the text (s.e. = spontaneous emission). The driver
contribution to the ICL FNPSD is also shown (gray trace). Inset: schematic of the
carrier generation process of an ICL.

FNPSD level at all Fourier frequencies. The measured current driver
contribution to the ICL FNPSD is also shown in Fig. 1 in order to be
sure that it does not represent, in any part of the spectrum, a limiting
factor to the ICL frequency noise analysis.

Focusing on the ICL frequency noise, an extensive analysis has
been carried out for different operating conditions of driving current
and temperature. This analysis, which is fundamental for modeling
the noise properties and inner dynamics of these devices, shows that
different operating conditions sensibly modify the ICL FNPSD level
in the low Fourier-frequency part, where technical noise dominates,
as well as in the white-noise part. For the sake of clarity, these two
interesting parts of the frequency noise spectrum have been sepa-
rated and zoomed. In Fig. 2, the low frequency part of the FNPSD is
shown in the range of 100-1000 Hz, where 1/f noise dominates. In
Fig. 2(a), the different noise curves at the same operating current, I =
77 mA, are reported for different temperatures. Figure 2(b) reports
the different noise spectra for different driving currents at the fixed
temperature, T = 16.3 °C.

The data show that the 1/f component of the noise level
increases monotonically with both current and temperature in a
similar way to what happens to intensity noise.”’ This behavior is
expected in bipolar lasers and corresponds to higher noise levels as
both carrier density and mobility increase.

A similar analysis can be done for the high-frequency part of the
frequency noise spectrum in order to study the dependence of the
white-noise level on the operating point, as shown in Fig. 3. Here,
the noise level increases with increasing temperature but behaves
oppositely with current. This behavior can be understood if we
keep in mind that the white noise level, N,,, of the FNPSD is pro-
portional to the laser intrinsic linewidth, according to the simple
formula™

v = nN,,. (1)
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FIG. 2. FNPSD vs operating conditions,
low-frequency part. The 1/f part of the
ICL FNPSD is plotted as a function of (a)
the operating temperature at a fixed cur-
rent of 77 mA and (b) the driving current
for a fixed temperature of 16.3 °C.
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FIG. 3. FNPSD vs operating condi-
tions, high-frequency part. The white-
noise part of the ICL FNPSD is plotted
as a function of (a) the operating temper-
ature at a fixed current of 77 mA and (b)
the driving current for the fixed temper-
ature of 16.3 °C. The red arrows point-
ing downward show how the laser power
grows for the different traces.
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FIG. 4. The ICL intrinsic linewidth (FWHM) is plotted as a function of the output
power. The graph shows all the different operating conditions studied in the exper-
iment. Each point of the graph is obtained as the average value (and error bars
as the rms values) of the data shown in Fig. 3 multiplied by nt. The points have
been fitted by a y = A/x function (red curve), according to the Schawlow-Townes
formula [Eq. (2)].

This, according to frequency-noise theory,” * represents the
FWHM of the purely Lorentzian power spectrum associated with the
spontaneous emission, enhanced by the Henry « factor. The general
formula, given by the modified Schawlow-Townes theory, shows
that the intrinsic linewidth is inversely proportional to the output
optical power according to

2
chvng oo
Sv = w(“_az)) 2)
4nngP

where g is the spontaneous emission factor, also called the popu-
lation inversion factor, awr and am are the total losses in the cavity
and the mirror losses, respectively, ng is the group refractive index,
and P is the output power.

The recorded noise spectra shown in Fig. 3 show this behavior,
as the noise level decreases with increasing power. By averaging each
of the curves in the white noise region, it is possible to estimate the
ICL intrinsic linewidth for the different laser power levels, according
to Eq. (1). The resulting data are shown in Fig. 4.

DISCUSSION

ICLs are expected to present similarities with respect to bipolar
semiconductor lasers due to their interband operation. Nonetheless,
their peculiar carrier generation and transport processes mark a sub-
stantial difference with other near and mid-infrared semiconductor
lasers.

As shown in Fig. 1, the similarities with the behavior of diode
lasers are clear, as well as the differences with unipolar devices such
as QCLs. The noise spectrum presents a large technical noise con-
tribution with a cutoff in the 100 kHz-1 MHz range, which can
be attributed to thermal dynamics. The strong 1/f component of
the spectrum largely depends on the operating conditions, showing

APL Photon. 5, 036101 (2020); doi: 10.1063/1.5139483
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a monotonic trend with current and temperature. The behavior is
similar to what was observed in intensity noise measurements,'” sug-
gesting a common explanation connected to internal carrier-density
fluctuations. Indeed, ICLs, being bipolar semiconductor devices, are
expected to present a number of recombination processes, radia-
tive and not radiative, in which temperature, doping, and chemical
potentials play a fundamental role. In particular, a possible hypothe-
sis involves deep-level trap mechanisms responsible for generation—
recombination noise, as those studied for quantum well lasers.”* As
is well known, 1/f noise can be attributed to many different phys-
ical mechanisms,”” each leading to a different dependence on cur-
rent. From our measurements, a linear/slightly parabolic trend is
observed for the 1/f noise level vs current.

Following the general approach reported in Ref. 33 from a
numerical integration of the FNPSD curve, we obtain a width of
~3 MHz (FWHM) over 1 s for the power spectrum of the laser.
It is important to stress the fact that this value is strongly affected
by current noise from the driver, similarly to what happens for
QCLs, where the choice of a low-noise driver is essential for a more
frequency-stable emission. Although technical noise represents, by
far, the main contribution to the laser linewidth, its dependence on
the operating conditions shows that it can be removed using proper
locking mechanisms and feedback onto the driving current. This
represents one of the next steps to fully exploit the potential of these
lasers.

Above 1 MHz, the flat noise level shows an inverse proportion-
ality relation with the optical power (Fig. 4). Here, both the mea-
sured amplitude and current noise contributions lay well below the
recorded frequency noise level so that we can confidently attribute
the measured noise to the white noise leading to the intrinsic
linewidth [Eq. (1)]. The inverse proportionality with power is in
agreement with the expected behavior according to the Schawlow-
Townes formula [Eq. (2)]. A ~10 kHz intrinsic linewidth is obtained,
which can be reached far from threshold, with a few mW of output
power.

Differently from QCLs, for which the flat noise level is orders of
magnitude lower, for ICLs, an important role is played by the Henry
enhancement factor «, which typically ranges from 2 to 5 for near-IR
quantum well lasers.”® Starting from the general equation (2), we can
give an estimation of the Henry a-factor for our ICL basing on our
experimental measurements of the ICL intrinsic linewidth. As we do
not have access to the actual internal parameters for our device, we
have to base our estimation on the few data available in the literature
for similar devices. In particular, we consider ao; ~ 10 cm ' %7 and
ng ~ 3.45.” From the length and facet reflectivity of our device (see
the supplementary material ), we calculate am ~ 2 cm™". The popula-
tion inversion factor np is generally considered between 1 and 2 for
semiconductor lasers,”*”’ and we consider here nsp = 1.5 according
to the examples in Refs. 38 and 39. Considering the fitted linewidth
of 13.8 kHz at P = 3 mW output power (Fig. 4), an a-factor of 2.1
is calculated from Eq. (2), in good agreement with the value of 2.2
recently measured for an ICL emitting at 3.39 ym."" It is interesting
to note that, thanks to the same semiconductor material combina-
tion, the values of the ICLs’ parameters are very similar to those of
QCLs emitting in the same region with only a slightly higher internal
loss parameter aor, probably due to a not yet optimized structure.

Our measured value for the ICL intrinsic linewidth can also
be compared with the only previous estimation reported in Ref. 17,
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where some frequency dynamics properties of a device emitting at
3.27 ym are measured using an interferometric technique. The val-
ues reported there are much higher (hundreds of kHz) than those
we measured, and a behavior for the intrinsic linewidth vs driving
current opposite to the expected one (linewidth increasing with cur-
rent) was also found. This may suggest a large contribution from the
driver current noise, affecting the measurements and preventing the
right estimation of the intrinsic linewidth level. The values shown
in Fig. 4 can be associated with those measured for semiconductor
quantum well lasers and VCSELSs, ' for which intrinsic linewidths in
the tens of kKHz range are reported. This similarity, together with that
connected to the 1/f noise part cited before and to the value of the
Henry a-factor, can be a starting point for modeling ICLs’ internal
dynamics. Moreover, the strong dependence of the frequency noise
on current and temperature suggests that a systematic study of other
dynamic spectral characteristics (slope efficiency, tuning rates, fre-
quency, and amplitude modulation factors) is required in order to
compose the puzzle of these peculiar laser sources.

In conclusion, we are convinced that, in the framework of
many areas of quantum technologies, and starting from the low-
noise behavior unveiled in our work, ICLs can actually qualify as
game-changing laser sources. Indeed, the unique combination of a
tailorable, quantum-by-design band structure engineering and the
high-generation efficiency could lead to squeezed, comb-emitting,
disruptive radiation sources.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details and characteriza-
tion of the ICL and for description of the measurement method and
setup.
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