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Abstract: The intensity noise of a laser source represents one of the key factors limiting the
ultimate sensitivity in laser-based systems for sensing and telecommunication. For advanced
applications based on interferometry, the availability of a shot-noise-limited local oscillator is even
more important for the effective feasibility of high-precision measurements. This is particularly
crucial in quantum optics applications based on homodyne detection schemes to measure non-
classical light states, such as squeezed states. This work deeply investigates and analyzes the
intensity noise features of the most widely used mid-infrared semiconductor heterostructured
lasers: quantum cascade and interband cascade lasers. For this purpose, a comprehensive
comparison of three different continuous-wave lasers operating at room temperature around
4.5 µm wavelength is presented. First, a thorough electro-optical characterization is given,
highlighting the differences and the shared common characteristics of the tested devices. Then,
a detailed intensity noise analysis is reported, identifying their different noise operations with
a particular reference to shot-noise-limited operations. Finally, some perspectives towards
advanced applications are discussed.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The availability of high-performance semiconductor lasers capable of generating mid-infrared
(MIR) coherent light has provided a determinant boost to the development of MIR optical
technologies, enabling a large variety of applications. Typical examples include molecular
spectroscopy and trace-gas sensing, which are pivotal for the present and future challenges in
environmental sustainability and security applications. These applications benefit from the
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linestrength of the fundamental molecular absorption lines in the MIR and would significantly
benefit from higher detection sensitivity. Scientific and technological outcomes in these
research fields impact food analysis [1,2], environmental control [3,4], medical diagnostics [5,6],
pharmaceutical analysis [7–9], and security testing [10]. Moreover, the presence of atmospheric
high-transparency windows makes the MIR very attractive also for free-space communication
applications [11–13], driving further technological developments such as IR-Radars [14] and
telecommunication systems [15–17]. Motivated by these numerous applications, the scientific
community and industry are making an intense effort towards the development of sensing
technologies being able to significantly improve relevant figures-of-merit to unprecedented levels,
including selectivity and sensitivity [18,19]. A deeper understanding of the noise characteristics
of the laser sources is at the core of such further advancements. Depending on the application,
the intensity noise of the used laser source can represent one of the key parameters defining
the achievable detection limit (sensitivity) of a sensor [20]. Using devices capable of emitting
shot-noise-limited (or even sub-shot-noise) radiation can potentially lead to the development of
imaging and spectroscopic systems with significantly improved resolution and sensitivity [21,22]
or to communication setups with suppressed bit-error rate data transmission [23]. Shot-noise-
limited operation is also crucial for high-precision interferometry [24], and can be considered as
a prerequisite for the future development of quantum-optics-based homodyne detection schemes,
where shot-noise-limited local oscillators are relevant for measuring non-classical light state
emission, e.g., squeezed states [25].

To date, the most widespread mid-infrared laser sources are Quantum Cascade Lasers (QCLs)
[26] and Interband Cascade Lasers (ICLs) [27]. Both are based on complex semiconductor-
heterostructure active regions and are capable of high-performance room-temperature pulsed or
continuous-wave (CW) operation [28,29]. They are characterized by a periodically cascading
structure, resulting in an enhancement of the emitted optical power. Importantly, if taken together,
ICLs and QCLs cover almost the entire MIR spectral range above ∼ 2.6 µm wavelength up to the
THz range [30,31]. Moreover, the range between roughly 4.0 and 6.0 µm is covered by both types
of sources. Given the importance of these two sources for the MIR region, a comparative analysis
of their intensity noise properties is of particular interest, playing a crucial role in selecting the
optimal source for specific next-generation applications. The comparison is even more relevant
due to their fundamentally different internal carrier dynamics, despite their aforementioned
similarities [31–33].

QCLs are unipolar lasers [32], where the fast laser transition (τ<1 ps) occurs between
intersubband levels in the conduction band. Due to this fast dynamics, QCLs are characterized
by relatively high threshold current densities (typically in the kA/cm2 range [34]). In return, they
benefit from a particularly narrow Schawlow-Townes linewidth of ≈ 100 Hz [35], which makes
them appealing for high-resolution spectroscopy and frequency metrology applications [36–38].
Additionally, they can be modulated at GHz frequencies [39,40], a key feature for free-space
communication applications. In the last decade, comb emission from broadband multimodal
QCLs [41] ("QCL-combs") was demonstrated [42], based on the third-order nonlinearity of
their active medium [43,44]. The consequential development of tailored QCL-combs has
revolutionized the research field of MIR precision measurements, providing controllable direct
frequency comb emitters at these wavelengths [45–52]. They could be successfully exploited for
dual-comb spectroscopy [53] and free-space optical communication [17].

ICLs are bipolar devices and, similar to standard diode lasers, their lasing process is based on
interband transitions between the conduction and valence band. Therefore, these devices have
been typically associated with a much longer upper carrier-level lifetime (≈ 1 ns) than QCLs
[54]. However, the possibility of faster gain dynamics was recently investigated for ICLs too. In
this sense, a pump-probe experiment performed on a 3.3 µm ICL demonstrated that 60-70 % of
its dynamic behavior is characterized by a rapid recovery time of 2 ps [55]. In general, ICLs can
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operate at a much lower bias current density (typically ≪ kA/cm2 [56,57]) as compared to QCLs
[34]. This is a significant advantage in energy consumption and heat dissipation. These features
are especially relevant in compact outdoor in-field and remote applications where the supplied
energy resources are strongly limited compared to in-lab applications. The nature of their
interband transition hampers ICLs from operating in the long-wavelength infrared range (current
wavelength limit ≃ 13 µm [58]). In return, they can be easily designed to operate in the 3-4 µm
range, where QCLs show limited performance. This makes ICLs highly suitable for particular
spectroscopic/sensing applications, e.g., measurements of the C-H fundamental band falling in
this spectral range [59,60], and for free-space communication in the 3-4 µm-transparency-window
of the atmosphere [61,62]. Similar to QCLs, ICLs can work both in pulsed and CW operation
[63,64]. However, the emitted optical power is typically lower due to a lower number of active
region stages (typically 3–10 periods) than in QCLs (typically tens of periods). Despite the lower
number of periods, CW ICLs with 10-stages active medium were demonstrated to emit up to
500 mW of output power at room temperature [31], at the cost of a higher threshold current
comparable to low-dissipation QCLs [65]. Recently, the possibility of comb emission with ICLs
was demonstrated. As in the case of QCLs, the comb emission is enabled by the third-order
nonlinearity of their active medium [31]. This discovery opens the doors to ICLs’ exploitation as
sources for advanced precision and metrological applications [66].

Triggered by potential applications in metrology, the frequency noise characteristics of both
QCLs and ICLs have been investigated in several works [67–69]. In contrast, at present, only
a few studies focus on the investigation of their intensity noise features [70–72]. According to
the measurements reported in literature, the frequency noise power spectral density of QCLs
is characterized by a 1/f trend at low frequencies (typically below a few MHz), due to electron
tunneling dynamics through the multi-barrier structure [68,73,74], which might also affect the
intensity noise properties of the devices [72,75]. Indeed, while from a theoretical perspective, the
relative intensity noise (RIN) is predicted to be almost flat up to 1 GHz for low to moderate laser
output power (0.1-100 mW, approximately) [71], a higher noise level up to a Fourier frequency
of 20 MHz has been detected in the experimental related work [72] and linked to main possible
factors such as driving source noise and the anomalously high-frequency noise of QCLs in
combination with the alpha parameter [73]. Instead in ICLs, a 1/f 2 trend at low frequencies
(approximately within the range 5 kHz - 20 kHz) has been observed at low temperatures [76].

In this work, we thoroughly analyze and compare the Intensity Noise Power Spectral Density
(INPSD) of three CW-emitting devices with similar emission wavelengths of around 4.5 µm at
room temperature: a commercial Distributed-Feedback (DFB) QCL characterized by a particularly
low threshold current, a custom-made Fabry-Perot (FP) QCL with multiple (single-mode and
comb) operating regimes, and a commercial DFB ICL. The lasers are first compared in terms
of their main features, light-current-voltage (LIV) characteristics, and emission spectra. Their
INPSD is then characterized via a custom-designed high-bandwidth MIR balanced detector
[25]: the acquired signals enable the study of the intensity noise of the collected radiation in a
broad Fourier frequency range (1-100 MHz) while simultaneously monitoring the corresponding
shot-noise level and, finally, highlighting shot-noise-limited operation regimes. This study
opens the doors to practical applications of MIR shot-noise-limited local oscillators in balanced
homodyne detectors [25] and other interferometric measurement techniques, where the light
source noise is determinant for the ultimate precision limit [20,24,77].

2. Methods and discussion

2.1. Main features of the lasers

The three devices analyzed in this work are representatives of the main typologies of current
state-of-the-art MIR lasers: two single-mode devices (the DFB QCL and the DFB ICL) and a
comb-emitting laser (the FP QCL).
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The DFB ICL is a typical ICL designed for spectroscopy and sensing applications. It is
characterized by low power consumption and a wide tuning range, making it particularly suitable
in all applications requiring low energy consumption, like outdoor in-field sensing.

The DFB QCL is the most commonly used type of MIR laser in current laboratory setups and
commercial sensing applications. The selected device belongs to the latest generation of QCLs,
and it is provided with some appealing features like the butterfly mount and the engaging low
threshold current. It can be considered a very good compromise between energy consumption
and optical emission power, with the additional advantage of mode-hop-free tuning in the tested
bias current range.

Finally, the FP QCL is a widely tunable and versatile device, whose most compelling feature
is represented by the different emission regimes (single mode, bi-lobed comb, harmonic comb,

Fig. 1. LIV curves of (a) the FP QCL, (c) the DFB QCL, and (e) the DFB ICL, and the
corresponding emission spectra (b),(d),(f) measured at a fixed temperature of 20 ◦C. The
emission spectra (b), (d), (f) are acquired via an optical spectrum analyzer (OSA - FTIR,
Bristol) for several values of the laser bias current I, with the values reported in the legend.
Each emission spectrum is normalized to its maximum peak intensity.
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and dense comb), which can be accessed by simply tuning the driving current while keeping the
other parameters constant. This makes such devices suitable for a variety of scenarios, including
challenging sensing applications, metrology, dual-comb sensing, free-space data communication,
and many more. In order to select the proper operating conditions for the intensity noise analysis,
the key properties of the three devices, including the LIV (Light-Current-Voltage) curves and
their emission spectra (Fig. 1) have been first characterized above the threshold, which is the
region of interest for their intensity noise characterization. The characterization described in
this work is performed at room temperature (20 ◦C), except when explicitly mentioned. The
structural details of these devices are reported in Appendix Section A.

The first characterized device is the FP QCL, from ETH Zürich, which is particularly interesting
for its versatile modes of operation. By varying its operating conditions (e.g., driving current), it
is possible to switch its emission regimes, as described below. The LIV curve of the device is
shown in Fig. 1(a): the laser threshold is around 450 mA when operated at room temperature
(20 ◦C), and it reaches a CW optical emission power of 35 mW before its rollover at ∼ 650 mA.
The spectral analysis in Fig. 1(b) shows the different operating regimes of this device. At the
laser threshold, it operates in a single-mode regime with a wavelength slightly below 4.47 µm. It
remains single mode up to ∼ 510 mA, where the emission becomes bicolor, characterized by two
peaks centred at 4.473 µm and 4.485 µm, respectively. Between 520 mA and 530 mA, we can
notice a harmonic comb emission, i.e., an emission regime characterized by a low number of
correlated modes [75,78]. For higher currents, the device operates as a standard dense QCL comb.
The device wallplug efficiency reaches a maximum of 0.3 % when operated in single-mode.
This QCL was electrically supplied via a modular current driver and controller from ppqSense
s.r.l (QubeCL10), which is optimized for ultra-low-noise operation with a nominal current noise
density of 300 pA/

√
Hz.

The second tested device is the DFB QCL, from Hamamatsu Photonics, which has a particularly
short waveguide (only 2 mm-long vs 4.5 mm of the previously discussed FP QCL as reported
in Appendix Section A, enabling a low threshold current operation (∼ 110 mA). Compared to
the tested FP QCL, this device also shows a higher quantum efficiency, i.e., the efficiency in
transforming the injected electrons into emitted photons. The DFB QCL’s LIV curve is shown in
Fig. 1(c). The laser achieves a CW optical output power well beyond 100 mW for a bias current
of 170 mA, reaching a maximum wallplug efficiency of 10%, which is the highest among the
tested devices. Another peculiarity of the laser is its butterfly mount, which makes the device
particularly easy to handle. Due to current constraints and butterfly mount, this device was
driven with a customized QubeDL made by ppqSense s.r.l, characterized by a nominal current
density noise of 500 pA/

√
Hz. In our experiment, the laser was directly integrated into one of

the modules of the current driver to minimize parasitic effects and interference from external
electromagnetic noise sources. As shown in Fig. 1(d), the laser operates at a wavelength around
4.57 µm and in a single-mode emission in the whole tested current range.

The third device is a ridge DFB ICL produced by nanoplus, driven via the same ultra-low-noise
driver as the previously discussed FP QCL. Compared to the QCLs described above, this device
has a lower number of active stages (6 vs. 25 in the case of the DFB QCL), as described in detail
in Appendix Section A. This feature, together with the smaller device dimensions (waveguide’s
length of only 0.9 mm), results in a lower optical emission power with a maximum value of
2.9 mW at 20 ◦C temperature and 90 mA driving current (see Fig. 1(e)). As expected, the ICL
is characterized by a significantly lower energy consumption than the QCLs, with a threshold
bias current of ∼ 33 mA. The wallplug efficiency of the devices is of the order of 0.8 %, when
operated well above threshold (above 50 mA). The ICL emission spectra at room temperature
are depicted in Fig. 1(f) for different values of the bias current (I). Close to threshold, the laser
emits in single mode at a wavelength around 4.44 µm. For 40 mA<I<50 mA, the ICL emits in



Research Article Vol. 33, No. 17 / 25 Aug 2025 / Optics Express 35625

a bicolor regime, with the modes centered at 4.44 µm and 4.525 µm, respectively. The laser
alternates single mode and bicolor operation mode for higher currents, as shown in the figure.

Finally, as compared to the flat part of the spectrum away from the peaks using the same
procedure described in [66], the SMSR (Side Mode Suppression Ratio) of these devices when
operated in single mode reaches values up to 30 dB for the FP QCL, 26 dB for the DFB QCL,
and 27 dB for the DFB ICL.

In the following intensity noise analysis, all the devices have been operated in their single-mode
emission ranges to compare them under similar operating conditions.

2.2. Intensity noise analysis

As widely discussed in the introduction, a thorough comparison of the intensity noise behavior
of these devices is particularly interesting in identifying the most suitable source for each specific
application. In particular, the search for laser sources characterized by shot-noise-limited or even
sub-shot-noise emission is of great interest for the emerging technological era of ultra-precision
and quantum measurements based on non-classical emission states [20].

Measuring intensity noise down to the shot-noise level in the MIR range is a nontrivial task.
First, it requires high-bandwidth detectors because the emission is usually dominated by 1/f or
technical noise at low Fourier frequencies. Second, the dark noise (including electronic and
background thermal noise contributions) has to lie sufficiently below the shot-noise level to be
able to measure it properly. The measurements presented in this work are performed with a
homemade balanced detector (Fig. 2). This system has been designed and developed to fill the
existing technological gap in the MIR [25]. Based on a differential measurement at the output of
two equal MCT photovoltaic detectors (D1 and D2), its main advantage is a sufficiently large
dynamical range to allow the suppression of common-mode noise in the two arms of a 50/50
beam splitter (BS) down to the corresponding shot-noise level. Moreover, the detection system
(photodectors+oscilloscope) can rely on fast response, having an overall effective detection
bandwidth of 120 MHz [25]. The developed balanced detection system is here applied to measure
the intensity noise of a MIR source working in the 4–5- µm spectral range while monitoring the
corresponding shot-noise level. To accomplish this task, the light under investigation is equally
split into two beams through a 50/50 BS. To avoid feedback from the optical elements into the
laser source, an isolator with an isolation level of 33 dB is placed before the BS. The two beams
are, then, simultaneously collected using two equal fast MCT photovoltaic detectors (VIGO
PVI-4TE-5-2x2, nominal bandwidth 180 MHz) and synchronously read out in the time domain
via a 200-MHz-bandwidth oscilloscope (MSO64, Tektronix).

In the performed experiment, each acquisition, lasting 1 ms, consists of synchronously recording
the output signals of the two MCT detectors via an oscilloscope. For each pair of acquired signals,
the Fast Fourier Transform (FFT) of their sum and difference are then computed via a Python
script, from which the corresponding INPSDs are obtained. The measurements are performed in
the linear-responsivity regime of the detectors, avoiding any saturation. The detector responsivity,
in the linear regime, is 1.48A/W at 4.5 µm, leading to a quantum efficiency of up to 40% [25].
The saturation intensity of each detector at 4.5 µm is ≃ 1 mW. Therefore, the incident power
on the BS does not have to exceed ≃2 mW, leading to a maximum achievable clearance (ratio
between the shot-noise level and the background noise) of 9 dB [25]. Due to the saturation
limit, when using laser sources as powerful as the QCLs presented in this work, their radiation
impinging onto the BS needs to be attenuated accordingly. A comprehensive characterization of
the detection system (saturation level, shot-noise calibration, clearance, etc.) can be found in Ref.
[25], where its suitability for shot-noise-limited measurements was proved.

In Fig. 3, the intensity noise analysis of the three devices is resumed. Referring to the noise
analysis, the INPSD of the sum (green traces in Fig. 3(a), (c), and (e)) gives information regarding
the intensity noise of the collected radiation, while the INPSD of the difference (blue traces in the
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Fig. 2. Sketch of the balanced detection setup used to characterize the laser sources. M1
and M2 are two gold mirrors used for the optical alignment of the laser beam. 50/50 BS is a
50/50 beam splitter, and D1 and D2 are the two photovoltaic detectors. The photocurrents
generated by D1 and D2 (mean value and amplified noise) are acquired in the time domain
via an oscilloscope. The FFT of the sum and difference of the AC signals is then computed;
subsequently, the INPSD of these signals is retrieved.

figures) represents the corresponding measured shot-noise level. In Fig. 3, the expected shot-noise
level is also shown (black dashed lines) for all the three cases, calculated as PSDSN = 2e (I1 + I2),
where (I1 +I2) is the sum of the mean values of the currents measured at the two detectors’
outputs and e is the electron charge. It is worth remarking that, in the linear resposivity regime,
the generated photocurrent (I1 +I2) is directly proportional to the power of the radiation collected
via the balanced [25]. The INPSD traces are also compared to the background noise (grey traces),
which takes into account both the detector noise and the environmental thermal noise of the
laboratory. Indeed, these traces are obtained by having the detector’s switch on and measuring
the detector’s electronic background noise plus the room’s thermal background noise while
the laser is off. Finally, the measured INPSDs are also compared to the sum of the expected
shot-noise level and the background noise (red traces). As expected, the INPSD of the difference
(e.g., the measured shot-noise level) overlaps with the red traces for all three lasers.

Concerning the comparison of the three lasers, some important results can be extrapolated
from the graphs. It is worth noticing that the level of applied attenuation is a critical parameter
in this kind of measurement. Indeed, attenuation alters, as a side effect, the statistics of the
tested light towards a Poisson distribution. Consequently, an excess of attenuation could lead to a
shot-noise-limited detection despite a laser emission with a noise level higher than the shot noise.
In the case of the ICL, no attenuation was needed due to its low output power at the net of the
isolator transmittance (70%). Instead, in the case of the two QCLs, an attenuation was required
to avoid detector saturation. Regarding the two QCLs, we decided to test the two devices in the
same operation condition, i.e., reasonably above threshold and at relatively low power to limit
the attenuation needed. The selected working conditions are I = 490 mA for the FP QCL and
I = 120 mA for the DFB QCL, which correspond to a factor of 10% above the laser threshold Ith
(i.e., (I − Ith)/Ith ≃ 0.10). The attenuation level is 87 % in the case of the DFB QCL and 82 % in
the case of the FP QCL. As depicted in Fig. 3(a), the FP QCL shows a residual 1/f 1/3 trend in its
intensity noise (INPSD of the sum, Fig. 3(a)). As a result, the INPSD of the sum lays well above
the corresponding shot-noise level for the entire tested Fourier frequency range of 1–100 MHz.
This residual excess noise decays smoother than the typical 1/f trend shown by such devices in
their frequency noise trend [68,74,79]. This excess of noise, which deviates the measured INPSD
from the flat white noise trend, is compatible with the results found in [72], where the presence
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of higher noise at low Fourier frequencies has been linked to the following factors’ combination:
driving source noise and anomalously-high frequency noise of QCLs in combination with the
alpha parameter.

For the DFB QCL, a different current driver (customized QubeDL) had to be used, as already
introduced in the previous section. In this case, an excess of noise on the measured intensity noise
in the low Fourier-frequency range is present, as clearly visible in Fig. 3(c) (sum signal, green
trace). The steep decay of this excess noise follows a 1/f 4 trend (dashed orange line in Fig. 3(c)).
Here, the use of a different driver as described in Sec. 2, motivated by the different laser mount
(butterfly), together with the higher laser wallplug efficiency, may have played a significant effect

Fig. 3. INPSDs of the (a) FP QCL, (c) DFB QCL and (e) DFB ICL operated at a fixed
temperature of 20 ◦C and at a bias current of 490 mA, 120 mA, and 60 mA, respectively.
The INPSDs of the sum (green traces) and the difference (blue traces) are compared to the
expected shot-noise level (black dashed lines), to the INPSD of the sum of the background
noise (grey traces), and to the sum of these two latter quantities (i.e., background + shot
noise, red traces). In graphs (a) and (c) the 1/f 1/3 and 1/f 4 trend are plotted as orange
dashed lines. In graphs (b), (d), (f) the RIN of (b) the FP QCL, (d) the DFB QCL, and (f) the
DFB ICL are reported for several values of the bias current, as reported in the legends. The
RIN analysis is done at a fixed temperature of 20 ◦C.
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at low Fourier frequencies. Nevertheless, above 10 MHz this excess noise becomes negligible,
allowing a genuine analysis of the laser intensity noise. For this QCL, the comparison between
the sum and the difference signals (green and blue traces in Fig. 3(c), respectively) clearly shows
that the measured intensity noise lies above the shot-noise level for the whole portion of the
analyzed frequency range. Therefore, an analogous conclusion as the one provided for the FP
QCL can be drawn also for the tested DFB QCL.

The DFB ICL is the device with the best performance in terms of low-intensity noise.
Figure 3(e) shows the INPSD traces of the ICL, operated in a single-mode emission regime. Its
measured intensity noise is quite flat for the investigated Fourier-frequency range and tends to the
white-noise behavior expected by a perfect coherent source, i.e., dominated by Poisson statistics
[80]. In particular, the measured ICL radiation intensity noise flattens to the shot-noise level for
Fourier frequencies above ∼ 10 MHz.

To complete the noise description, visible spurious peaks appear in the INPDs of the DFB
QCL (Fig. 3(c)) and the ICL (Fig. 3(e)), above 20 MHz and around 3 MHz, respectively. They
can be attributed to technical noise, associated with resonances in the mass loop of the supply
chain (i.e., voltage supply of the QubeCL, and the QubeCL itself). Furthermore, the ICL INPSD
of the sum shows additional peaks at around 100 MHz due to pick-up noise from transmitted FM
radio signals. Nevertheless, the presence of these sharp peaks does not affect the measurement of
the overall intensity noise trend.

As an additional analysis, in Fig. 4, the INPSD of the DFB QCL is shown when operated
at a higher current (130 mA). Here, a higher attenuation level (96%) was required to avoid
saturation of the detectors. It is interesting to note that, in this case, a shot-noise-limited radiation
is achieved by considerably attenuating the laser emission. Indeed, the measured intensity noise
(INPSD of the sum) is shot-noise-limited in the whole frequency range above 10 MHz. This
outcome, together with the shot-noise-limited results found for the DFB ICL, establishes the
exploitability of both ICLs and QCLs to deliver shot-noise-limited radiation in the MIR range.
Thus, this confirms their potential applicability in different practical scenarios contingent upon
the laser source availability and desired wavelength specifications. To complete the intensity
noise analysis of the three devices, we also studied their Relative Intensity Noise (RIN) at different
bias current values. The RIN is defined, in our case, as the INPSD of the sum normalized to
the square of the total measured photo-current (I1 + I2)

2 following the same procedure used in
Ref. [75]. Therefore, the RIN computation, being a relative quantity, allows us to compare the
laser intensity noise trends regardless of their emitted power or attenuation level. The results are
reported in Fig. 3 (plots on the right column). Regarding the FP QCL, we have selected the bias
current range where it operates in the single mode (up to 500 mA, Fig. 1(b)) and the bi-color (at
510 mA) regime. The RIN is higher when the laser is close to its threshold (pink curve, Fig. 3(b)).
It starts to decrease with increasing current, reaching the lowest level for the tested currents
of 510 mA. As expected, the RIN of the DFB QCL also exhibits a decreasing behaviour with
increasing driving current (Fig. 3(d)). Similarly to the reported INPSDs of the sum, each single
RIN trace follows a steep decreasing trend, reaching almost a white-noise plateau for frequencies
above 10 MHz. It is worth noting that the measured RIN levels are compatible with the values
estimated by theoretical prediction [71]. In detail, a free-running QCL emitting 10–20 mW
is expected to have a RIN of approximately −(150 − 160) dB/Hz [71]. Compared to existing
literature, in particular the previous experimental work [72], our results show, for the first time,
a good agreement with the expected theoretical behavior for both the QCLs, thus proving the
theoretical model.

Finally, the RIN values of the DFB ICL operated at 20 ◦C and different current values are
reported in Fig. 3(f). These RIN traces correspond to the modal-jump behavior affecting the laser
emission shown in Fig. 1(e). The expected decreasing trend of the RIN for increasing driving
current is broken in two cases due to an unstable regime connected with the bimodal emission. In
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Fig. 4. INPSD analysis performed for the DFB QCL operated at 130 mA and room
temperature. The INPSD of the sum (green trace) and INPSD of the difference (blue trace)
are compared to the expected shot-noise level (black dashed line), to the INPSD of the
sum of the background noise (grey trace), and to the sum of these two latter quantities (i.e.,
detector background + shot noise, red trace).

particular, the graph shows a rise of the RIN by moving from the laser threshold (I = 40 mA) to
50 mA, where a first mode jump occurs. In the case of I = 50 mA, a frequency cutoff at around
4 MHz is present. This cutoff is well below the one due to the detector bandwidth, and it is most
probably due to the saturation effect driven by the high noise regime connected to the presence of
unstable bimodal emission. An excess of noise is also present by moving the ICL current from
60 mA to 70 mA, corresponding to a second mode jump. In support of this hypothesis, unstable
bimodal or few-mode emission regimes have already been connected to excess intensity noise, as
shown in Refs. [75,81].

As evidence of the fact that this high noise regime is connected to the presence of the two-mode
emission, and to complete the noise analysis for the ICL, Fig. 5 shows the ICL RIN measurements
at a higher temperature (30 ◦C). As shown in Fig. 5(a), the laser emission remains single-mode
for the entire tested range, even though a modal jump is present when the bias current is increased
from 50 mA to 55 mA. The corresponding RIN curves are reported in Fig. 5(b). Apart from
the modal jump between 50 mA and 55 mA, the RIN shows the expected clear monotonous
decreasing trend with the bias current.

Fig. 5. (a) Optical emission spectra and (b) RIN spectra of the ridge ICL performed at
30 ◦C for several values of bias current. In this regime, the laser emission is always in a
single mode.
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In addition, depending on the bias current, the measured ICL RIN levels reach values below
-150 dB/Hz, e.g., at room temperature for bias currents of 60 mA, 80 mA and 90 mA (see Fig. 3(f))
or for currents above 70 mA in the case of higher temperature (Fig. 5(b)). These results are
compatible with those reported in literature for a ring ICL [66]. Moreover, the DFB ICL tested in
this work shows better performance with respect to previous works [61,82], where RIN levels of
-110 dB/Hz and -130 dB/Hz were reported, respectively.

3. Conclusion

In this work, a thorough analysis of the intensity noise of the most popular MIR sources, ICLs and
QCLs, is reported. Three devices have been investigated as representatives of the main typologies
of state-of-the-art devices, namely a DFB ICL working in single-mode and bi-modal emission
regimes, a single-mode DFB QCL, and an FP QCL working in both single-mode and comb
regime, all operating at room temperature and characterized by the same emission wavelength
of 4.5 µm. Thanks to a custom-made MIR balanced detector with a 120-MHz bandwidth, the
intensity noise features of the three devices have been analyzed over a wide Fourier frequency
range, allowing us to identify the different noise contributions and unveiling, for the first time,
their shot-noise-limited operation. In particular, we show that the measured ICL radiation INPSD
lies close to the shot-noise level in the whole tested frequency range and substantially achieves
the shot-noise for high Fourier frequencies. A higher noise level characterizes the radiation of
the two QCLs, which have been operated at comparable working conditions in terms of relative
distance from the threshold and output power. For these devices, the measured INPSDs of
the sum remain above the corresponding shot-noise level for the entire tested frequency range,
thus marking a difference with respect to the interband device. Nonetheless, we demonstrate
the possibility of retrieving shot-noise-limited radiation starting from the emission of the DFB
QCL when operated far from threshold at the cost of a sufficiently large attenuation. Finally,
a comprehensive RIN analysis was performed on all the tested devices. When the lasers are
operated in single-mode regime, the RIN curves exhibit the expected decreasing trend with
increasing laser bias current. This behavior is not always observed when the laser operates in
multimodal emission regimes. It is worth mentioning that further improvement of the developed
detection setup might come from the engineering of ad-hoc MIR detectors with higher bandwidth
(up to a few GHz), higher responsivity, and a higher saturation level. Indeed, commercial fast
detectors (e.g., MCT detectors) with higher bandwidth typically have small detection areas,
which results in a limited dynamical range and early-stage saturation level.

The results demonstrated in this work, showing the availability of MIR shot-noise-limited
radiation from ICLs and, under certain conditions, from QCLs, pave the way to improvements in
the measurement sensitivity whenever the intensity noise of the source represents the limiting
factor, such as in trace-gas sensing. Indeed, in these types of applications, the noise coming
from the excitation source plays a crucial role in the final detection sensitivity (in terms of
detectable noise equivalent concentration). In this sense, counting on shot-noise-limited radiation
could determine a potential breakthrough, paving the way for unprecedented sensitivity levels.
Moreover, the availability of shot-noise-limited emitters can also allow the measurement, for
the first time, of quantum correlations, that are expected in MIR cascade lasers due to the
presence of FWM [75]. In this context, the experimental results shown here for the first time can
provide useful insights for the development of new-generation MIR emitters capable of achieving
low-noise performance undisclosed so far.

A. Devices’ structure

Structural details of the FP QCL. The FP QCL has been fabricated at ETH Zürich. The laser
is mounted epitaxial layer down (EP-down), placed on a copper mound, and wire-bonded to an
SMA connector. The active medium was grown via molecular-beam epitaxy and comprises two
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gain stages composed of alternate layers of In0.684Ga0.316As/In0.335Al0.665As, resulting in 2 gain
stages (one centered at 4.6 µm, the other one at 4.3 µm). The active region (AR1+AR2) has a
total thickness of 2.1385 µm, with 17 periods in AR1 and 18 in AR2. The laser waveguide is
4.5 mm long and has one high-reflectivity (HR) coated facet (reflection of approximately 100%),
while the other facet is uncoated and therefore characterized by a residual reflection of 27%.

Structural details of the DFB QCL. The DFB QCL is a commercial device from Hamamatsu
with a built-in DFB grating for single-mode emission, which is mounted on a butterfly housing. It
is based on an InGaAs/InAlAs active medium with 25 stages and grown on an InP substrate. The
active core is 1.325 µm thick, and the laser waveguide is fabricated in an InP-based planar buried
heterostructure geometry with a length of 2 mm. Its uncoated outcoupling facet is characterized
by a reflectivity of around 30 %, while the back facet has an HR coating, reaching a reflectivity
of above 98%.

Structural details of the DFB ICL. The ridge DFB ICL is produced by nanoplus. The laser is
installed in the TO66 commercial package. The package is a 9-pin package with integrated NTC
and TEC; further details can be found in the related datasheet. This device has a cavity length of
900 µm with a ridge width of 7.35 µm and a 6-stage active medium enclosed by 400 nm-thick
GaSb separate confinement layers and InAs/AlSb superlattice cladding layers, which have a
thickness of 3.5 and 2.0 µm, respectively. A W-quantum well sequence is chosen to achieve a
centre gain wavelength of 4.5 µm (2.50 nm AlSb /2.22 nm InAs /2.50 nm In0.35Ga0.65Sb/1.83 nm
InAs/1.0 nm AlSb). The laser has 100% coating in the back facet, and the front facet is cleaved
with a 30% reflectivity.
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