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Abstract: Quantum cascade lasers (QCLs) are semiconductor-heterostructure devices known
for their emission in the mid-infrared and THz spectral regions. Due to their operating regime,
their intrinsic linewidth is significantly narrower compared to bipolar semiconductor lasers.
Here, we demonstrate that by implementing an external-cavity (EC) configuration based on a
commercial diffraction grating, we have successfully induced a Fabry-Pérot QCL to emit on a
single mode with a broadly-tunable wavelength in the range 4.29—4.44 um. This very simple
setup enhances the laser performance in terms of threshold current and emitted power. A detailed
noise analysis has been carried out, which demonstrates that the EC configuration positively
impacts the laser operation. In particular, the intrinsic linewidth is substantially reduced (by a
factor of ~5), the full linewidth is also decreased (depending on the integration timescale), and
the relative intensity noise is slightly reduced. These characteristics, which hold within the whole
tuning range, make the EC-QCL a good candidate for spectroscopy applications where broad
tunability and narrow linewidth are highly demanded.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Quantum cascade lasers (QCLs) are semiconductor-heterostructure-based devices emitting
mid-infrared and THz radiation [1,2] and are well-known for their narrow intrinsic linewidth
[3]. This appealing characteristic, which is correlated to a high coherence, is primarily due to
the unipolar nature of the device relying on intersubband operation. The fact that the lasing
transition is not based on electron-hole recombination, reduces carrier density fluctuations and
the linewidth-enhancement factor, also known as alpha-factor [3-5], suppressing the conversion
of intensity noise to frequency noise. Regarding the full linewidth, even simple Fabry-Pérot
(FP) waveguide QCLs have a narrow linewidth (of the order of 1 MHz [6]) with respect to
diode lasers (in the 10-100-MHz range [7,8]). Owing to their emission frequency, lying in the
mid-infrared (MIR) and THz spectral regions, QCLs have been extensively and successfully used
for various spectroscopic applications [9-22], where broad tunability has been obtained, among
other methods through coupling of the QCL to an external cavity [23-33].

In this work, we report about the frequency and intensity noise characterization of a homemade
external-cavity (EC) quantum cascade laser, made of a FP QCL with a diffraction grating in
Littrow configuration. This simple and cost-efficient tabletop setup allows us to turn a multimode
QCL into a broadly-tunable, single-mode laser, with enhanced performance in terms of emitted
power, frequency and intensity stability. Previous works demonstrated that the presence of
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optical feedback does not degrade the performance of MIR and THz QCLs in terms of mode
hopping and intensity noise [34,35]. Similar methodologies were used in Ref. [36,37] to
investigate the evolution of frequency noise, full and intrinsic linewidth of MIR QCLs under
optical feedback from a partial reflector or a flat mirror with different coupling strengths. In this
work, a peculiar type of EC is used, with a fixed coupling strength and a feedback selective in
wavelength. Our characterization focuses in particular on evaluating the EC effect within the
whole laser tuning range. For this purpose, the frequency-noise analysis has been performed by
employing an unbalanced interferometer as frequency-to-amplitude converter. This setup was
specifically adopted due to its intrinsic broadband operation capability as opposed to e.g. using
molecular absorption lines [38]. Regarding the relative intensity noise (RIN) characterization,
a classical direct detection setup employing a fast mid-infrared detector is used [39,40]. This
type of characterization is particularly worthwhile in view of using the laser source under test for
spectroscopy and sensing applications, often requiring both tunable and stable emitters.

2. Methods and discussion

Broad tuning of QCLs can be obtained in a variety of configurations, all of which basically
rely on the injection of optical feedback in the waveguide by means of an external cavity [41].
In case of a QCL with two emitting facets, the most simple and effective way to obtain an EC
laser is through the back-extraction Littrow setup, consisting of a diffraction grating placed in
front of the back-emitting facet, feeding back into the laser the —1 diffraction order. This is the
configuration adopted in our work (see Fig. 1(a)), using a commercial diffraction grating from
Thorlabs (model GR1325-30035). The grating has an efficiency of 23% at a wavelength of 4.36
um for the vertical polarization, the laser beam is collimated at the back extraction facet and
the length of the external cavity is 9.0 cm. No external attenuator is placed within the EC. We
remark here that the external cavity length is much shorter than the coherence length of the QCL
emission, since for a laser full linewidth of ~ 1 MHz it exceeds 100 m. Therefore, the provided
feedback is coherent with the intrawaveguide field. The amount of feedback back-coupled to the
laser facet (limited by the mode matching) is estimated to be ~ 85%. The QCL is a standard
FP ridge-waveguide device with two emitting cleaved facets (with no coating). The waveguide
length is 4.2 mm. This value has been obtained by measuring the intermodal beat note when the
QCL was operated as frequency comb [42—44] and using the refractive index provided by the
device manufacturer. Additional details of the QCL are given in section A of Supplement 1. The
laser was operated using a low-noise current driver, a QubeCL by ppgSense, which includes its
own temperature controller [45]. When no optical feedback is present, the lasing threshold is at
a bias current of 400 mA at a temperature of -8°C. The laser emits on a single mode centered
at 4.36 um from threshold up to 440 mA. Above 440 mA of driving current the emission turns
multimode (details of the LIV curves and optical spectra are in section B of Supplement 1). The
optical feedback induced by the grating has several effects, the most evident being an increase
in the power emitted from the front facet, increasing by a factor 2.3 in the best condition (see
Fig. 1(b)). A further effect is a reduction of the threshold current, from 400 mA without feedback
to 360 mA with the EC. The feedback provided by the grating forces the laser to emit in single
mode at any operating point of the LIV curve. The whole characterization was performed with
a constant bias current of 430 mA and a constant temperature of -8°C. In this condition, the
tuning range of the EC-QCL, obtained by rotating the grating, is 153.6 nm, or equivalently 80.6
cm™!. This tuning range is significantly broader than the spectral coverage corresponding to the
multimodal operation of the free-running QCL (see Fig. S2(a) in section B of Supplement 1).
With the EC, the emitted power spans from 15.5 mW at the edges to 31.5 mW at the center of the
tuning range. The power emitted in the EC configuration is always higher than the power emitted
by the free-running laser, see Fig. 1(b).
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Fig. 1. (a) Experimental setup for measuring the frequency noise of the EC-QCL. The
laser output beam is sent to an unbalanced Mach-Zehnder interferometer. The interference
between the two time-shifted beams coming from the two unequal arms results in intensity
fluctuations acquired via the real-time spectrum analyzer (SA). These are converted into
frequency noise power spectral density (FNPSD) via the conversion factor found by means
of the oscilloscope. By blocking one arm, the intensity noise can be measured. This is done
for all the modes depicted in Fig. 1(b), whose spectrum is monitored via an optical spectrum
analyzer (OSA). The system is operated in air. BS: beam splitter, DC: detector DC signal,
AC: detector AC signal. (b) Optical spectra of the laser operated at a bias current of 430
mA in free-running (blue trace) and EC configuration (other traces). Each peak actually
represents the power of the respective mode. The blue trace represents the free-running
laser emission, centered at approximately 4.36 um and with a power of 13.46 mW. When
the grating vertical angle is optimized for the central mode, the power reaches 31.5 mW.
The vertical control of the grating has been finely tuned before each measurement in order
to optimize the feedback phase (EC length) seeking for the highest power emitted by the
laser. By adjusting the grating horizontal tilt angle, the laser emission wavelength is tuned
accordingly. With a careful optimization of the vertical angle, a broad tuning range of the
emission is obtained, covering 80.6 em™!, with a modal power ranging from 15.5 to 31.5
mW, as represented by the peaks in this figure. At wavelengths shorter than 4.35 um, strong
CO, absorption lines are present. The lines are spaced by ~ 50 GHz and their FWHM is
~ 5 GHz. For the characterization, the emission was tuned avoiding the single absorption
lines, where air transmittance over a sample path of 1 m is >0.7.

2.1. Measurement procedure and data analysis

One of the main aims of the characterization performed in this work is to investigate how the
external cavity impacts the laser noise. Initially, we focus on frequency noise, which can be
measured with several methods based on absorption spectroscopy, homodyne or heterodyne
detection [21,46]. We choose to use an unbalanced Mach-Zehnder interferometer as a frequency-
to-intensity converter. The Mach-Zehnder configuration was preferred to the Michelson one due
to the drastically reduced amount of unwanted feedback sent back to the laser. The scheme is
depicted in Fig. 1(a). We scan the laser frequency by modulating the bias current and measure
the typical sinusoidal interference fringes at the output of the interferometer with a dedicated
detector. The fringes are then used to perform the intensity-to-frequency reconversion of the
measured noise. The peak-to-peak voltage of the fringes, V,p, multiplied by « - 7, with 7
being the time delay between the two arms of the interferometer, gives the conversion factor
nTVpp from frequency to intensity fluctuations. A more comprehensive computation of the
frequency-to-intensity conversion factor is given in section C of Supplement 1. This conversion
factor is used to transform the intensity noise spectra acquired with a real-time spectrum analyzer
(SA) in frequency noise power spectral density (FNPSD) spectra. As explained in detail in section
C of Supplement 1, we acquire the frequency fluctuations when the DC signal is at half of the


https://doi.org/10.6084/m9.figshare.31077307
https://doi.org/10.6084/m9.figshare.31077307

Research Article Vol. 34, No. 10/18 May 2026 / Optics Express 18378 |
Optics EXPRESS A N \

interference fringe, where the frequency-to-intensity conversion is the highest. For this reason,
the lower bound of the interferometer to distinguish frequency from intensity noise is given by the
intensity noise power spectral density (INPSD) at half fringe. By blocking one arm, we let half of
the light intensity arrive on the detector, and we measured the corresponding intensity noise. The
INPSD and FNPSD spectra are recorded for the free-running laser and for the EC-tuned modes
depicted in Fig. 1(b), while monitoring the spectra with an optical spectrum analyzer (OSA) (see
Fig. 1(a)). The plots of FNPSD, INPSD, and the detector thermal background, presented in Fig.
S3 of section E in Supplement 1, show that frequency fluctuations can be distinguished from
intensity fluctuations up to a Fourier Frequency of 70 MHz, corresponding to the bandwidth of
the interferometer.

The FNPSD spectra reveal several laser characteristics. Of utmost importance is the laser
spectral lineshape, i.e., the power spectral distribution /g(v) of the field. This can be derived
from the FNPSD S, (f) through following equation [47,48]:

=] o] .2
Ig(v) = Eg / cos [27r(v - vo)‘r] - exp [—4/ Sy(f)%df dr (N
0 fotart

where Ey is the mean amplitude of the laser optical field (neglecting amplitude fluctuations), v
represents the optical frequency, and f stands for the Fourier frequency in the noise spectra. Here,
S, (f) is the single-sided Fourier transform of the laser instantaneous frequency. The FNPSD
typically has a polynomial form with two main components, a white noise component 4y and a
flicker-noise component /1 /f. The white noise is an intrinsic property of the laser related to
spontaneous emission. By identifying this white intrinsic noise, we can calculate through Eq. (1)
the optical Power Spectral Density (PSD) to be a Lorentzian lineshape, while its full width at
half maximum (FWHM) is the so-called intrinsic linewidth, also known as the fundamental laser
linewidth or Schawlow-Townes linewidth [4,49]. In real-life lasers, this white noise is buried in a
certain amount of 1/f-noise, arising from the electrical noise coming from the driving electronics
and/or from carrier dynamics in the active medium [50]. The linewidth of the resulting spectrum
is drastically increased and can be calculated numerically by using Eq. (1) to find the lineshape
and then computing its FWHM. The use of Eq. (1) implies a double integration over the FNPSD.
In particular, for the first integration over the Fourier frequencies, the starting frequency fiart
defines the chosen range and the so-called integration time, which should always be specified
when a laser linewidth is given. On the other hand, for the intrinsic linewidth §v there is a much
simpler formula arising from the analytical computation of the Lorentzian lineshape:

ov = mhy 2)

with &g being the white noise level of the FNPSD, usually found at high Fourier frequencies (i.e.,
short timescales). According to the Schawlow-Townes-Henry theory [4], the expected intrinsic
linewidth of a semiconductor laser can be computed using the following equation:

2
ov = }16—2((11 + am)amngp(1 + aé) 3)
P 4rng
where £ is the Planck constant, v is the laser emission frequency, P is the power emitted by the
laser, c is the speed of light, n, is the group refractive index, a; are the internal (waveguide)
losses, ar, are the mirror losses, ngp is the spontaneous-emission factor or population inversion
parameter, and ag is Henry linewidth-enhancement factor.

2.2. Discussion

The interferometer has a cutoff frequency f; of approximately 70 MHz, due to the delay time of
4.53 ns related to the unbalancing between its two arms. The FNPSD spectra have been, therefore,
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multiplied by a compensating factor (1 + (f/f.)*)* accounting for this cutoff to flatten the spectra
at high frequencies. Fig. 2(a) shows an example of the FNPSDs acquired for the free-running
QCL (blue trace) and for the EC-QCL (red trace), when both operate at 4.36 um. A complete
characterization was performed at other wavelengths in the tuning range of the EC-QCL. The
related spectra are shown in Fig. S4 of Section E in Supplement 1. Starting from the FNPSD and
using Eq. (1), it is possible to retrieve the lineshape of the QCL using different integration times,
as shown in Fig. 4(a) and 4(b). The low-frequency peaks present in all of the FNPSD spectra of
the EC-QCL (see Fig. 2 or Fig. S4 of Supplement 1), which originate from mechanical vibrations
of the grating, have an important impact when calculating the spectral lineshape and eventually
the linewidth. In particular, this is evident when the starting integration frequency fy,r is smaller
than 1 kHz, as shown in Fig. 4(a) and 4(b), where two values of fy,« have been used (5 Hz and 1
kHz), resulting in an integration time of 0.2 s and 1 ms for the lineshapes of the free-running
QCL (blue line) and the EC-QCL emitting at 4.36 um (red line). Despite the mechanical noise
contribution, the full linewidth (i.e. the FWHM of the lineshape) of the EC-QCL is narrower
than the one of the free-running QCL in the whole tuning range, and even for long integration
times as summarized in Fig. 4(c) and 4(d).
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Fig. 2. (a) FNPSD spectra of the free-running QCL (blue) and of the EC-QCL emitting at
4.36 um (red). Here, the spectra are calculated as the single-sided Fourier Transform of the
laser instantaneous frequency. The single spectrum is obtained as a superposition of two
acquisitions according to the different Fourier frequency range. The FNPSD of the EC-QCL
is generally lower for any mode of the tuning range. The peaks at low frequencies (50 Hz-5
kHz) are due to the mechanical vibrations of the grating. The spectra show an unphysical
growth after 70 MHz, which is an artifact given by the compensating factor introduced
to account for the interferometer cutoff. The whole set of FNPSD, including the related
background spectra, can be found in section E of Supplement 1. (b) Intrinsic linewidth of the
QCL as a function of the wavelength. The intrinsic linewidth is computed via Eq. (2), where
hy is the level of white noise measured by averaging the spectra in Fig. 2(a) in the frequency
range 30-50 MHz. The intrinsic linewidth of the EC-QCL is significantly narrower than the
one of the free-running QCL, for any of the wavelengths.

The acquired FNPSDs are used to extract via Eq. (2) the corresponding intrinsic linewidths,
where hy is the level of white noise measured by averaging the FNPSD spectra in the frequency
range 30-50 MHz. This analysis leads to the results shown in Fig. 2(b). The EC-QCL linewidths
are significantly smaller than the intrinsic linewidth of the free-running laser of a factor ~ 5.
This is expected due to the higher ratio of stimulated over spontaneous emission, the main factor
affecting the intrinsic linewidth [3,5]. In particular, at 4 = 4.36 um the intrinsic linewith is
O0ver = 960 Hz and dvgc = 250 Hz, and the power is Py = 13.5 mW and Pgc = 31.5 mW for the
free-running and the EC QCL, respectively. By computing the ratio dvg/5vgc using Eq. (3) and
considering how the EC configuration changes the emitted power and the mirror losses of the
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system, it is possible to compute the expected value for the internal losses (see section D of
Supplement 1). A value of @; = 5.2cm™! is obtained. This value is in accordance with what
expected for devices of the considered type [2].

Regarding the RIN, the spectra reveal that the RIN of the EC-QCL is comparable to or slightly
lower than the RIN of the free-running QCL at any Fourier frequency, except for a few peaks in
the 50 Hz—5 kHz range caused by mechanical vibrations of the grating as visible in Fig. 3. We
observe that the excess of noise due to the grating vibrations is more pronounced in the FNPSD
rather than in the RIN, showing that frequency fluctuations are more sensitive to mechanical
vibrations than intensity fluctuations in QCLs. In general, the insensitivity of the RIN to optical
feedback in QCLs, compared to standard laser diodes, had been demonstrated in Ref. [35]. Plots
of the RIN are available in Fig. S5 of Supplement 1.

107

free running QCL
10 73 A =4.360um - Pj3s=13.46 mW

~ Ec-QcCL
A=4.360Um - Ppos = 31.4 mW

RIN (1/Hz)

10" 10> 10° 10° 10° 10° 10" 10
frequency (Hz)

Fig. 3. RIN of the free-running (blue trace) vs EC-QCL operated at 4.36 um (red trace). The
RIN is slightly reduced in the EC-QCL, proving that the grating does not induce additional
intensity noise, except for the few peaks in the low frequency range caused by the grating
vibrations.

3. Conclusions

By implementing an external-cavity configuration based on a commercial diffraction grating,
we have successfully induced a FP QCL to emit on a single frequency while ensuring a broad
tunability of the wavelength. This very simple setup enhances the laser performance in terms of
threshold current and emitted power. Our results demonstrates that the grating affects the laser
noise properties in a positive way, in particular, the intrinsic linewidth is substantially reduced (by
afactor ~ 5) and the full linewidth is significantly narrower for short integration times below 1 ms.
The full linewidth is slightly narrower even for longer integration times, despite the residual peaks
related to the mechanical vibrations of the grating. All of this comes together with a relative
intensity noise (RIN) that is lower than or comparable to the RIN of the free-running QCL. In
addition, by comparing the intrinsic linewidth measured in the two different configurations, the
internal losses of the laser have been estimated, obtaining a value that is in agreement with what
is expected for this type of devices. The reduction of frequency and intensity noise is effective
along the whole tuning range guaranteed by the grating. These characteristics make the EC-QCL
a good candidate for spectroscopic applications such as absorption spectroscopy of CO,, which
has strong absorption lines in the 4.20—4.35 um range [15].
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Fig. 4. (a) and (b) show the lineshape of the free-running QCL (blue) and the one of the
EC-QCL emitting at 4.36 um (red), computed numerically via Eq. (1) using different starting
integration frequencies fsart: S Hz in (), corresponding to an integration time of 0.2 s, and
1 kHz in (b), corresponding to an integration time of 1 ms. The linewidth of the QCL is
plotted against the respective wavelength in (c) for an integration time of 0.2 s and in (d) for
an integration time 1 ms. While varying the integration time does not change substantially
the free-running QCL linewidth, which stays around 1 MHz, it has a significant impact on
the linewidth of the EC-QCL modes which results to be between 100 and 200 kHz.
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