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Abstract
Quantum cascade lasers (QCLs) have numerous applications 

especially in trace gas sensing and high-resolution spectroscopy. One of 
the key requirements for high-resolution spectroscopy is the laser spectral 
purity which is often represented in terms of the laser linewidth, i.e., the 
full width at half maximum of the emission spectrum. Another 
requirement is the ability to modulate the laser wavelength/frequency, 
which is routinely used in spectroscopic methods like wavelength 
modulation spectroscopy, frequency modulation spectroscopy, etc and is 
generally obtained through a modulation of the laser injection current. 
However, such modulation leads to a simultaneous modulation of the 
optical power which in many cases is undesired.  

In this thesis, new approaches to address these needs are addressed. 
On one hand, a new actuator in QCLs in the form of a resistive element is 
investigated for its potential use in frequency noise reduction, hence, 
linewidth narrowing of a MIR QCL and encountered problems are 
discussed. The generation of pure amplitude or frequency modulation in a 
QCL using the resistive element is also presented. The proposed approach 
is attractive for enhanced performance in trace gas sensing applications in 
which the residual modulation harms the system performance and either 
pure amplitude or frequency modulation is required. A comprehensive 
analysis of residual modulation, presented at two modulation frequencies 
of 1 and 10 kHz, showed a reduction of the residual amplitude 
modulation by almost 20 dB in the case of pure frequency modulation and 
of the residual frequency modulation by more than 20 dB in the case of 
pure amplitude modulation as compared to the modulation applied to the 
QCL current. The proposed approach is simple and easy to implement as 
compared to some other methods previously reported that require 
external near-infrared lasers shining on the front facet of the QCL or a 
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specially designed three-section QCL for pure amplitude and frequency 
generation. 

In the near-infrared, frequency stabilization to a long fiber delay line 
was demonstrated as an alternative scheme for ultra-narrow linewidth 
lasers. For the first time, the implementation of a delay line for frequency 
noise reduction in the MIR is presented in the thesis. Compared to former 
demonstrations in the near-infrared, several adaptations were required 
due to the poorer availability of key optical components such as low-loss 
singlemode optical fibers and acousto-optic modulators. In the proof-of-
principle demonstration, a short free-space delay of only 1 m in a self-
homodyne configuration avoiding the use of an acousto-optic modulator 
is implemented. A 40-dB reduction of the laser frequency noise power 
spectral density resulting in a sub-10-kHz linewidth for 1-s integration 
time has been achieved. By creating longer delays either in free space or 
using MIR optical fibers, this approach has the potential to achieve Hz-
level linewidth in QCLs. 

 QCL comb is an emerging technology in the field of dual-comb 
spectroscopy. The direct observation of the offset frequency in a QCL 
comb has not yet been possible using standard f-to-2f interferometry as the 
laser does not emit short pulses. For the first time, the indirect 
characterization of the offset frequency in a MIR QCL comb is presented in 
terms of its frequency noise and modulation response, using a method 
based on the transfer oscillator concept.  
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Résumé
Les lasers à cascade quantique (QCL) ont de nombreuses 

applications, notamment dans la détection de traces de gaz et la 
spectroscopie à haute résolution. L'une des principales exigences de la 
spectroscopie à haute résolution est la pureté spectrale du laser qui est 
souvent représentée en termes de sa largeur de raie, c'est-à-dire la largeur 
totale à mi-hauteur du spectre d'émission. Une autre exigence est la 
capacité de moduler la longueur d'onde ou la fréquence du laser, qui est 
couramment utilisée dans les méthodes spectroscopiques comme la 
spectroscopie par modulation de longueur d'onde (Wavelength 
Modulation Spectroscopy – WMS), la spectroscopie par modulation de 
fréquence (Frequency Modulation Spectroscopy – FMS), etc, et qui est 
généralement obtenue par une modulation du courant d'injection du laser. 
Toutefois, cette modulation entraîne une modulation simultanée de la 
puissance optique qui, dans de nombreux cas, n'est pas souhaitée.   

Cette thèse présente de nouvelles approches pour répondre à ces 
besoins avec des QCLs. D'une part, un nouvel actuateur sous la forme 
d'un élément résistif intégré est étudié pour son utilisation potentielle 
pour réduire le bruit de fréquence d’un QCL et, par conséquent, pour 
rétrécir sa largeur de raie. Les problèmes rencontrés sont discutés. La 
génération d'une modulation d'amplitude ou de fréquence pure dans un 
QCL en utilisant cet élément résistif est également présentée. L'approche 
proposée est prometteuse pour améliorer les performances dans des 
applications de détection de traces de gaz dans lesquelles la modulation 
résiduelle nuit aux performances du système et où une modulation pure 
d'amplitude ou de fréquence est souhaitée. Une analyse complète de la 
modulation résiduelle, présentée à deux fréquences de modulation de 1 et 
10 kHz, a montré une réduction de la modulation d'amplitude résiduelle 
de près de 20 dB dans le cas de la modulation de fréquence pure et de plus 
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de 20 dB de la modulation de fréquence résiduelle dans le cas de la 
modulation d'amplitude pure par rapport à une modulation appliquée sur 
le courant d’injection du QCL. L'approche proposée est simple et facile à 
mettre en œuvre par rapport à d'autres méthodes précédemment 
présentées qui nécessitent soit l’utilisation de lasers externes dans le 
proche infrarouge éclairant la face avant du QCL ou un QCL à trois 
sections spécialement conçu pour obtenir des modulations d'amplitude ou 
de fréquence pure. 

Dans le proche infrarouge, la stabilisation de la fréquence d’un laser 
sur une longue ligne à retard à fibre optique a été démontrée comme une 
méthode alternative pour atteindre des largeurs de raie ultra-étroites. Pour 
la première fois, la mise en œuvre d'une ligne à retard pour la réduction 
du bruit de fréquence d’un laser dans l’infrarouge moyen est présentée 
dans cette thèse. Par rapport aux démonstrations précédentes dans le 
proche infrarouge, plusieurs adaptations ont été nécessaires en raison de 
la disponibilité moindre des composants optiques clés tels que les fibres 
optiques monomodes à faibles pertes et les modulateurs acousto-optiques. 
Dans une démonstration de principe, un court délai en espace libre d’une 
longueur de 1 m seulement a été mis en œuvre dans une configuration 
self-homodyne évitant l'utilisation d'un modulateur acousto-optique. Une 
réduction de 40 dB de la densité spectrale de bruit de fréquence du laser a 
été obtenue, ce qui se traduit par une largeur de raie inférieure à 10 kHz 
pour un temps d'intégration de 1 s. En créant des délais plus longs, soit en 
espace libre, soit en utilisant des fibres optiques dans l’infrarouge moyen, 
cette approche devrait permettre d'obtenir une largeur de raie au niveau 
du hertz dans des QCLs. 

 Les peignes de fréquence produits par des QCL constituent une 
technologie émergente dans le domaine de la spectroscopie à deux 
peignes. L'observation directe de la fréquence d’offset dans un peigne 
QCL n'a pas été possible jusqu’à présent en utilisant la méthode standard  
par interférométrie f-to-2f car ces lasers n'émettent pas de courtes 
impulsions nécessaires pour élargir le spectre émis jusqu’à une octave de 
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fréquence. Pour la première fois, la caractérisation indirecte de la 
fréquence d’offset dans un peigne QCL dans l’infrarouge moyen est 
présentée dans cette thèse en termes de bruit de fréquence et de réponse 
de modulation, en utilisant une méthode basée sur le concept d'un 
oscillateur de transfert. 
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Introduction 

Many molecular species (H2O, CH4, CO, CO2, N2O, NO, etc.) that are 
of great importance for environmental monitoring as well as for life 
sciences have intense fundamental vibrational bands in the mid-infrared 
(MIR) spectral region (λ = 2−30 μm), which is also most often referred to as 
the molecular fingerprint region. These vibrational resonances provide a 
non-intrusive way to analyze and identify the chemical composition of a 
sample. The strength of these resonances is more than 1000 times stronger 
in the MIR than in the near-infrared (NIR), which enhances the detection 
sensitivity by a similar proportion. The MIR also contains two important 
windows (3-5 µm and 8-12 µm) in which the atmosphere is relatively 
transparent. Small traces of environmental and toxic gases can be detected 
in these windows with sensitivities at the part-per-billion (ppb) level. 

MIR laser sources are of great importance due to their applications in 
trace gas sensing1, high-resolution spectroscopy, and precision frequency 
metrology2. In the past, several laser fabrication technologies have been 
developed and investigated to reach the important MIR spectral region. 
For instance, the first CO2 gas laser operating at 10 μm was demonstrated 
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in 19643. Lead-salt (PbS, PbTe, and PbSe) based laser diodes emitting in 
the 3−30 μm were readily available since the 1960s4. The drawback of these 
kinds of MIR laser sources is the limited output power and most 
importantly their operation at cryogenic temperatures which makes them 
not suitable for field-based applications. It took scientists more than 40 
years to produce high-power and room temperature antimonide based 
laser diodes (In(Al)GaAsSb / GaSb) emitting at 2.8 μm5,6. Later on, 
interband cascade lasers (ICL) operating up to 5.6 μm were also 
demonstrated7. Other techniques involve converting the light from the 
NIR or visible region to the MIR using nonlinear frequency conversion 
processes such as difference-frequency generation (DFG)8 or optical 
parametric oscillation (OPO)9. Each of these systems has its advantages 
and disadvantages, for instance, DFG systems are compact but provide 
low output power while OPO systems provide higher output power but 
are fairly bulky. 

Nevertheless, fabricating compact and efficient laser sources in the 
MIR had remained quite challenging and it is only with the advent of the 
quantum cascade laser (QCL), first demonstrated in 1994 at Bell 
Laboratories10, that the field of MIR spectroscopy, portable chemical 
sensors, trace gas sensing, etc. has become quite prominent. The intrinsic 
linewidth of a QCL can be as low as a few 100 Hz11 but different noise 
sources result in the broadening of the linewidth to a few MHz. Narrow-
linewidth and low-frequency noise QCLs have numerous applications for 
instance in the determination of fundamental physical constants12 (proton 
to electron mass ratio = 𝑚𝑚𝑝𝑝/𝑚𝑚𝑒𝑒  and its possible variation over time), 

precision spectroscopy, etc.  

Different modulation schemes such as wavelength and frequency 
modulation spectroscopy13,14 have many applications, for instance, in 
optical communication, trace gas sensing, etc. These techniques, when 
combined in modulation and demodulation schemes, for example, lock-in 
detection, result in detection sensitivity improvements in trace gas 
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sensing.  They consist in modulating the wavelength or frequency of a 
laser while obtaining a derivative-like signal of the absorption profile 
when the laser is slowly scanned through an absorption line. The 
wavelength/frequency tuning of a QCL with its injection current 
simultaneously leads to significant modulation of the output optical 
power that results in degradation of the system performance in many 
cases. Alpes Lasers incorporated a resistive element in the close vicinity of 
the QCL active region for fast spectral tuning properties15. In this thesis, 
this resistive element has been investigated for its potential use for 
linewidth reduction in a MIR QCL and the generation of pure amplitude 
or frequency modulation based on this device is demonstrated 

Narrow-linewidth and frequency-stable lasers are often based on 
frequency stabilization onto a high-finesse ultralow thermal expansion 
Fabry-Pérot cavity, which leads to complex systems. An alternative 
approach based on a delay line that works on the principle of comparing 
the laser frequency to a delayed copy of itself to measure its frequency 
noise has previously been demonstrated in the NIR spectral region, where 
strong linewidth reductions were achieved owing to the use of long delays 
(km-scale) that is straightforwardly possible using optical fibers16. In this 
thesis, such a method has been implemented for the first time in the MIR, 
using a much shorter free-space delay in the meter scale, enabling the 
linewidth of a QCL to be reduced to the sub-10-kHz level.  

In the last years, it was demonstrated that broadband QCLs can emit 
a comb spectrum that is characterized by equally-spaced modes in the 
frequency domain17. These very compact sources of MIR combs have a 
huge potential to combine broadband and high-resolution spectroscopy in 
the MIR, e.g., for sensitive multi-species detection18–20. The comb 
generation process in these lasers completely differs from the usual NIR 
mode-locked lasers and is based on a four-wave mixing process occurring 
in the semiconductor gain medium, which locks all modes together 
leading to a comb spectrum. Like in any other type of frequency comb, the 
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emitted optical spectrum is entirely defined by only two radio-
frequencies, the mode spacing and the offset frequency. However, as a 
result of their different operation process, QCL combs do not emit short 
pulses but rather light with a small amplitude modulation. Therefore, the 
standard method used with mode-locked lasers to detect the offset 
frequency, which is based on non-linear interferometry (such as f-to-2f )21, 
is not yet applicable with QCL combs. In this thesis, a detailed noise 
investigation of a QCL comb is presented, which is important for a better 
understanding of this novel comb technology. Using a method based on 
the transfer oscillator concept22, a scheme enabling the offset frequency of 
a QCL comb to be characterized by circumventing its direct detection by 
standard f-to-2f interferometry has been implemented for the first time. 

Organization of the thesis  

This thesis is organized into the following chapters: 

Chapter 2 is related to the investigation of a new actuator in a QCL in 
the form of an integrated heater used for fast wavelength/frequency 
tuning. Its use for the generation of pure amplitude and frequency 
modulation in a QCL is presented, and its potential for an all-electrical 
frequency noise reduction loop is also investigated and discussed.  

Chapter 3 presents a new scheme to reduce the frequency noise in a 
QCL based on a free-space optical delay line in a Mach-Zehnder 
interferometer configuration resulting in a significant linewidth reduction 
by a factor of 60, to the sub-10-kHz level.  

Chapter 4 reports the investigation of frequency noise and modulation 
bandwidth of the offset frequency in a MIR QCL comb that makes use of 
an indirect scheme to characterize the offset frequency without directly 
detecting it, which is applied for the first time in the MIR. A strong 
correlation between the frequency noise of the offset frequency and of the 
comb mode spacing is observed, which results in a degradation of the 
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offset frequency noise when the comb mode spacing is locked to a 
reference oscillator. 

Finally, Chapter 5 concludes the thesis with an overview of this 4-year 
doctoral work. 
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QCL with integrated heater as a 
new frequency actuator 

 Basics of QCLs 

Conventional semiconductor laser operation is based upon the 
radiative recombination of electrons from the conduction band and holes 
in the valence band in a hetero-junction (diode) structure. The emitted 
wavelength or photon energy depends upon the bandgap of the 
semiconductor material. This energy bandgap can be engineered by 
combining different materials and thus, the emission wavelength can be 
tailored according to the requirements within the reachable range for a 
given ternary or quaternary material such as AlGaAs (600 nm – 1000 nm) 
or InGaAs (1000 nm – 2.2 µm).  

Quantum cascade lasers (QCLs) are semiconductor lasers that emit in 
the mid to far-infrared spectral region as well as in the THz range. The 
operation principle of QCLs was first proposed by R.F. Kazarinov and 
R.A. Suris in 197123, but was demonstrated for the first time at Bell 
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Laboratories in 199410. The working principle of QCLs strongly differs 
from conventional semiconductor laser diodes. Unlike electron-hole pair 
recombination in an inter-band transition, their operation relies on an 
electronic transition between discrete sub-levels within the conduction 
band (Figure 2.1). These energy states arise from the presence of 
alternating layers of semiconductor materials that results in quantified 
energy levels in the quantum wells.  

An electron in a quantum well can jump from one state to the other 
in discrete steps, resulting in the emission of a photon of a given energy. 
The quantum well structure quantifies the energy (wavelength) of the 
emitted photons, which is determined by the geometry (depth and width) 
of the quantum well and not by the material used to fabricate the laser. 
Therefore, technologically-mature materials such as InGaAsP or AlGaAs with 
a large bandgap can be used to fabricate lasers that emit in the mid-infrared 
spectral range.  

(a) (b) 

 

 

Figure 2.1: (a) Simple structure of a semiconductor laser where a photon is emitted 
through the recombination of an electron from the conduction band and a hole in 
the valence band, (b) Quantum well structure of a QCL. Blue lines represent the 
transmission path of an electron as it cascades through the quantum well structure 
resulting in the emission of a photon in each quantum well. 

In a QCL, several active areas are combined in series that are 
separated by injection regions. As there is no electron-hole recombination 
involved, the same electron remains in the conduction band after emitting 
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a photon and can be recycled to emit multiple photons while passing 
through the cascaded sequences of quantum wells. This increases the 
efficiency and output power but at the same time results in higher 
operation voltage as compared to semiconductor laser diodes. Hence, the 
wavelength in a QCL can be tailored by engineering the quantum well 
structure that makes possible the laser to emit at wavelengths that are very 
challenging to achieve by inter-band transitions. QCLs wavelength 
emission ranges from 2.7 µm to 250 µm using III-V semiconductor 
materials such as InGaAs, InP, GaAs, AlGaAs, etc24,25.   

Because of the broad gain curve of the active medium, a QCL can 
operate in a multimode regime. A major advancement in the field of QCLs 
was the development of tunable single-frequency devices, that are 
required in applications like molecular spectroscopy, free-space 
communication, etc. Single-mode operation in QCLs is achieved by 
creating a periodic structure acting as a distributed-feedback grating 
(DFB) as shown in Figure 2.2  directly on top of the QCL active region26,27 
and the emission wavelength depends upon the grating period. 

 

Figure 2.2: SEM image of a distributed-feedback grating fabricated on top of the 
QCL. The figure is taken from27. 
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 QCL with integrated heater  

 QCLs have a wide range of applications spanning from medical, 
industrial, and high-resolution spectroscopy to military applications in the 
MIR spectral region due to their spectral tuning properties. Wavelength 
tuning of QCLs is achieved either through their injection current or with 
their temperature. Generally, the QCL temperature is controlled with a 
thermo-electrical cooler (TEC), which results in a slow wavelength tuning. 
A typical value for the temperature-tuning coefficient of QCLs is around   
-3 GHz/K. However, the temperature change results in a slight change of 
the QCL output optical power. As the speed of temperature tuning 
depends upon the TEC size and the copper sub-mount that dissipates the 
heat in the surroundings, the temperature tuning is mainly used for large, 
but slow wavelength scans. In contrast, the QCL wavelength can be 
rapidly changed with the injection current, at frequencies as high as a few 
100 kHz28. The downside of QCL wavelength tuning with its injection 
current is a limited tuning range and a significant change of the emitted 
optical power which is undesired in many applications. 

A couple of years ago, Alpes Lasers (Neuchatel, Switzerland) 
introduced a new actuator for fast wavelength tuning in QCLs15. It 
consists of an integrated heater (IH) element placed in the close vicinity of 
the laser active region (AR) as shown in Figure 2.3. The IH is essentially a 
resistor in nature that is driven by a separate current source from the laser 
AR current source and dissipates heat via Joule-Thomson effect. 

The IH in QCLs was developed not only for fast 
wavelength/frequency tuning but also to provide a large tuning range as 
compared to the tuning achieved with the laser current. The integrated 
heater has some interesting properties and applications. Before addressing 
some of them, a thorough characterization of the IH in terms of laser static 
tuning coefficient and its effect on the laser frequency noise was 
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performed. The experimental setup required for the characterization of the 
IH in a QCL is first introduced. 

 

Figure 2.3: (a) Sketch of a QCL equipped with integrated heater positioned in the 
close proximity of the active region, (b) SEM image of one of the devices fabricated 
by Alpes Lasers. (AR; active region, R; resistor, IH; integrated heater). The figure is 
taken from15. 

2.2.1 Experimental setup 

The laser used in this work is a DFB-QCL manufactured by Alpes 
Lasers, emitting at a center wavelength of 7.8 µm and equipped with an 
IH located at a few microns from the AR. It is similar to the one reported 
by Bismuto et al.15 and later on extensively characterized in terms of 
tuning speed and modulation transfer functions by Gürel et al.29. The QCL 
covers a spectral range from 1275 cm-1 to 1277 cm−1 obtained at a constant 
sub-mount temperature of 20 °C by varying the AR current in the range of 
280 mA to 410 mA and delivers up to 50 mW of output optical power. The 
laser chip was soldered on a copper sub-mount housed in a laser 
laboratory housing (LLH) provided by Alpes Lasers. The laser 
temperature is controlled through a thermoelectric cooler (TEC). The 
electrical connection scheme inside the LLH is made in such a way that 
both the QCL active region and the IH are independently driven by home-
made low-noise current sources, as shown in Figure 2.4(a). These drivers 
can deliver a current of up to 1 A with a noise spectral density of less than 
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1 nA/√Hz at Fourier frequencies higher than 1 kHz measured on a 30-Ω 
test load [see Figure 2.4(b)].  

 

Figure 2.4: (a) Electrical connection scheme for the integrated heater (IH) and QCL 
placed inside laser laboratory housing (LLH), (b) current noise of the driver used to 
drive the QCL. 

A single-stage TEC, along with a negative thermal coefficient (NTC) 
resistor as a temperature sensor, was used to control the QCL temperature 
with uncertainty at the mK level. As the IH is resistive in nature, its 
resistance value was assessed from its V-I curve measured for the QCL 
used in this experiment and is shown in Figure 2.5. 

 

Figure 2.5: IH resistance value determined from the slope of its V-I curve. 
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2.2.2 Frequency tuning coefficients 

The frequency tuning coefficients of the QCL were measured using a 
simple spectroscopic setup (see Figure 2.6) consisting of a low-pressure 
(2-mbar, 10-cm long) N2O gas cell as a frequency reference. The position of 
several N2O absorption lines was used to calibrate the frequency axis of 
large frequency scans performed as a function of the laser active region 
current (IAR), sub-mount temperature (T), or IH current (IIH), by comparing 
the position of the transitions listed in the HITRAN database30.  

 

Figure 2.6: Schematic of the experimental setup used to measure the laser static 
tuning coefficients as a function of injection current, integrated heater current, and 
laser sub-mount temperature. LLH: laser laboratory housing; L: collimation lens; 
PD: photodetector; FFT: fast Fourier transform spectral analyzer. 

The scan performed with the current of the QCL active region for a 
sub-mount temperature of 25 °C and no current in the IH section is 
displayed in Figure 2.7. 

 

Figure 2.7: (a) Absorption spectrum of N2O obtained by scanning the QCL active 
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region current (IAR)  (top spectrum obtained at a sub-mount temperature T = 25 °C 
and integrated heater current IIH = 0 mA) and corresponding N2O absorption 
spectrum from HITRAN database30 (bottom spectrum). (b) Static tuning curve as a 
function of the AR current (blue markers: experimental data; solid red line: linear 
fit). The experimental points were extracted from the measured spectrum as the 
center of the different N2O absorption lines and were compared to the 
corresponding wavenumbers from the HITRAN database. 

The QCL frequency scales linearly with the AR current [Figure 
2.7(b)] resulting in a current tuning coefficient of -0.55 GHz/mA or             
-40.47 GHz/W with the power dissipated in the AR (not shown in the 
figure). 

 

Figure 2.8: (a) Absorption spectrum of N2O obtained by scanning the QCL sub-
mount temperature (T) (top spectrum obtained at active region current IAR = 400 mA 
and integrated heater current IIH = 0 mA) and corresponding N2O absorption 
spectrum from HITRAN database30 (bottom spectrum). (b) Static tuning curve as a 
function of the sub-mount temperature (blue markers: experimental data; solid red 
line: linear fit). The experimental points were extracted from the measured 
spectrum as the center of the different N2O absorption lines and were compared to 
the corresponding wavenumbers from the HITRAN database. 

The QCL frequency also scales linearly with the sub-mount 
temperature [Figure 2.8(b)] resulting in a temperature tuning coefficient of 
-2.83 GHz/K. 
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Figure 2.9: (a) Absorption spectrum of N2O obtained by scanning the QCL 
integrated heater current  (IIH)  (top spectrum obtained at active region current     
IAR = 400 mA and sub-mount temperature T = 25 °C) and corresponding N2O 
absorption spectrum from HITRAN database30 (bottom spectrum). (b) Static 
tuning curve as a function of the IH power (blue markers: experimental data; solid 
red line: linear fit). The experimental points were extracted from the measured 
spectrum as the center of the different N2O absorption lines and were compared to 
the corresponding wavenumbers from the HITRAN database. 

In contrast to the AR current and sub-mount temperature, the QCL 
frequency does not tune linearly but quadratically with the IH current. 
The quadratic behavior shows that the effect of the IH on the QCL 
frequency is purely thermal via Joule’s dissipation. This also leads to a 
linear response of the QCL frequency with the electrical power dissipated 
in the IH section (obtained as the product of the IH voltage and current, 
i.e., 𝑃𝑃IH = 𝑉𝑉IH · 𝐼𝐼IH) as displayed in Figure 2.9(b). The resulting static tuning 
coefficient is -23.95 GHz/W. This is lower than the tuning coefficient for 
the power dissipated in the QCL active region (-40.47 GHz/W) due to the 
fact that the heat dissipation in the IH occurs at a relatively larger distance 
from the active region. As a result, some of the heat from the IH is 
dissipated in the surrounding structure before reaching the active region. 
A thermal resistance Rth associated to the heating of the QCL active region 
arising from the electrical power P dissipated in the IH was determined 
from the ratio of the power and temperature tuning coefficients of the IH 
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as Rth = (∆ν/∆P)/(∆ν/∆T), leading to a value of 14.3 W/K. A similar 
thermal resistance calculated for the QCL current gave a smaller value of 
8.5 W/K. The combined tuning coefficients of the QCL along with the 
respective thermal resistances are shown in Figure 2.10. 

 

Figure 2.10: Combined static tuning coefficients of the QCL measured as a function 
of sub-mount temperature, QCL active region current, and IH current (markers: 
experimental points; lines: linear fits). The thermal resistance (Rth) resulting in the 
heating of the QCL active region for QCL current and IH current is 14.28 K/W and 
8.45 K/W, respectively. 

2.2.3 Impact of the IH on the QCL frequency noise 

Finally, the potential impact of the IH on the frequency noise of the 
QCL was assessed by measuring the frequency noise power spectral 
density (FN-PSD) for different currents in the integrated heater. The laser 
frequency was tuned to the flank of a strong N2O absorption line, which 
acts as a frequency discriminator to convert the laser frequency 
fluctuations into intensity fluctuations which are detected by a Mercury-
Cadmium-Telluride (MCT) photodetector with a conversion coefficient of 
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∼17 V/GHz (see Figure 2.11). The detector produces an output voltage 
that is proportional to the incident intensity at its sensing area.  

 

Figure 2.11: N2O absorption line used as a frequency discriminator to measure the 
frequency noise of the QCL. The absorption spectrum was measured by tuning the 
QCL current and recording the photodetector voltage. The current axis was 
converted into a frequency axis using the measured current tuning coefficient of 
the QCL of -0.55 GHz/mA. The operating point of the QCL is shown by the green 
dot and the linear operation range by the black line with a slope D. 

 Initially, a DC bias current of ∼360 mA was applied to the QCL and 
the sub-mount temperature was kept at 25 °C. As the current in the IH 
was increased, the frequency of the QCL decreased, and to compensate for 
this change, both the AR current and the sub-mount temperature were 
slightly changed to keep the laser on the same N2O transition. The 
measured FN-PSD of the laser is shown in Figure 2.12. From this result, it 
is evident that the incorporated IH in the QCL does not induce any 
additional noise to the laser frequency. 
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Figure 2.12: Frequency-noise power spectral density (FN-PSD) of the QCL 
measured at different IH currents. 
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 Investigation of IH as a new actuator for 
frequency noise reduction in QCLs 

2.3.1 Introduction 

Frequency-stabilized and hence, narrow-linewidth QCLs are 
required in many applications. The intrinsic or Schawlow-Townes 
linewidth of DFB-QCLs is as low as a few hundred hertz that results from 
the laser white frequency noise11.  However, temperature fluctuations in 
the laser active region arising from the electrical flicker noise in the 
semiconductor gain structure31,32 and the technical noise due to laser 
current driver33 lead to a broadening of the emission linewidth up to the 
megahertz level, for integration times ranging from milliseconds to 
hundreds of milliseconds.  

Several schemes have been demonstrated to reduce the frequency 
noise that includes locking the QCL to a high finesse optical cavity34,35, 
side-of-fringe locking to an absorption feature of a gas36 (N2O, CO, CO2, 
etc.) as well as phase locking a QCL to a cavity-stabilized frequency 
comb37,38. Usually, a frequency or phase-sensitive element is used to sense 
the frequency or phase fluctuations, respectively, of the laser to generate 
an error signal that is then fed back to the QCL current driver. 

 In 2013, Tombez et al. reported a different approach for frequency 
noise reduction in QCLs that does not require any optical reference by 
utilizing the correlation observed between the voltage fluctuations across 
the QCL terminals and the corresponding frequency fluctuations39. 
Voltage noise was identified as a major source for electrical power 
fluctuations dissipated in the laser semiconductor structure, which results 
in fluctuations of the laser internal temperature and hence in frequency 
noise31. In a proof-of-principle demonstration, an intensity-modulated 
near-infrared (NIR) diode laser at 1550 nm was illuminating the top 
surface of a QCL chip (through a window made in the LLH) for fast 
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control of its internal temperature39. Using the QCL voltage noise as an 
error signal for the feedback signal applied to the NIR laser, a significant 
reduction of the QCL frequency noise by one order of magnitude was 
achieved. Driving the QCL at constant electrical power instead of constant 
current by processing the voltage noise in a field-programmable gate array 
(FPGA), also resulted in a reduction of the QCL frequency noise40.  

 

Figure 2.13: Experimental set-up used at UniNE-LTF for frequency noise reduction 
in a 4.55-µm QCL utilizing only the voltage noise information. The voltage noise 
measured across the QCL was amplified by a low-noise voltage amplifier (LNA), 
processed by a proportional-integral (PI) controller and fed back to the 1550-nm 
fiber-coupled NIR laser illuminating the top of the QCL chip. At the same time, the 
optical frequency of the QCL was analyzed using an absorption line of CO acting 
as a frequency-to-intensity converter. The figure is taken from 39. 

At the time of implementation of this method, it was considered that 
the NIR laser used to illuminate the top surface of the QCL was acting on 
the QCL temperature through the absorbed incident light in its structure, 
leading to the possibility to reduce its voltage noise. A simple 
spectroscopic setup was used to characterize the frequency noise of the 
free-running and stabilized QCL. The output signal from a photodetector 
was recorded with an FFT spectrum analyzer to measure the noise 
spectrum and with a scope to observe the temporal fluctuations. At the 
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same time, the voltage across the QCL terminals was also measured in the 
same way. Figure 2.14 shows the voltage and frequency fluctuations 
recorded on the scope when the loop was open and closed. The figure 
clearly shows the reduction of the voltage noise and associated frequency 
noise for the closed loop that occurs after 2 ms. Another important aspect 
that must be noticed is the strong correlation between these two 
parameters with a correlation factor (ρ) of 0.9 calculated by Tombez. 

 

Figure 2.14: Simultaneous recordings of the voltage (upper frame) and optical 
frequency (lower frame) fluctuations in a 4.55-µm QCL. Before locking (t < 2 ms), a 
clear correlation between voltage and frequency fluctuations is observed. When 
locked (t > 2 ms), the loop efficiently reduces the voltage fluctuations by acting on 
the QCL internal temperature, and a reduction of the QCL frequency noise is also 
observed. The figure is taken from39. 

The frequency noise power spectral density of the free-running and 
stabilized QCL is shown in Figure 2.15. A reduction by a factor 10 is 
observed in the FN-PSD of the stabilized QCL within the locking 
bandwidth of the feedback loop, which is ∼300 kHz as observed from the 
servo bump.   
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Figure 2.15: Frequency noise PSD of the free-running and stabilized QCL. Closing 
the feedback loop resulted in a reduction of the frequency noise PSD by a factor of 
10. The servo bump observed around 300 kHz indicates the locking bandwidth. 
The figure is taken from 39. 

At the time of the experiment, the origin of the frequency noise 
reduction obtained by shining the NIR light on the QCL top surface was 
attributed to a thermal effect (changing the temperature of a QCL changes 
its emission frequency). If this was the case, a QCL equipped with an IH 
must show a frequency noise reduction if the feedback signal is applied to 
the IH instead of an external laser. In the next section, the investigation of 
an IH as a new actuator for frequency noise reduction in QCLs and 
encountered problems are discussed.  

2.3.2 Results of first attempts of frequency noise 
reduction using feedback to the IH current  

The 7.8-µm DFB-QCL equipped with an IH that was presented in 
Section 2.2.2 was used in a similar experimental setup as implemented by 
Tombez as shown in Figure 2.16. The voltage between the QCL terminals 
was amplified by a 40-dB AC-coupled amplifier and used as an error 
signal for the control loop.  
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Figure 2.16: Experimental setup implemented for the tentative reduction of the 
QCL frequency noise using the IH. The voltage noise across QCL was sensed and 
amplified as an error signal while the feedback was applied to the current source 
of the IH. The frequency fluctuations were also simultaneously recorded by tuning 
the QCL frequency to the linear range of an N2O line and observing the detector 
voltage on an oscilloscope. 

A correlation factor of ∼0.8 was observed between the voltage and 
frequency fluctuations of the QCL [see Figure 2.17(b)]. It is comparable to 
the case of the 4.5-µm QCL used by Tombez, which verifies the strong 
correlation between the two quantities. 

 

Figure 2.17: (a) Time traces for the voltage (upper frame) and optical frequency 
fluctuations (lower frame) in a 7.8-µm DFB-QCL. A clear correlation between 
voltage and frequency fluctuations is observed. (b) Correlation coefficient (ρ) 
computed from the time samples of the voltage and frequency fluctuations. 
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The feedback signal from the PI servo-controller was applied to the 
current source of the IH. The control loop was effectively able to reduce 
the voltage fluctuations across the QCL [see Figure 2.18(a)], but no 
reduction of the associated frequency noise of the QCL was observed [see 
Figure 2.18(b)], as compared to the previous implementation of the 
method with an external NIR illuminating laser. Even more, the frequency 
fluctuations of the QCL were increased for the closed control loop [see 
Figure 2.18(b)]. 

 

Figure 2.18: Attempt to reduce the QCL optical frequency fluctuations by 
stabilizing the voltage across its terminals through a feedback signal applied to the 
IH current source. (a) QCL voltage fluctuations recorded with the loop open (blue) 
and closed (red). (b) Corresponding frequency fluctuations of the QCL as 
measured on the side of an N2O absorption line with the stabilization loop open 
(blue) and closed (red). 

These results compelled to verify the previous noise reduction 
method using an external illumination laser. Different QCLs were used: 
the DFB-QCL at 4.5 µm as was used in the initial demonstration of the 
method39, a DFB-QCL at 7.8 µm, and the same IH-QCL at 7.8 µm as used 
in the results of Figure 2.18. Frequency noise reduction was observed in all 
cases when the QCL voltage was stabilized. The FN-PSD of the IH-QCL is 
shown in Figure 2.19 as an example of the validation of the method 
applied by Tombez. 
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Figure 2.19: Frequency noise power spectral density (FN-PSD) of the free-running 
and stabilized DFB-QCL equipped with an IH by implementing the method 
demonstrated by Tombez (Figure 2.13). A reduction by a factor of 5 is seen in the 
FN-PSD of the stabilized QCL, and the locking bandwidth achieved in this case is 
∼30 kHz. 

2.3.3 Static effect of the IH current on the QCL voltage  

To identify the reason for not being able to reduce the frequency 
noise using feedback to the IH current, different experiments were 
performed. In the first step, the effect of the IH current on the QCL voltage 
was investigated. Generally, changing the temperature of a QCL heat-sink 
through its TEC decreases its voltage, which was verified in the used IH-
QCL as shown in Figure 2.20(a). A slope of around -10 mV/K was 
observed as displayed in Figure 2.20(b), which is in good agreement with 
the value previously measured by Tombez39. The IH current is expected to 
produce a thermal effect in the active region by Joule’s dissipation. Hence, 
the QCL voltage dependence on the IH current should be of the same sign 
as for a temperature change via its TEC. A first measurement performed 
with the IH-QCL mounted in the LLH showed surprisingly the opposite 
temperature dependence [see Figure 2.20(b)].  
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Figure 2.20: (a) Dependence of the QCL voltage as a function of temperature 
(varied via the TEC). (b) Dependence of the QCL voltage observed as a function of 
the temperature offset induced by the IH in a first measurement. The electrical 
power dissipated in the IH was converted into an equivalent temperature change 
by taking into account the temperature and IH current tuning coefficients of the 
laser determined in Section 2.2.2. 

A parasitic resistance (Rp) occurring in the common electrical path 
between the two current sources used to independently drive the QCL 
active region and the IH (see Figure 2.21) was identified for this behavior. 
A relatively long common physical path between the two driving circuits 
existed in the initial laser housing electrical scheme, resulting in a 
significant parasitic resistance (evaluated to around 750 mΩ). This 
resistance contributes to the measured voltage across the QCL terminals. 
Therefore, the measured voltage did not correspond to the exact voltage 
between the QCL terminals and was slightly offset from this value. The IH 
section of the QCL can be operated in anode ground (AG) or cathode 
ground (CG) configuration. Depending on the polarity of the IH current 
source, the offset voltage resulting from the parasitic resistance can have 
either the same sign or the opposite sign as of the QCL voltage drop. 
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Figure 2.21: Electrical connection scheme for driving the QCL active region and the 
IH with independent current sources. The QCL voltage measured between the 
driver terminals includes a parasitic resistance Rp in the common electrical path. 

In a next step, the common path between the two driving circuits 
was shortened by connecting the driving circuits as close as possible from 
the corresponding pins to the laser chip. This resulted in a reduced 
parasitic resistance of around 100 mΩ, assessed from the different slopes 
of the QCL voltage measured as a function of the IH current obtained for 
the two polarities (cathode ground: CG and anode ground: AG).  

 

Figure 2.22: QCL voltage dependence as a function of the temperature varied via 
the TEC (a) and with the temperature offset induced by the IH current (b). The IH 
is operated in two polarities of its current (designated as cathode ground, CG, and 
anode ground, AG) while the QCL is operated in the cathode ground 
configuration. The power dissipated in the IH was converted into an equivalent 
temperature change using the IH thermal resistance (discussed in Section 2.2.2). 
The parasitic resistance Rp ≈ 100 mΩ was retrieved from the difference between the 
two slopes (blue and green lines), whereas the average slope (red line) gives a 
similar temperature coefficient (~10 mV/K) as obtained with the TEC. 
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Both polarities, in this case, led to a negative dependence of the 
measured QCL voltage as a function of temperature, as expected, with an 
average slope of -10 mV/K obtained when converting the power 
dissipated in the IH into an equivalent temperature change using the IH 
thermal resistance. 

2.3.4 Dynamic response of the QCL voltage for IH 
current modulation 

The transfer function of the voltage across the QCL was measured in 
amplitude and phase while modulating the current in the IH section. A 
sine modulation was applied to the IH current driver and the resulting 
modulation of the QCL voltage was measured using a lock-in amplifier. 
Measurements were performed at two different average currents (200 mA 
and 400 mA, respectively) applied to the IH for the two current polarities. 
The corresponding transfer functions are displayed in Figure 2.23.  

(a) (b) 

  

Figure 2.23: QCL voltage transfer functions in amplitude (a) and phase (b) for a sine 
modulation of the IH current. Measurements were performed for two polarities 
(red: anode ground, AG; blue: cathode ground, CG) and for two different average 
currents in the IH section (light color: 200 mA; dark color: 400 mA).    

The measured transfer functions show a significant phase difference 
between the two polarities above 100-Hz modulation frequencies. In the 
cathode ground configuration, i.e., when the currents from both drivers 
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flowing through the parasitic resistance are in the same direction, a 
significant phase shift occurs. It can be detrimental in a stabilization loop 
that aims at reducing the voltage noise. Therefore, the IH driver must be 
used in the anode ground configuration to be applied in such a feedback 
loop. This is demonstrated in Figure 2.24, which shows that the QCL 
voltage stabilization loop works when the IH is driven in the anode 
ground mode (i.e., the current in the IH section is in the opposite direction 
than the current in the QCL active region), but not for the other mode. 
However, the stabilization of the QCL voltage, shown in Figure 2.25(a), 
did not result in a reduction of the QCL frequency noise, but in a strong 
degradation as shown in Figure 2.25(b). 

 

Figure 2.24: Attempt to reduce the voltage noise of the QCL by applying feedback to 
the IH current for the two possible polarities of the IH current [(a): cathode ground, 
(b): anode ground]. The plots show the voltage noise measured across the QCL 
terminals (including the parasitic resistance) with the loop open (first half of the 
plots) and closed (second half of the plots). The voltage noise reduction works only 
with the IH operated in the anode ground configuration [case (b)]. 
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Figure 2.25: Stabilization of the QCL voltage by feedback to the IH current 
operated in anode ground configuration (a) and associated degradation of the laser 
frequency noise (b).  

2.3.5  Final assessment  

The dependence of the QCL frequency shift as a function of the IH 
power and illuminating NIR laser power used in the previous 
configuration was investigated. For this purpose, the QCL frequency was 
tuned in the linear range of a strong N2O absorption line and the 
corresponding detector voltage was recorded. This voltage was converted 
back into frequency detuning with the discriminator of the absorption 
line. The laser frequency decreased with the increase in electrical power 
dissipated in the IH as shown in Figure 2.26(a), which is a well-known 
behavior resulting from a thermal effect (redshift with increasing 
temperature). However, the same measurement made with the NIR 
optical power illuminating the top of the QCL showed the opposite effect 
on the laser frequency (blue shift as a function of the illumination power), 
as depicted in Figure 2.26(b). At the same time, the internal laser 
temperature is believed to increase as a consequence of the partial 
absorption of the incident light in the QCL structure. This indicates that 
the observed tuning mechanism was not induced by a thermal effect, but 
more likely by a modification of the refractive index of the QCL resulting 
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from infrared light absorbed in the uncovered semiconductor material in 
the 50-µm wide gaps located between the top gold-coated contact sections 
of the laser chip. 

 

Figure 2.26:  Dependence of the QCL optical frequency as a function of the electrical power 
dissipated in the IH section (a) and of the optical power of the NIR illuminating laser (b).  

This indicates that the initial assessment of the frequency noise 
reduction by the optical control of a QCL by a near-infrared illumination 
laser presented by Tombez et al39. was incorrect. The physical effect 
leading to the observed change of the QCL optical frequency was not 
thermal but resulted from a refractive index change caused by a change in 
the carrier charge density. Therefore, it has the correct blue shift 
dependence that is required so that the applied QCL voltage stabilization 
loop has a simultaneous positive effect on the QCL frequency. This is not 
the case with the IH: the "correction" signal applied to the optical 
frequency has the wrong sign; therefore, the frequency fluctuations are 
enhanced instead of being reduced. Therefore, the IH cannot be used in a 
stabilization loop to reduce the frequency fluctuations of a QCL using the 
QCL voltage noise as an error signal. 
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 Interest of an IH in a QCL for modulation 

The modulation of the laser wavelength via its injection current is a 
key technique applied in wavelength modulation spectroscopy (WMS) or 
photoacoustic spectroscopy for trace gas sensing13,14. WMS is a widely 
employed technique to produce derivative-like signals of an absorption 
feature of a gas that is used for laser frequency stabilization to the center 
of a transition or to determine the gas concentration. The basic principle 
consists of dithering the laser wavelength with a sinusoidal signal and 
slowly scanning the laser through an absorption line (Figure 2.27). This 
wavelength modulation results in a modulation of the optical power that 
is transmitted through the gaseous sample. This intensity modulation 
contains components at various harmonics of the modulation frequency, 
and a lock-in detection scheme can be applied to measure the component 
at a desired harmonic. This technique generates demodulated signals that 
are derivative-like in nature: for instance, the signal at the nth harmonic of 
the modulation frequency approximates the nth derivative of the 
absorption line (Figure 2.27). For this reason, this technique is also known 
as derivative spectroscopy in the literature. 

 
Figure 2.27: Basic principle of wavelength modulation spectroscopy. The laser 
frequency is modulated at frequency f and lock-in detection is performed to extract 
the different harmonic signals. The laser is commonly stabilized to the zero-
crossing point of the odd harmonic signals (1f and 3f ) at line center, indicated as 
"Locking Point" in the harmonic spectra on the right side of the figure. The figure 
is taken from41. 
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Derivative spectroscopy is a convenient way to generate an error 
signal for laser frequency stabilization, as the zero crossings of the odd 
derivatives (1f and 3f) occur at the center of the absorption line. These 
derivative signals are in such a way that the output signal is proportional 
to the laser frequency detuning from the center of an absorption line. 
However, direct current modulation of the laser results in the optical 
power modulation at the same time, which is known as residual 
amplitude modulation (RAM). This RAM can be detrimental in some 
applications, for example when the first harmonic signal (1f ) is used as an 
error signal for a feedback loop in the stabilization of a laser to the center 
of a transition, as it induces an offset in the laser locking point.  

The IH incorporated in a QCL offers a new way to modulate the 
wavelength of the QCL at a relatively high speed as compared to the sub-
mount temperature modulation29. A potential benefit of modulating the 
QCL wavelength via the IH current is the reduced associated RAM as 
compared to a modulation of the QCL injection current. Furthermore, a 
combined modulation of the QCL and IH currents can be considered with 
appropriate amplitudes and phases in order to generate a pure frequency 
modulation (FM) by cancelling the associated RAM. In a similar way, a 
pure amplitude modulation (AM) can be generated. In Section 2.5, this 
application of an IH in a QCL is reported, and the use of the IH as a new 
actuator to generate pure FM and AM is presented. This work is a reprint 
of an article published in Optics Express42. 
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 Electrically-driven pure amplitude and 
frequency modulation in a quantum cascade 
laser 
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Tobias Gresch2, Richard Maulini2, Antoine Muller2, Thomas Südmeyer1,  
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51, CH-2000 Neuchâtel, Switzerland 

2Alpes Lasers SA, Av. des Pâquiers 1, CH-2072 Saint-Blaise, Switzerland  

We present pure amplitude modulation (AM) and frequency 
modulation (FM) achieved electrically in a quantum cascade laser (QCL) 
equipped with an integrated resistive heater (IH). The QCL output 
power scales linearly with the current applied to the active region (AR), 
but decreases with the IH current, while the emission frequency 
decreases with both currents. Hence, a simultaneous modulation 
applied to the current of the AR and IH sections with a proper relative 
amplitude and phase can suppress the AM, resulting in a pure FM, or 
vice-versa. The adequate modulation parameters depend on the applied 
modulation frequency. Therefore, they were first determined from the 
individual measurements of the AM and FM transfer functions 
obtained for a modulation applied to the current of the AR or IH 
section, respectively. By optimizing the parameters of the two 
modulations, we demonstrate a reduction of the spurious AM or FM by 
almost two orders of magnitude at characteristic frequencies of 1 and 
10 kHz compared to the use of the AR current only. 

2.5.1 Introduction 

A wide range of applications make use of modulated laser sources, 
notably in optical communications and sensing. Combining a modulation 
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scheme with a demodulation (e.g., lock-in detection) generally leads to a 
strong improvement in the detection sensitivity. Different types of 
modulation schemes can be applied, depending on the involved sensor 
and the parameter to be measured. The most common relate to 
modulation of the optical power (amplitude modulation – AM), of the 
optical frequency (frequency modulation – FM) or of the optical phase 
(phase modulation – PM). For instance, wavelength and frequency 
modulation spectroscopy (WMS/FMS) methods are widely used to detect 
small absorption features in trace gas laser spectroscopy sensing. They 
consist in modulating the wavelength/frequency of a laser and detecting 
the harmonic signals of an atomic or molecular transition obtained when 
the laser frequency is additionally scanned through the transition. It leads 
to the generation of derivative-like signals of the probed absorption profile 
in WMS [1,2] or to the possibility to access both the absorption and 
dispersion of a gaseous sample in FMS [3]. Odd-harmonic WMS signals 
like 1f or 3f are also commonly used to stabilize a laser onto a molecular or 
atomic transition [4]. The well-known Pound-Drever-Hall method [5] 
widely applied to narrow down the linewidth of a laser by frequency 
stabilization to a high-finesse optical cavity is one of the most important 
applications of FMS [6,7]. In a different area of gas sensing, light 
modulated at audio frequencies (in amplitude or wavelength) and 
absorbed in a gaseous sample can excite acoustic waves, which are 
exploited for sensitive trace gas monitoring in various photoacoustic 
spectroscopy (PAS) methods [8,9]. 

Semiconductor lasers are the most commonly used laser source in 
trace gas sensing applications owing to their unique properties like single-
mode emission, wavelength tunability and fast modulation capabilities. 
They can easily be directly modulated via their injection current and up to 
high frequencies in the GHz range. However, both their emission 
frequency and output power vary with the injection current. Therefore, 
modulating the injection current results in combined AM-FM, with a 
phase shift between the two modulations that depends on the applied 
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modulation frequency [10]. The residual amplitude modulation (RAM) is 
generally an undesired effect that distorts the harmonic signals in WMS. It 
leads to an asymmetry in the second-harmonic (2f) signal often used in 
trace gas monitoring [11] or to an offset in the first-harmonic (1f) signal 
that can be detrimental in laser frequency stabilization experiments by 
inducing a frequency shift of the locking point from the center of the 
transition. Therefore, the use of a pure FM would be beneficial to these 
applications. On the other hand, a pure AM is sometimes also desired, for 
instance in PAS sensing of broadband or non-structured absorption 
spectra [12]. 

Quantum cascade lasers (QCLs) are the most widespread laser 
source for high-resolution molecular spectroscopy and trace-gas sensing in 
the mid-infrared fingerprint spectral region. Similar to near-infrared laser 
diodes, a modulation applied to their injection current results in combined 
AM and FM. Different approaches have been studied in the last years to 
generate a pure FM (or pure AM in some cases) from a QCL. A first 
approach for pure FM was realized optically by simultaneously 
illuminating the front facet of a QCL by two continuous-wave near-
infrared laser sources of different wavelengths (1.55 µm and 850 nm), 
corresponding to photon energies smaller and higher, respectively, than 
the edge of the electrons energy sub-band [13]. Both incident laser beams 
produced a blue shift of the QCL wavelength as a result of the induced 
change of the carrier density, whereas they yielded AM of opposite sign. 
AM was thus efficiently suppressed by proper adjustment of the incident 
modulated powers, leading to pure FM. 

Another method to produce pure FM or AM was demonstrated in a 
quartz-enhanced PAS sensor using a special QCL structure made of three 
independent sections [14]. The master oscillator (i.e., the lasing section), 
the gain section (amplifier) and the phase section were controlled by 
distinct electrical currents. The phase section enabled controlling the 
reflectivity of the front facet of the QCL by adjusting the reflection phase, 
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thus strongly affecting the emitted optical power. A combination of 
currents selectively applied to these three sections allowed obtaining laser 
wavelength tuning without changes of the optical power or power 
modulation without emission wavelength shifts. Pure FM was achieved 
by simultaneously modulating the currents of the master oscillator and 
phase sections, whereas pure AM was obtained by modulating only the 
phase section. 

In this article, we present a different approach to generate electrically 
either pure FM or pure AM in a QCL. It makes use of a new feature that 
has been recently introduced in QCLs in the form of an integrated heater 
(IH) located in the vicinity of the active region (AR) in a distributed 
feedback (DFB) QCL [15]. This resistive heater enables controlling the 
internal temperature of the AR by Joule’s dissipation via an electrical 
current, which is much faster than standard temperature control with a 
thermo-electrical cooler [16]. Changing the temperature of a QCL modifies 
both its frequency and its output power. Therefore, the IH simultaneously 
acts on these two quantities. The IH current affects the QCL optical 
frequency in the same way as the AR current (i.e., the optical frequency 
decreases with increasing current), as both current tunings result from a 
thermal effect. However, the optical power of the QCL decreases with 
increasing IH current (as the laser threshold current increases with 
temperature), whereas it increases with the AR current. Therefore, a 
modulation applied to the AR and IH currents has a different effect on the 
laser AM and FM. Combining a simultaneous modulation of the two 
currents with an appropriate relative amplitude and phase can enable 
suppressing either the AM (thus producing pure FM) or the FM (thus 
generating pure AM). We demonstrate these two situations in a QCL 
emitting at 7.8 µm, and show a reduction of the parasitic modulation by 
almost two orders of magnitude compared to the usual case where only 
the AR current is modulated. This high reduction of the parasitic 
modulation is demonstrated at two characteristic frequencies of 1 and 
10 kHz. Our results incorporate a study of the dynamic response of the 
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output power and emission frequency of the QCL for the two applied 
modulation signals and show how their relative amplitude and phase 
must be adjusted as a function of the considered modulation frequency. 

2.5.2 Experimental setup and methods 

The laser used in this work is a DFB-QCL emitting at 7.8 µm and 
equipped with an IH with an internal resistance of ~5.6 Ω located a few 
micrometers from the AR. It is of the same type as initially reported by 
Bismuto et al. [15] and later on extensively characterized by Gürel et al. in 
terms of tuning speed and modulation transfer functions [16]. The QCL 
soldered on a copper sub-mount was placed in a standard laser laboratory 
housing (LLH) from Alpes Lasers and temperature-stabilized near 25°C by 
a thermo-electrical cooler. The static tuning curves and output power of 
the QCL measured at this temperature as a function of the AR and IH 
currents are shown in Figure 1. The static tuning coefficients are typically  
-0.55 GHz/mA as a function of the AR current and -23.95 GHz/W as a 
function of the electrical power dissipated in the IH. The tuning curves 
were determined from the position of several N2O absorption lines 
measured in a low-pressure (2 mbar) gas cell in correspondence to their 
reference values from the HITRAN spectroscopic database [17]. The 
output power was measured using a thermal powermeter placed in front 
of the laser housing after an external collimating lens. As a result of the 
high divergence of the light beam at the output of the QCL and the limited 
numerical aperture of the lens, only part of the total emitted power was 
detected in this case. This had no impact on the measurement reported 
here as the purpose was only to observe the relative variation of the 
optical power as a function of the current in the AR or IH, respectively. 
The result shows that the optical power increases with the current in the 
AR (up to the roll-over current). On the contrary, it decreases with the IH 
current, which induces a heating of the laser AR that leads to an increase 
of the threshold current and an associated power reduction at constant AR 
current. At the same time, the frequency of the emitted light decreases 
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with both currents due to their predominant thermal effect. This 
dependence is fairly linear with respect to the AR current, but has a higher 
quadratic component for the IH current as the electrical power dissipated 
in the IH scales with the squared current.  

 

Figure 2.28: Output power (solid lines, left axis) and emission wavenumber 
(dashed lines, right axis) of the QCL measured as a function of the AR current IAR 
(a) and of the IH current IIH (b). The QCL heat-sink temperature was 25 °C in all 
cases. In (a), IIH = 250 mA; in (b), IAR = 320 mA. 

 The QCL AR and IH were driven by two distinct home-made low-
noise current sources. The output beam of the laser was split into two 
paths by a beamsplitter plate with a nominal splitting ratio of 50/50 
(however, it was closer to 60% reflection and 40% transmission at our 
wavelength and for the considered laser polarization). A photodiode 
(PD-1 in Figure 2.29) measured the AM in the first path. A low-pressure 
(2 mbar) 10-cm long N2O gas cell was used in the second path to measure 
the FM of the laser. The QCL frequency was tuned to the flank of a strong 
N2O absorption line at 1277 cm-1 used as frequency discriminator to 
convert FM into intensity modulation, which was detected by a second 
photodiode (PD-2, see Figure 2.29). A typical discriminator slope 
D ≈ -7.9 V/GHz was measured for a total contrast of the N2O absorption 
line of ~1.2 V (see Figure 2.29). Owing to the steep slope of the absorption 
line, the measured signal of PD-2 was dominated by the laser FM and the 
direct contribution of the laser AM was negligible. The AM and FM 
transfer functions were measured by applying a sine modulation to the 
current driver of the IH or AR and by demodulating the signal of both 
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detectors using a lock-in amplifier (Zurich Instruments HF2LI). The 
drivers have a typical modulation bandwidth in the range of 1 MHz and a 
modulation coefficient of 2 mA/V. 

 

Figure 2.29: Schematic of the experimental setup used to characterize the AM and 
FM properties of the IH-QCL. Photodiode PD-1 directly measures the AM of the 
laser, while photodiode PD-2 measures the FM by means of an optical frequency 
discriminator made of a molecular absorption line in a spectroscopic setup. LLH: 
laser laboratory housing; L: collimating lens; BS: beamsplitter plate. Right: 

transmission profile of the P9 absorption line in the ν3 vibrational band of N2O at 
1277.2 cm-1 used as frequency discriminator with a measured slope 
D ≈ -7.9 V/GHz (red line). 

2.5.3 Experimental results 

2.5.3.1 Modulation transfer functions 

The transfer functions measured for a modulation of the current 
applied to the AR or IH around their average values of IAR = 320 mA and 
IIH = 250 mA, respectively, are displayed in Figure 2.30. The FM transfer 
functions (dashed lines) are very comparable to those previously reported 
for a similar IH-QCL [16]. They are characterized by different time 
constants that result from the heat extraction in different areas of the laser. 
The FM bandwidth is larger for a modulation of the current in the AR, as 
the heat is directly produced in the gain medium. The AM transfer 
function is also significantly different for a modulation of the IH or AR 
current. The AM response is almost constant up to a modulation 
frequency close to 1 MHz for the AR current, which seems to be limited by 
the bandwidth of the driver. For a modulation of the IH current, the 
response drops much faster, resulting from the fact that the power 
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variations induced by the IH current arise from a thermal effect that is 
limited in bandwidth. 

 Hence, the ratio HIH /HAR of the amplitude of the transfer functions 
obtained for a modulation of the IH and AR currents (either for FM or 
AM) has a strong frequency dependence as displayed in Figure 2.31. The 
relative phase shift ϕIH-AR =  ϕIH -  ϕAR  is also frequency dependent, where ϕIH 

and ϕAR are the phase of the individual transfer functions displayed in 
Figure 2.30. The modulation of the two currents leads to a similar phase 
(at low modulation frequencies) of the FM transfer functions, but to an 
opposite phase for AM.   

 

Figure 2.30: Amplitude (left) and phase (right) of the AM (solid lines) and FM 
(dashed lines) transfer functions measured for a modulation of the current of the 
AR (blue) and IH (red) around their average values of IAR = 320 mA and                  
IIH = 250 mA. 

 

Figure 2.31: Amplitude ratio HIH /HAR (left) and phase shift ϕIH-AR (right) between 

the transfer functions obtained for a modulation of the IH and AR currents in the 
case of AM (solid line) and FM (dashed line) at an operation point of the laser 
characterized by IAR = 320 mA and IIH = 250 mA.  
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Therefore, applying a simultaneous modulation to the AR and IH currents 
with a suitable relative amplitude and phase shift can result in a 
compensation of the two AM (resp. FM) contributions, leading to the 
possibility to produce pure FM (resp. AM). 

2.5.3.2 Pure AM 

The generation of a pure AM signal is illustrated in Figure 2.32 in the 
particular case of modulation frequencies of 1 kHz and 10 kHz chosen for 
the proof-of-concept demonstration of the dual modulation method. 
However, similar results can be achieved at other modulation frequencies 
following the same principle. The temporal traces of the individual AM 
and FM signals produced when modulating either the AR current (blue 
lines) or the IH current (red lines) alone are displayed together with their 
combination (green lines) resulting into a pure AM. The applied AM is 
relatively small here (<1%). It was limited in this example by the 
measurement of the FM signal produced by the AR or IH current 
modulation using the N2O frequency discriminator. The linear range of 
the N2O absorption line in which the FM can be measured without 
distortion is restricted to less than ~60 MHz (see Figure 2.29), 
corresponding to a change of the AR current smaller than 0.1 mA at low 
modulation frequency. The modulation signals applied to the AR and IH 
induce an FM depth in this range as shown in Figure 2.32. 

The value of the amplitude ratio ∆IAR / ∆IIH and phase shift φIH-AR 

between the two modulation signals to be applied for efficient FM 
reduction depends on the operating points (average current) of the AR 
and IH sections. Both parameters furthermore depend on frequency as 
previously shown by the frequency dependence of the relative phase shift 
ϕIH-AR observed in Figure 4. Therefore, these parameters must be precisely 

determined at the considered operation point of the laser and for the 
modulation frequency of interest. The phase difference φIH-AR = φIH - φAR  
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Figure 2.32: Examples of single-channel AM (top) and FM (bottom) signals 
resulting from a modulation of the AR current (blue curves) or of the IH current 
(red curves); combined AM (solid green curves) and FM (dashed green curves) 
modulation signals obtained for maximum FM suppression (pure AM). The left 
and right graphs correspond to a modulation frequency of 1 kHz and 10 kHz, 
respectively. The amplitude of the applied modulation signals is 50 mV to the AR 
driver in all cases (resulting in ∆IAR = 0.1 mA), 415 mV at 1 kHz and 680 mV at 10 
kHz to the IH driver (corresponding to 0.83 mA and 1.36 mA, respectively). 

between the two control signals IIH(t) = ∆IIH sin(2πft +φIH) and 

IAR(t) = ∆IAR sin(2πft +φAR) at frequency f applied to the current drivers 

must be adjusted such that the total phase between the two induced 
modulation signals is equal to 180° for the modulation to be suppressed, 

in this case FM: FM FM
IH-AR IH-AR 180 .φ ϕ+ = °  This total phase is the combination of 

the phase shift φIH-AR between the two applied current modulation signals 

and the phase difference ϕIH-AR resulting from the laser response. Then, the 

relative amplitude ∆IAR / ∆IIH of the two modulation signals must be 
adjusted to compensate for the different response of the laser to these 
modulations, which is characterized by the amplitude ratio HIH/HAR of the 
transfer functions displayed in Figure 2.31, i.e., (∆IAR / ∆IIH = HIH / HAR).  

At a modulation frequency of 1 kHz, the relative FM induced by the 

IH and AR currents is characterized by FM FM
IH AR 0.118H H =  and 

FM
IH-AR 18.3 .ϕ = − °  Pure AM is therefore expected to be achieved by applying 

two modulation signals such that ∆IAR/∆IIH = 0.118 and φIH-AR = 198.3°. 
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These parameters become ∆IAR/∆IIH = 0.074 and φIH-AR = 215° at 10 kHz. 
The resulting FM signal has been recorded as a function of the relative 
ratio and phase shift between the two modulations to assess the sensitivity 
of their adjustment for a proper FM suppression. A fixed modulation 
signal of 200 mV at 1 kHz or 145 mV at 10 kHz was applied to the current 
driver controlling the laser AR, corresponding to a current modulation 
amplitude of 0.4 mA (1 kHz) or 0.29 mA (10 kHz) in the AR. These values 
are higher than the upper limit mentioned in the beginning of Section 
2.5.3.2 for a correct measurement of the FM signal. However, it does not 
affect the results reported here as we are interested in the small total FM 
signal resulting from the combined modulation of the AR and IH currents 
and not in the stronger individual FM signals that may be distorted at this 
modulation amplitude.  

 A signal generator (HP 3314A) was used to modulate the IH driver. 
The generator was phase-locked to the modulation signal applied to the 
AR and delivered an output signal with a varying phase and amplitude to 
modulate the IH driver. The phase of the applied signal was scanned over 
a range of more than 60° with a step of 1° for a series of different 
amplitudes and the resulting FM signal (from photodiode PD-2) was 
measured by the lock-in amplifier. The second channel of the lock-in 
amplifier was used to precisely measure the phase of the applied 
modulation signal in comparison to the AR modulation, i.e., the phase 
difference φIH-AR. The different sets of experimental data were processed 

together to calculate the density plots displayed in Figure 2.33, which 
show the reduction of the FM signal from the case where a modulation is 
applied to the AR only. The highest FM suppression is achieved for 
∆IIH = 3.4 mA (i.e., ∆IAR/∆IIH ≈ 0.117) and φIH-AR ≈ 199° at f = 1 kHz, and  

∆IIH = 4 mA (∆IAR/∆IIH ≈ 0.072) and φIH-AR ≈ 214° at f = 10 kHz, in good 

agreement with the values extracted from the amplitude ratio and phase 
difference of the transfer functions displayed in Figure 2.31                           

( AM AM
IH AR 0.118H H = and AM

IH-AR 18.3ϕ = − °  at f = 1 kHz, AM AM
IH AR 0.074H H = and 
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AM
IH-AR 34.2ϕ = − °  at f = 10 kHz). A reduction of the FM by more than two 

orders of magnitude is demonstrated at both modulation frequencies of 
1 kHz (>24 dB) and 10 kHz (>22 dB) when using the combined 
modulation with optimized parameters in comparison to the traditional 
modulation applied to the QCL current only. These values may be slightly 
underestimated as the maximum FM depth obtained for a modulation of 
the AR current only and used in the normalization of the recorded data to 
determine the FM attenuation is larger than the linear range of the N2O 
frequency discriminator. Therefore, the determined normalization FM 
signal is slightly lower than in reality (we estimated the resulting signal 
reduction to be around 40%), which should lead to an effective FM 
attenuation that is still enhanced by around 2 dB from the aforementioned 
values. 

 

Figure 2.33: Density plot showing the reduction of the residual FM signal as a 
function of the amplitude ratio and phase shift between the modulation signals 
applied to the IH and AR currents, in comparison to the FM signal arising when 
only the AR current is modulated. The left and right graphs correspond to a 
modulation frequency of 1 kHz and 10 kHz, respectively. A modulation signal 
with an amplitude of 200 mV was applied to the AR driver at f = 1 kHz, and       
145 mV at f = 10 kHz (resulting in ∆IAR = 0.4 mA and ∆IAR = 0.29 mA, respectively). 
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2.5.3.3 Pure FM 

For pure FM, the same setup and procedure were used. The 
amplitude ratio and phase shift between the two modulations were 
adjusted in order to minimize the residual AM signal. Figure 2.34 displays 
the corresponding temporal traces of the individual AM and FM signals 
obtained when modulating either the AR current (blue lines) or the IH 
current (red lines) alone at 1 kHz or 10 kHz, together with their 
combination (green lines) resulting into a pure FM. The modulation 
signals applied to the AR and IH were kept small enough to ensure that 
the total induced FM could be correctly measured using the N2O 
frequency discriminator. Therefore, the FM depth produced in these 
examples is smaller than 100 MHz. However, larger amplitudes can be 
obtained in principle while keeping an efficient suppression of the 
parasitic AM by increasing the amplitude of the two modulation signals 
by the same factor to keep their ratio constant.  

 

Figure 2.34: Examples of single-channel AM (top) and FM (bottom) signals 
resulting from a modulation of the AR current (blue curves) or of the IH current 
(red curves); combined AM (solid green curves) and FM (dashed green curves) 
modulation signals obtained for maximum AM suppression (pure FM). The left and 
right graphs correspond to a modulation frequency of 1 kHz and 10 kHz, 
respectively. The amplitude of the applied modulation signals is 22 mV (at 1 kHz) 
or 15 mV (10 kHz) to the AR driver (resulting in ∆IAR = 0.044 mA or 0.03 mA, 
respectively) and 810 mV at 1 kHz and 1.2 V at 10 kHz to the IH driver 
(corresponding to 1.62 mA and 2.4 mA, respectively). 
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 The residual AM signal was measured as a function of the 
amplitude ratio and phase shift between the two applied modulations at 
the two characteristic frequencies of 1 and 10 kHz. A fixed modulation 
signal of 160 mV (at f = 1 kHz) or 80 mV (at f = 10 kHz) was applied to the 
current driver controlling the laser AR, corresponding to a current 
modulation amplitude of 0.32 mA (1 kHz) or 0.16 mA (10 kHz) in the AR. 
The signal applied to the IH was scanned in amplitude and phase as 
previously described for the pure AM case. The individual FM signals 
induced by the modulation of the AR and IH currents are slightly larger 
than previously stated to stay in the linear range of the N2O frequency 
discriminator, but it does not impact the measurement as the purpose here 
is to measure the residual AM signal that is not affected by this limitation. 

 

Figure 2.35: Density plot showing the reduction of the residual AM signal as a 
function of the amplitude ratio and phase shift between the modulation signals 
applied to the IH and AR currents, in comparison to the AM signal arising when 
only the AR current is modulated. The left and right graphs correspond to a 
modulation frequency of 1 kHz and 10 kHz, respectively. A modulation signal 
with an amplitude of 160 mV was applied to the AR driver at f = 1 kHz and 80 mV 
at f = 10 kHz (resulting in ∆IAR = 0.32 mA and ∆IAR = 0.16 mA, respectively). 

 The optimal AM suppression is achieved for ∆IAR/∆IIH ≈ 0.027 and 
φIH-AR ≈ 48° at a modulation frequency of 1 kHz and ∆IAR/∆IIH ≈ 0.012 and 

φIH-AR ≈ 60° at 10 kHz. These values are in excellent agreement with the 
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parameters assessed from the relative AM transfer function displayed in 

Figure 4 ( AM AM
IH AR 0.027H H =  and AM

IH-AR 134.7ϕ = °  at f = 1 kHz; 
AM AM
IH AR 0.012H H = and  AM

IH-AR 118.9ϕ = °  at f = 10 kHz). Here also, a reduction 

of the AM by almost two orders of magnitude is demonstrated at both 
modulation frequencies of 1 kHz (>21 dB) and 10 kHz (>18 dB) with the 
combined modulation in comparison to the traditional modulation 
applied to the QCL current only. 

2.5.4 Conclusions 

We have demonstrated an all-electrical method to produce either 
pure FM or AM in a QCL by applying modulation signals of proper 
amplitude and phase to two different actuators. The QCL injection current 
and the current in an IH enable the temperature of the laser active region 
to be controlled with a relatively high speed. A detailed analysis of the 
residual modulation has been performed at two characteristic frequencies 
of 1 and 10 kHz, showing a reduction of the AM by almost two orders of 
magnitude and of the FM by more than 20 dB in comparison to the 
traditional modulation applied to the QCL current only. Similar results 
can be obtained at other modulation frequencies by a proper adjustment 
of the relative amplitude and phase of the two applied modulation signals. 
We have shown how these parameters can be obtained with a good 
accuracy from the measured transfer functions. 

 The proposed approach is attractive for enhanced performance in 
sensing methods in which the spurious residual modulation constitutes a 
parasitic effect that impacts the performance. This is for instance the case 
for spectroscopic trace gas sensing in which pure FM is generally desired. 
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QCL frequency noise reduction 
using an optical delay line 

  Introduction 

High-resolution spectroscopy applications in the MIR require 
narrow-linewidth lasers. MIR QCLs are attractive laser sources for such 
applications owing to their unique properties such as their high output 
power, room temperature operation, spectral tunability, and high spectral 
purity. However, the spectral linewidth of these lasers that is typically in 
the megahertz range in free-running DFB QCLs is insufficient for some 
advanced applications and methods to reduce this linewidth are required. 

 In the past, several methods have been studied and implemented to 
reduce the frequency noise and, hence, narrow the linewidth of a QCL. 
Some approaches based on active stabilization that did not require an 
optical reference have already been discussed in Chapter 239,40. However, 
these techniques resulted in a fair frequency noise reduction. A few works 
reported the direct stabilization of a QCL to a MIR optical cavity. Facsi et 
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al. reported the linewidth reduction of a DFB-QCL using a V-shaped 
optical cavity35. The QCL was phase-locked to the optical feedback from 
the high-finesse cavity. The linewidth of the QCL was reduced from        
3.2 MHz in free-running mode to 4 kHz at 1-ms integration time for the 
locked case. Similarly, Taubman et al. presented a few Hz linewidth of the 
beat signal between two cavity-stabilized QCLs34. To compensate for 
environmental effects on the optical cavities (drifts, low-frequency 
fluctuations, etc.), one of the cavities was locked to the other with a low-
bandwidth (6 kHz) servo loop. Therefore, the reported performance 
represents the relative linewidth of the beat signal between the two QCLs 
and not their absolute linewidth as the cavities were locked to each other. 
The schemes that involve optical cavities for QCL linewidth reduction are 
fairly complex and costly, as the high-finesse cavities are much less 
common in the MIR than in the NIR. Moreover, optical cavities are 
sensitive to environmental noise and perturbations, which makes them not 
so convenient for field-based applications. Ultra-stable and low-frequency 
noise QCLs have been achieved in the MIR by phase-locking a QCL to a 
cavity-stabilized NIR laser using a frequency comb. These schemes 
involve frequency combs, optical cavities, and non-linear processes that 
lead to fairly bulky and complex experimental setups.  

In this chapter, an alternative method to reduce the frequency noise 
in a QCL is demonstrated, based on an optical delay line in contrast to the 
ultra-stable optical cavities that are widely used in the NIR spectral region. 
An optical delay-line is a very promising approach to achieve a high 
degree of performance over complexity and cost, resulting in a simple 
compact system. This method has been previously used in the NIR 
spectral region16,43 by delaying the beam of a laser using long optical 
fibers. The same technique is applied for the first time to a MIR QCL by 
using a short, meter-scale free-space delay line resulting in a significant 
reduction of the QCL frequency noise.  
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Section 3.2 presents a general overview of the stabilization scheme 
based on a delay line, whereas Section 3.3 reports on its implementation to 
a QCL in the MIR spectral region and constitutes a reprint of an article 
published in Optics Letters44.     
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 Optical delay line 

An optical delay line can be created by using an imbalanced 
interferometer, such as the Michelson interferometer (MI) or Mach-
Zehnder interferometer (MZI) with a long pathlength difference between 
the two arms. The delay line can be created either with optical fibers or in 
free space. The schematic of an optical delay line in the MZI configuration 
using optical fiber is shown in Figure 3.1. 

 

Figure 3.1. Schematic of a Mach-Zehnder interferometer with a long optical delay. 

 The laser frequency fluctuations are detected by comparing the 
emitted frequency to a delayed copy of itself at the output of the 
interferometer. The interferometer converts the laser frequency 
fluctuations into voltage fluctuations with the following transfer function 
𝑇𝑇𝐹𝐹(𝑓𝑓) 45,46. 

 

𝑇𝑇𝐹𝐹(𝑓𝑓) = 𝑉𝑉𝑝𝑝𝑝𝑝�1 − 𝑒𝑒−𝑖𝑖2𝜋𝜋𝜋𝜋𝜋𝜋� ⁄ 𝑖𝑖𝑓𝑓      [V/Hz]      (1) 

 

where 𝑉𝑉𝑝𝑝𝑝𝑝is the amplitude of the interference fringes and 𝜏𝜏 is the 

time delay between the two beam paths.  The magnitude of the frequency 
transfer function plotted for two different time delays (𝜏𝜏 = 10 μs and 5 μs ) 
is displayed in Figure 3.2.  
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(a) (b) 

  

Figure 3.2: Example of a simulated amplitude of transfer function 𝑇𝑇𝐹𝐹(𝑓𝑓) of an 
optical delay line with (a) 𝜏𝜏 = 10 μs and (b) 𝜏𝜏 = 5 μs. For simplicity, the coefficient 
𝑉𝑉𝑝𝑝𝑝𝑝 is considered as 1 V in the simulation. 

There are three important frequency regions in the transfer function 
plots. At low frequencies 𝑓𝑓 ≪  𝜏𝜏−1 the frequency transfer function can be 
approximated as 𝑇𝑇𝐹𝐹(𝑓𝑓) ≈ 2𝜋𝜋𝜏𝜏𝑉𝑉𝑝𝑝𝑝𝑝 that is represented by a flat response in  
Figure 3.2. This also implies that the optical delay-line acts as a frequency 
discriminator with a factor of 2𝜋𝜋𝜏𝜏𝑉𝑉𝑝𝑝𝑝𝑝, which is proportional to the 
pathlength difference (Figure 3.2) and does not depend on the carrier 
frequency of the signal. The transfer function has a series of zeros at      𝑓𝑓 =
𝑛𝑛/𝜏𝜏 with integer 𝑛𝑛 ≥ 1. This can be explained if one considers that the 
signal is modulated by a sine function at a carrier frequency 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚. For a 
time delay equal to a multiple of 1/𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚, the photodetector sees no 
frequency difference between the signals travelling by the two arms. And 
for frequencies above the first null point, i.e., 𝑓𝑓 > 𝜏𝜏−1, the response is that 
of a low-pass filter with an envelope of 1/𝑓𝑓 resulting from the multiple 
poles occurring in the transfer function. 

As the light propagates in two different arms of the interferometer, it 
is subjected to different environmental noises such as temperature, 
pressure, mechanical and acoustical vibrations, etc., which are detected in 
the output signal of the interferometer in addition to the laser frequency 
noise. Some other extra noise sources generally occur in the 
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photodetection process at the interferometer output, such as flicker (1/f) 
noise originating from the electronics or from other conversion processes 
(shot noise, laser intensity noise, etc.) occurring in the photodetector itself, 
resulting in a reduction of the final system performance. One possibility to 
mitigate these limitations is to use a longer time delay between the two 
arms of the interferometer to increase the conversion factor of the laser 
frequency fluctuations with respect to the extra noise, which is 
independent of the time delay. However, increasing the time delay results 
in a decrease of the first frequency null point of the transfer function and 
reduces the achievable locking bandwidth of the servo loop (see        
Figure 3.2). Consequently, a trade-off must be found between the 
frequency discrimination factor of the interferometer and the position of 
the first frequency null point, i.e., the loop bandwidth. The impact of the 
laser intensity noise can be reduced by using a balanced detection 
scheme46 or with the use of a self-heterodyne detection16 as compared to 
the self-homodyne detection46. In the self-heterodyne configuration, the 
laser frequency in one of the interferometer arms is shifted (typically by a 
few MHz) using a modulator (e.g., an acousto-optic modulator (AOM)), 
and the heterodyne signal at the shifting frequency is detected in the 
photodetector output signal, which is much less affected by 1/f noise than 
the low-frequency (around 0 Hz) signal of the self-homodyne method.  

The optical delay line method can be applied in principle at any 
wavelength, but it was mainly implemented in the NIR spectral region 
because of the long delays (km-scale pathlength difference) that can be 
obtained by the use of optical fibers. So far, this method has not been 
implemented in the MIR spectral region because long delays are difficult 
to achieve due to costly and low-performance fibers. Besides this, AOMs 
in the MIR are costly and poorly available. In Section 3.3, the application 
of this approach to a MIR QCL is presented for the first time. A strong 
reduction of the QCL linewidth from the megahertz range (in free-
running) to <10 kHz (at 1-s integration time) is achieved using a 
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pathlength difference of only 1 m between the two arms of an imbalanced 
free-space MZI in the self-homodyne configuration. 
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We present a mid-infrared quantum cascade laser (QCL) with a 
sub-10-kHz full width at half maximum linewidth (at 1-s integration 
time) achieved by stabilization to a free-space optical delay line. The 
linear range in the center of a fringe detected at the output of an 
imbalanced Mach-Zehnder interferometer implemented with a short 
free-space pathlength difference of only 1 m is used as frequency 
discriminator to detect the frequency fluctuations of the QCL. Feedback 
is applied to the QCL current to lock the laser frequency to the delay 
line. The application of this method in the mid-infrared is reported for 
the first time. By implementing it in a simple self-homodyne 
configuration, we have been able to reduce the frequency noise power 
spectral density of the QCL by almost 40 dB below 10-kHz Fourier 
frequency, leading to a linewidth reduction by a factor of almost 60 
compared to the free-running laser. The present limits of the setup are 
assessed and discussed. 

Distributed-feedback (DFB) quantum cascade lasers (QCLs) offer a 
unique combination of high output power, single-mode emission, and 
continuous spectral tunability that make them the most widely used type 
of continuous-wave laser sources in the mid-infrared (MIR) molecular 
fingerprint spectral region for gas-phase spectroscopy and trace gas 
sensing applications. The intrinsic or Schawlow-Townes linewidth [1] of 
DFB-QCLs that results from the laser white frequency noise can be as low 
as a few hundred hertz [2]. However, excess electrical flicker noise in the 



3.3  10-kHz-linewidth mid-infrared QCL by stabilization to an optical delay line 

61 

semiconductor structure that induces internal temperature fluctuations of 
the laser active region [3,4], as well as technical noise that may arise from 
the current driver [5] lead to a broadening of the observed QCL emission 
linewidth (full width at half maximum - FWHM) to the megahertz level, 
typically, for integration times of milliseconds to hundreds of millisecond 
[2,3,6–8]. This is most often sufficient for gas sensing and many molecular 
spectroscopy applications, but more advanced applications that aim at 
controlling molecular degrees of freedom, for example, to test 
fundamental symmetries, or to measure fundamental constants and their 
possible time variation [9], require QCLs with a lower frequency noise 
and, thus, a narrower linewidth.  

Different fairly simple approaches have been implemented to reduce 
the frequency noise of QCLs, e.g., by using the voltage noise detected 
between the QCL terminals as an error signal in a stabilization                
loop [10,11], but these methods resulted in a modest reduction of the 
frequency noise power spectral density (FN-PSD) by typically one order of 
magnitude. More sophisticated setups involved stabilization to a reference 
optical cavity. However, high-finesse cavities are much less developed in 
the MIR than in the near infrared (NIR) range where lasers stabilized 
down to the sub-hertz level are routinely used [12–15] today in optical 
clocks or for ultra-low noise microwave generation. Therefore, only few 
works of direct laser stabilization to a MIR high-finesse cavity have been 
reported. M.S. Taubman and co-workers measured a heterodyne beat note 
with a linewidth of a few hertz only between two cavity-stabilized QCLs 
at 8.5 μm [16], but the measurement did not constitute an absolute 
assessment of the linewidth of these lasers as the two cavities were locked 
to each other with a bandwidth of 6 kHz. Fasci et al. reported a 1-ms 
linewidth of less than 4 kHz for a 8.6-μm QCL locked to a high-finesse    
V-shaped cavity by optical feedback [17]. However, the most stable and 
low-frequency noise lasers in this spectral region have been achieved by 
phase-locking a QCL to a cavity-stabilized NIR laser through a nonlinear 
process using a frequency comb, leading to fairly complex setups [9,18]. 
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 An alternative method to an optical cavity enabling a significant 
reduction of the frequency noise of a laser was demonstrated in the NIR 
with the use of a much simpler setup based on an optical delay line [19–
21]. The interference fringes occurring in an imbalanced Michelson or 
Mach-Zehnder interferometer act as a frequency discriminator that 
converts frequency fluctuations of the laser into intensity fluctuations, 
which are detected by a photodiode at the interferometer output. In the 
interferometer, part of the light is delayed in one path by propagating 
through a time delay before being recombined with the other part of the 
light that propagates through a much shorter path. The magnitude of the 
discrimination factor (in V/Hz) is approximately given by 2𝜋𝜋𝜏𝜏Vpk, where 𝜏𝜏 
is the imbalanced interferometer time delay and Vpk is the amplitude of 
the error signal [19]. The most standard configuration makes use of a 
frequency-shifter acousto-optic modulator (AOM) in one arm to produce a 
self-heterodyne beat signal at the interferometer output. This beat signal is 
demodulated at the shifting frequency to stabilize the laser emission 
frequency to the delay line, by applying a feedback signal either directly to 
the laser driver, or to another AOM, resulting in a high feedback locking 
bandwidth. Thus, high laser noise reduction can be achieved, and a 
resulting linewidth at the sub-hertz level has been demonstrated in the 
NIR using a 500 m fiber length in a Michelson interferometer [21]. 

As the resulting frequency discrimination factor scales linearly with 
the pathlength difference between the two interferometer arms, long delay 
lines lead to a high discriminator factor and, thus, to a high frequency 
noise sensitivity. In the NIR, long delays of hundreds of meters to a few 
kilometers are easily achievable using low-loss single-mode optical fibers. 
Hence, very low FN-PSD was demonstrated for a 1.5-μm laser stabilized 
to a kilometer-scale fiber delay, comparable to the residual noise achieved 
by stabilization to an ultra-low expansion (ULE) high-finesse optical 
cavity in a large range of Fourier frequencies [20]. Only at low offset 
frequencies (typically below 100 Hz), the laser stabilized to the delay line 
was affected by higher frequency noise and drift resulting from 
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acoustic/mechanical noise and thermal drift of the interferometer, as 
compared to a ULE cavity that is usually better protected against such 
disturbances by being mounted in a more advanced protective enclosure.  

 

Figure 3.3:  Experimental setup for QCL frequency noise reduction using a delay line; L, 
lens; BS, beam splitter; M, mirror; PD, photodetector; BB, beam blocker, PID, proportional-
integral-derivative servo controller; FFT, fast Fourier transform. The linear range of a N2O 
transition in a gas cell (red part of the absorption line) is used to measure the frequency 
noise of the laser with a frequency-to-voltage conversion factor of 27.9 V/GHz. 

In this Letter, we demonstrate a significant frequency noise reduction 
achieved for the first time, to the best of our knowledge, for a MIR QCL by 
stabilization to an optical delay line. However, AOMs are much less 
common in the MIR range than in the NIR and, furthermore, require a 
high radio-frequency power resulting in an elevated power dissipation 
and the need for a water cooling that can induce excess noise in the 
interferometer. Therefore, a self-heterodyne configuration as used with 
NIR lasers is not convenient at MIR wavelengths. Hence, our first proof-
of-principle demonstration reported here is based on a simpler self-
homodyne scheme that does not need an AOM. Consequently, this 
scheme is much more sensitive to 1/f flicker noise arising from laser 
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intensity noise and detector noise that may limit the achieved frequency 
noise of the stabilized laser. Furthermore, the poor availability of low-loss 
single-mode optical fibers in the MIR prevents the use of a fibered delay 
line. Hence, we restricted the experimental setup to a short free-space 
pathlength difference of around 1 m acting as frequency-to-amplitude 
noise converter in this first proof-of-principle demonstration. 

With this scheme, we nevertheless achieved a QCL FN-PSD 
reduction by almost 40 dB over a large range of Fourier frequencies and a 
narrowing of the corresponding linewidth below 10 kHz at 1-s integration 
time, as compared to almost 500 kHz for the free-running laser. A scheme 
of the experimental setup is shown in Figure 3.3. A DFB-QCL emitting at 
~7.8 μm (from Alpes Lasers, Switzerland) and driven by a homemade 
low-noise current source is coupled to a Mach-Zehnder interferometer 
with a pathlength difference of ~90 cm. The laser is operated at a 
temperature of 20°C and an average current of ~435 mA located 
approximately in the middle of its operation range at this temperature. At 
this operation point, its current-tuning coefficient was assessed to be -
0.29 GHz/mA. This value was spectroscopically obtained from the 
position of several N2O absorption lines observed in a large current scan 
through a low-pressure gas cell and their comparison to the HITRAN 
database [22]. A second-order fit of the QCL frequency versus current was 
performed to extract the tuning coefficient at the operating point. The beat 
signal at the output of the interferometer is detected with a Mercury-
Cadmium-Telluride (MCT) photodiode (Vigo Systems, model PVMI-4TE-
8) and is compared to a stable reference voltage Vref to generate an error 
signal for the laser frequency stabilization. The interference fringes 
observed when scanning the QCL frequency (via a current scan) are 
displayed in Figure 3.4. A high contrast of the interference of about 90% is 
achieved here with an optimized alignment of the interferometer, which is 
important to get a high discrimination factor that lowers the noise floor of 
the setup, as discussed later. The measured slope Dfringe = 7.9 V/GHz in 
the center of a fringe is in good agreement with the calculated value 
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2𝜋𝜋𝜏𝜏Vpk = 8.3 V/GHz assessed from the applied pathlength difference of 
~88 cm and the observed fringe amplitude of 0.45 V. The reference voltage 
is adjusted so that the zero-crossing point of the resulting error signal lies 
in the middle of a fringe, in the linear range. A proportional-integral-
derivative (PID) servo-controller (Vescent D2-125) amplifies the error 
signal and produces a feedback signal that is applied to the current driver 
of the QCL. A feedback bandwidth larger than 100 kHz is typically needed 
to achieve a substantial reduction of the QCL frequency noise and 
linewidth according to the crossing point of the FN-PSD of the free-
running laser with the β-separation line [23]. The impact of acoustic and 
mechanical noise on the interferometer was reduced by enclosing the 
whole experimental setup in a closed wooden box whose walls are 
covered by a foam layer. Some foam was additionally placed underneath 
the optical breadboard of the interferometer.  

 

Figure 3.4:  Interference fringes detected at the output of the interferometer when scanning 
the QCL current. The locking point indicated by a black dot is located in the linear range of 
a fringe with a slope Dfringe. The frequency axis of the graph was obtained using the 
measured tuning coefficient of the QCL of -0.29 GHz/mA. 

Before the interferometer, a beam splitter directs part of the laser 
output beam through a 10-cm-long sealed gas cell filled with a low-
pressure (2 mbar) of pure N2O that is followed by a photodiode. This 



Chapter 3  QCL frequency noise reduction using an optical delay line 

66 

setup is used to independently characterize the frequency noise of the 
laser (absolute out-of-loop measurement). The laser is tuned to the flank of 
a strong N2O absorption line at 1276.4 cm-1, which acts as a frequency 
discriminator with a typical conversion coefficient Dgas = 27.9 V/GHz 
measured in the setup (see Figure 3.3). The voltage noise of the detector 
signal is measured with a fast Fourier transform (FFT) analyzer (Rhode-
Schwarz FSWP-26) and is converted into laser frequency noise using the 
measured frequency discriminator, both for the free-running and locked 
laser. The frequency noise of the free-running QCL was also assessed from 
the error signal using the slope of the fringe (Dfringe) around the locking 
point displayed in Figure 3.4 for cross-check. The two distinct 
measurements of the FN-PSD of the free-running QCL displayed in  
Figure 3.5 are in good agreement, which proves their proper scaling with 
the discriminators slopes Dgas or Dfringe, respectively.   

 

Figure 3.5:  Frequency noise PSD of the QCL in free-running (blue and green curves 
measured in two different ways) and locked (red) modes. The servo bump of the locked 
laser indicates a locking bandwidth of ~400 kHz. The grey dashed line corresponds to the 
β-separation line used to calculate the corresponding laser linewidth [23]. 

The results of the stabilization to the delay line show a significant 
noise reduction (by almost 40 dB) at Fourier frequencies lower than 10 
kHz. A locking bandwidth slightly lower than 400 kHz is assessed from 
the servo bump in the FN-PSD. However, the locked laser is affected by a 
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fairly large 1/f noise at low frequencies. This is a consequence of the self-
homodyne scheme implemented here, as the beat signal detected around 
DC is sensitive to 1/f noise originating from different sources such as laser 
intensity noise and detector noise. The narrow noise peaks occurring at 
frequencies of 50 Hz and odd harmonics in the spectrum of the locked 
laser are of electronic origin, while the series of broader noise features 
below 1 kHz result from acoustic and mechanical noise in the 
interferometer, which is transferred to the laser by the feedback.   

In order to identify the present limitation in the setup, different noise 
floors have been measured (see Figure 3.6). The noise floor of the 
characterization setup (frequency discriminator from the gas cell and 
associated detector) was assessed by recording the combination of the 
voltage noise of the detector (PD-2) and of the laser intensity noise without 
the reference gas cell. The measured voltage noise floor was converted it 
into an equivalent frequency noise floor by scaling with the measured 
frequency discriminator slope Dgas. One notices that the spectroscopic 
frequency noise characterization setup used here does not constitute a 
limitation at the presently achieved noise level of the QCL. Hence, this 
simple spectroscopic setup is suitable to characterize the frequency noise 

 

Figure 3.6:  Comparison of the frequency noise PSD of the locked laser with the noise 
floors originating from the characterization and stabilization parts of the experimental 
setup. 
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of a laser with a linewidth around or closely below 10  kHz (provided that 
its intensity noise is not too large). However, there is only little margin 
between the measured FN-PSD of the locked QCL and the noise floor of 
the characterization setup, so that a steeper frequency discriminator (e.g., 
obtained from a sub-Doppler transition) would be needed to characterize 
the noise of a narrower linewidth laser, e.g., at the level of a few kilohertz 
or below. 

The achieved frequency noise of the stabilized QCL matches the 
system noise floor obtained when blocking one beam in the 
interferometer, which sets the limit corresponding to the detector noise 
and laser intensity noise. The measured noise was converted into an 
equivalent FN-PSD by scaling with the interferometer frequency 
discrimination factor Dfringe = 7.9 V/GHz (see Figure 3.4). The associated 
1/f noise currently limits the achieved frequency noise of the locked QCL 
at Fourier frequencies in the range of around 20 Hz to 1 kHz. At lower 
frequencies, the drift of the interferometer is likely responsible for the 
observed laser frequency noise that is no longer limited by the detector or 
intensity noise. 

 The laser linewidth estimated from the measured FN-PSD using the 
β-separation line approximation [23] is 7.8 kHz at 1-s integration time, 
which is 60 times narrower than the linewidth of the free-running laser 
(Figure 3.7). This reduction factor is even larger than 100 at shorter 
integration times of 10 ms and below. The achieved linewidth narrowing 
is much higher than with other simple approaches previously reported for 
frequency noise reduction in QCLs [10,11], while being obtained with a 
fairly simple setup consisting only of a few standard optical components 
(two gold-coated mirrors and two polarization-independent beam splitters 
in the interferometer). This simple arrangement does not involve any 
vacuum chamber, temperature stabilization of the setup or active anti-
vibration platform. 
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Figure 3.7: Full width at half maximum (FWHM) linewidth of the QCL calculated from 
the frequency noise spectrum based on the β-separation line approximation [23] as a 
function of the integration time (inverse of the lower cut-off frequency for the FN-PSD 
integration) in free-running regime (blue) and for the QCL stabilized to the delay line (red). 
Inset: linewidth narrowing factor as a function of the integration time. 

In conclusion, we have reported, to the best of our knowledge, the 
first proof-of-principle demonstration of QCL frequency noise reduction 
using a free-space delay line. The achieved results are presently limited by 
the implemented self-homodyne scheme and by the fact that a fairly short 
imbalance pathlength (less than 1 m) is used in this experiment. The next 
steps to improve the stabilization will consist on one hand in increasing 
the pathlength difference to enhance the sensitivity to the laser frequency 
noise and decrease the stabilization noise floor, which can be achieved for 
instance with the use of a multipass cell to keep the setup compact. On the 
other hand, we will implement an absolute lock of the delay line to a 
molecular transition to combine the linewidth reduction brought by the 
stabilization to the delay line with the absolute frequency stability of the 
molecular reference. 
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Noise investigation in a QCL 
frequency comb  

 Optical frequency combs 

An optical frequency comb is a laser source that emits a spectrum 
made of optical modes that are equidistant in frequency. The optical 
spectrum of a frequency comb can be expressed as a series of delta 
functions given by the comb equation47: 𝜈𝜈𝑁𝑁 = 𝑁𝑁 ∙ 𝑓𝑓FSR + 𝑓𝑓0, where 𝑓𝑓FSR is 
the mode spacing (i.e., the spacing between two consecutive comb teeth), 
𝑓𝑓0 is the offset frequency that shifts the entire comb spectrum from the 
origin, and N is an integer number that corresponds to the mode number. 
The full spectrum of a frequency comb is determined by only two radio-
frequencies: the mode spacing 𝑓𝑓FSR and the offset frequency 𝑓𝑓0.  

The first optical frequency combs were demonstrated from mode-
locked lasers (MLLs) by T.W. Hänsch48 and J.L Hall49 and led to the 2005 
Nobel Prize in Physics50,51. The optical modes of an MLL are locked to 
each other using different techniques52 and have a definite phase relation. 



Chapter 4  Noise investigation in a QCL frequency comb 

74 

As a result, the laser emits light pulses with an extremely short duration 
(in the order of tens to hundreds of femtoseconds). These pulses are 
separated in time by the laser cavity round-trip time while in the 
frequency domain the spectrum of such a pulse train is also a series of 
sharp spectral lines separated in frequency by the inverse of the cavity 
round-trip time as shown in Figure 4.1. In MLLs, the offset frequency, also 
known as the carrier-envelope offset frequency (𝑓𝑓CEO), is related to the 
pulse-to-pulse phase shift between the maximum of the pulse and its 
envelope. It arises because of the difference between group and phase 
velocities inside a dispersive gain medium.  

 The mode spacing 𝑓𝑓rep or repetition rate of combs based on mode-

locked lasers can be easily detected and thus, characterized, by sending 
the laser light directly onto a fast photodetector with a sufficient 
bandwidth, such detectors being straightforwardly available in the NIR 
spectral region. However, the detection of 𝑓𝑓CEO is much more challenging 

 

Figure 4.1: (a) Pulse train with evolving carrier-envelope phase in the time domain 
and (b) frequency-domain representation of a frequency comb with the optical 
modes extrapolated to the origin to present the carrier envelope-offset frequency 
(𝑓𝑓CEO). Figure taken from53. 
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and was a major contribution to the 2005 Nobel Prize in Physics. The 
traditional method to detect 𝑓𝑓CEO is based on non-linear interferometry    
(f-to-2f interferometry), in which the longer wavelength part of an octave-
spanning comb spectrum is frequency-doubled and heterodyned with the 
shorter wavelength comb spectrum21. Most generally, MLLs do not 
inherently emit a spectrum that spans over a full octave. Only some 
specially-designed and optimized Ti:sapphire mode-locked lasers emit an 
optical spectrum that covers a full frequency octave54. In all other MLLs, 
the emitted optical spectrum needs to be externally broadened, which is 
usually done using a highly non-linear fiber or photonic crystal fiber 
(PCF). The external broadening to an octave-spanning spectrum also 
requires pulses with a low repetition rate and short duration (high peak 
power). As a rule of thumb, the lower the repetition rate and pulse 
duration, the broader the generated supercontinuum (SC) spectrum at 
constant average optical power. To achieve an optical spectrum that is 
broadened coherently to a full octave becomes quite challenging, 
especially for combs with repetition rates higher than 1 GHz. 

 Dual comb spectroscopy 

Dual comb spectroscopy (DCS) also known as multi-heterodyne 
spectroscopy is an unprecedented technique to acquire simultaneously 
broadband and high-resolution spectra with microseconds acquisition 
time. This technique is distinguished by a high signal-to-noise ratio (SNR), 
a small footprint, is free from moving parts, and is field-deployable as 
compared to traditional Fourier transform spectroscopy. This method was 
first proposed by S. Schiller in 200255.  

In this technique, two frequency combs with slightly different 
repetition rates are interfered onto a photodetector resulting in an RF 
comb that can be recorded with a single photodetector having a sufficient 
bandwidth. The RF comb is the result of the beating between successive 
pairs of teeth of the two combs. In spectroscopic applications, at least one 



Chapter 4  Noise investigation in a QCL frequency comb 

76 

of the combs probes the sample while the other acts as a local oscillator as 
shown in Figure 4.2. In DCS, both amplitude and phase (important in 
noisy environments) information of the sample can be recorded. 

Performing spectroscopy with frequency comb sources has the 
advantage that a single light source can probe multiple species 
simultaneously. In the next section, frequency comb sources in the MIR 
spectral region are discussed. 

 MIR frequency comb sources 

In the MIR, mode-locked lasers are scarce; one prominent example 
being Cr2+:ZnSe and Cr2+:ZnS lasers55,56 that emit at 2.4 microns with   
>300 cm-1 wide spectral bandwidth and have been used in dual-comb 
spectroscopy applications57. Beyond 3 µm mode-locked lasers are absent 
and other techniques are utilized to generate frequency combs. A few of 
them are briefly discussed here. 

One of the approaches to generate MIR frequency combs is based on 
the difference frequency generation (DFG) process58. In DFG, a photon 

 

Figure 4.2: Principle of dual comb spectroscopy. Two laser frequency combs with 
slightly different repetition rates are used. One of the combs (probing) is passed 
through a sample and superimposed with the reference comb. Resulting beat notes 
create a frequency comb in the radio frequency domain. BS; beamsplitter, M; 
mirror, PD; photodetector. 
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with a frequency that is the difference of the two other photons is 
produced by nonlinear effects [Figure 4.3(a)]. In a typical DFG setup, light 
from a NIR frequency comb is split into two separate arms, the light in one 
of the arms is broadened in a nonlinear fiber and filtered to select either 
the short- or long-wavelength component. The two components are then 
separately amplified and recombined in a nonlinear crystal to produce 
MIR light. A DFG process can generate a MIR frequency comb over a wide 
wavelength range, depending on the pump source, spectral broadening 
scheme, and the type of nonlinear crystal. For instance, using periodically-
poled lithium niobite (PPLN) as a nonlinear medium, this technique has 
demonstrated the generation of a spectral range of ∼ 500 cm-1 with tens of 
nanowatt power per comb tooth in the 3.2 µm to 4.8-µm wavelength range 
by utilizing two pulse trains derived from a two-branch mode-locked 
erbium-doped fiber laser source59. One branch was centered at 1058 nm 
while the other branch was tunable from 1.05 to 1.4 µm. Other non-linear 
media, for instance, gallium selenide (GaSe) can be used to produce MIR 
combs covering a larger spectral range. For example, a MIR comb with a 
spectral bandwidth of ∼2400 cm-1 tunable in the range of 3 to 10 µm and 
with an average power per comb mode of 50 nW has been demonstrated 
using 1.4 to 1.9-W average power of an Yb:fiber frequency comb centered 
at 1055 nm and 20 mW of pump power60 from the Raman soliton 
generated from the same comb. The spectral tuning of the MIR comb was 
achieved by tuning the Raman soliton wavelength in the range of 1.15 to 
1.65 µm. The MIR  sources produced by using the DFG process have been 
used in several spectroscopic applications61–64. One of the major problems 
in this approach is the limited efficiency arising from the spatial and 
temporal walk-off of the interacting pulses in the nonlinear crystal 
resulting in a limited interaction length65. 

The low conversion efficiency problem can be solved with the use of 
an optical parametric oscillator (OPO). In an OPO, a photon with a high 
frequency ω𝑝𝑝 is converted into two photons of lower frequency employing 
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second-order non-linear interaction [Figure 4.3(b)]. Among the converted 
photons, the one with higher frequency (ω𝑠𝑠) is known as “signal“, while 
the other with the lower frequency (ω𝑖𝑖) as “idler“ due to historical reasons. 
As the energy is conserved in an OPO, it can be mathematically written as 
ω𝑝𝑝 = ω𝑠𝑠 + ω𝑖𝑖. OPO system consists of an optical resonator, a non-linear 

crystal, and a pump beam. The interaction of pump, signal, and idler 
inside the nonlinear crystal leads to the amplification of the signal or idler 
or both whileattenuating the pump beam. An OPO system with PPLN as a 
non-linear crystal synchronously-pumped by a 10-W femtosecond Yb:fiber 
laser resulted in the generation of a MIR comb with 30-µW power per 
comb mode66. The comb tunability, from 2.8 to 4.8 µm, was solely achieved 
by using different poling periods of the non-linear crystal. 

In the next section, a new type of comb technology that inherently 
produces a comb in the MIR is discussed. 

(a) 

 

(b) 

 

Figure 4.3: Illustration of different processes for generating MIR frequency comb 
through: (a) Difference frequency generation; (b) Optical parametric oscillation.  
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 QCL combs 

In some particular conditions, MIR broadband QCL sources can emit 
a comb spectrum. QCL combs have attractive applications in MIR 
spectroscopy and especially in DCS because of their compact size. Unlike 
frequency combs based on passively mode-locked lasers in the NIR, their 
operation relies on a four-wave mixing (FWM) process in the 
semiconductor gain medium. The modes generated by the FWM process 
inside the QCL gain medium injection-lock the dispersed Fabry-Perot 
cavity modes of the resonator and force them to be equidistant, resulting 
in a frequency comb in the spectral domain that fulfills the frequency 
comb equation18 (Figure 4.4). However, in contrast to frequency combs 
from MLLs, the laser does not emit short pulses, but only light with slight 
amplitude modulation. QCL frequency combs were first demonstrated by 
Andreas Hugi, during his Ph.D. thesis at ETH Zurich, Switzerland17.  

The first demonstration of DCS using QCL combs has been 
performed by Villares et al. that paved a new way to directly perform 

 

Figure 4.4: Depiction of the four-wave mixing process in the semiconductor gain 
medium of a QCL comb that results in the locking of the modes together under 
certain conditions. The figure is taken from17. 



Chapter 4  Noise investigation in a QCL frequency comb 

80 

spectroscopy in the MIR18. In this first demonstration, both QCL combs 
were free-running, meaning that their mode spacing and offset frequency 
were not locked to an RF reference. In general, the complexity increases in 
moving from free-running combs to fully-referenced combs, but at the 
same time performance in terms of spectral resolution, frequency 
accuracy, and SNR in DCS (through increased coherent averaging times) 
also increases67. No full stabilization of a QCL frequency comb has been 
achieved so far because the detection of the offset frequency using 
standard f-to-2f interferometry has not been possible for two reasons. 
Firstly, the spectral width of QCL combs has been limited to ∼110 cm-1 at   
8 µm68, which is far from an octave-spanning spectrum required in the 
standard method for the offset frequency detection based on nonlinear      
f-to-2f interferometry . Secondly, QCL combs do not generate short pulses 
that are required for nonlinear spectral broadening to achieve the 
requested octave-spanning spectrum. Nevertheless, getting some 
information about the frequency noise level of the offset frequency and its 
modulation characteristics is quite handy in order to better understand 
this new comb technology. 

Pierre Brochard et al., at UniNE-LTF, presented a new method to 
indirectly access the offset frequency of a comb based on the transfer 
oscillator concept22. This method was previously successively applied to 
characterize the noise of the carrier-envelope offset frequency in different 
NIR mode-locked lasers for which a direct detection using the standard    
f-to-2f interferometry method was not possible, i.e., a vertical external-
cavity surface-emitting laser (VECSEL) emitting at 1030 nm with a 
repetition rate frequency of 1.8 GHz69 and an Er:Yb:glass laser oscillator 
(ERGO) emitting at 1.5 μm with a repetition rate of 25 GHz70. 

Implementing a similar scheme in the MIR to characterize QCL 
combs is quite challenging because of the two following main reasons:  
(i) photodetectors in the MIR generally do not have high enough detection 
bandwidth to optically detect the repetition rate of QCL combs, which is 
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usually in the range of a few GHz to tens of GHz because of the short 
cavity length (a few mm in QCL-combs); (ii) a narrow-linewidth auxiliary 
laser is required to make a beat note with one of the QCL comb modes.  

As QCLs are based on intersubband transitions in quantum wells, 
the upper state lifetime is in the sub-picosecond range, much shorter than 
the cavity round trip time. Due to the short upper state lifetime, the 
transport dynamics in QCLs is extremely fast. For this reason, QCLs can 
be modulated at frequencies up to tens of GHz. Conversely, the current 
faithfully follows the intensity of light inside the laser cavity at its RF beat 
note frequency and transduced onto the QCL bias current. The beat note 
can be extracted electrically across the QCL using a bias-tee was first 
demonstrated by Villares et al18. This eliminates the requirement of high 
bandwidth photodetector in the MIR for the detection of the mode 
spacing.  

To get a narrow-linewidth laser for the characterization of the QCL 
comb, the scheme based on a delay-line discussed in Section 3.3 was 
applied to reduce the linewidth of a DFB-QCL. Hence, a scheme based on 
the method proposed by Brochard et al. was implemented, for the first 
time in the MIR, to characterize the noise of the offset frequency of a QCL 
comb. Section 4.5, which is a reprint of an article published in Optics 
Express71, presents the implemented method and the achieved results. 
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 Frequency noise correlation between the 
offset frequency and the mode spacing in a 
mid-infrared quantum cascade laser frequency 
comb  
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2Institute for Quantum Electronics, ETH Zurich, CH-8093 Zurich, 
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3IRsweep SA, Laubisruetistrasse 44, CH-8712 Stäfa, Switzerland 

The generation of frequency combs in the mid-infrared (MIR) spectral 
range by quantum cascade lasers (QCLs) has the potential for 
revolutionizing dual-comb multi-heterodyne spectroscopy in the 
molecular fingerprint region. However, in contrast to frequency combs 
based on passively mode-locked ultrafast lasers, their operation relies 
on a completely different mechanism resulting from a four-wave mixing 
process occurring in the semiconductor gain medium that locks the 
modes together. As a result, these lasers do not emit pulses and no direct 
self-referencing of a QCL comb spectrum has been achieved so far. 
Here, we present a detailed frequency noise characterization of a MIR 
QCL frequency comb operating at a wavelength of 8 µm with a mode 
spacing of ~7.4 GHz. Using a beat measurement with a narrow-
linewidth single-mode QCL in combination with a dedicated electrical 
scheme, we measured the frequency noise properties of an optical mode 
of the QCL comb, and indirectly of its offset frequency for the first time, 
without detecting it by the standard approach of nonlinear 
interferometry applied to ultrafast mode-locked lasers. In addition, we 
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also separately measured the noise of the comb mode spacing extracted 
electrically from the QCL. We observed a strong anti-correlation 
between the frequency fluctuations of the offset frequency and mode 
spacing, leading to optical modes with a linewidth slightly below           
1 MHz in the free-running QCL comb (at 1-s integration time), which is 
narrower than the individual contributions of the offset frequency and 
mode spacing that are at least 2 MHz each. 

4.5.1 Introduction 

Optical frequency combs (OFCs) generated from mode-locked lasers 
have been a revolution in time and frequency metrology since their first 
demonstration 20 years ago by providing a direct and phase-coherent link 
between optical and microwave frequencies[1-3]. Their emission spectrum 
is determined by only two radio-frequencies, the constant spacing 
between the optical modes and the global frequency offset of the comb 
spectrum. In OFCs generated from ultrafast mode-locked lasers, the mode 
spacing corresponds to the repetition rate frequency frep of the pulsed laser 
train, whereas the global offset frequency is referred to as the carrier-
envelope offset (CEO) frequency fCEO, which results from the pulse-to-
pulse phase shift occurring between the optical carrier and the envelope of 
the emitted laser pulses. The repetition rate that can range up to tens of 
GHz is straightforwardly measured by photo-detecting the laser pulse 
train using a high-bandwidth photodiode. On the other hand, the 
standard method to detect the CEO frequency is the self-referencing 
scheme, which in the usual implementation requires a coherent octave-
spanning spectrum and nonlinear f-to-2f interferometry [1]. 

A different type of frequency combs has been demonstrated in the 
mid-infrared (MIR) spectral region that is important for molecular 
spectroscopy, based on the occurrence of four-wave mixing in the 
semiconductor gain medium of broadband quantum cascade lasers 
(QCLs) [4]. These lasers produce a frequency comb in some particular 
conditions where all emitted modes become equidistant as a result of the 
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parametric four-wave mixing process. QCL combs are very attractive for 
dual-comb spectroscopy [5-7] in the MIR spectral range that is of 
particular importance for high-resolution molecular spectroscopy and 
trace gas sensing. As a result of the very short upper state lifetime of the 
gain medium, these comb sources do not generate optical pulses, but 
deliver a fairly constant output power [8] that is associated to a frequency-
modulated (FM) spectrum. A recent model proposed by Opacak and 
Schwarz describes the formation of FM combs with the combined 
contributions of spatial hole burning, gain saturation and a minimum 
group velocity dispersion or Kerr nonlinearity due to gain asymmetry [9]. 
The FM nature of QCL combs has made the self-referencing method not 
possible so far and no detection of the offset frequency of a MIR QCL 
comb has ever been reported to the best of our knowledge, even if the full 
phase stabilization of a THz QCL comb to a CEO-free metrological THz 
comb was recently demonstrated [10]. For this purpose, the authors 
investigated the use of two different actuators, which are radio-frequency 
(RF) injection locking of the comb mode spacing by an external frequency 
reference signal and the QCL drive current to phase-lock one beat signal 
with the metrological comb to a reference oscillator. A constant width of 
the beat notes of around 120 kHz was observed when stabilizing the mode 
spacing only, while the linewidth of the beat notes increased linearly with 
the mode number N of the QCL comb when the phase-locked loop only 
was activated. An alternative approach to stabilize a QCL comb was 
implemented by Cappelli et al. [11] by phase-locking one mode of the 
QCL comb to a line of a metrological comb by feedback to the QCL 
current, reducing the linewidth of all modes below 23 kHz and showing a 
linear increase of this linewidth as a function of the distance from the 
locked mode. Simple relations between the QCL comb frequencies and the 
effective and group refractive indices were presented, showing that the 
QCL current acts predominantly on the offset frequency. The 
implemented stabilization scheme removed the common noise between 
the optical modes of the QCL comb that includes the combined 
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contribution of the offset frequency and of the mode spacing, but no 
information about the noise of the offset frequency of the free-running 
QCL comb was assessed. In the recent work of Cappelli et al. [12], the 
amplitude and phase of the different modes of THz and MIR QCL combs 
were retrieved by a Fourier-transform analysis of the multi-heterodyne 
spectrum obtained in a dual-comb setup with a metrological comb. The 
relative frequency noise between the QCL comb modes was analyzed by 
implementing a scheme that combines a phase-lock of the mode spacing to 
an external reference oscillator by feedback to the QCL current, and a 
noise compensation scheme to remove the common noise between all 
modes of the multi-heterodyne beat signal with the metrological comb. 
This scheme removed a large part of the frequency noise of the multi-
heterodyne beat signal, but did not reduce at all the noise of the optical 
modes of the QCL comb. 

In this work, we show the first evaluation of the frequency noise 
properties of the offset frequency of a free-running QCL comb. We refer 
here to the offset frequency that we label f0 and not to the CEO frequency 
fCEO, as this terminology is not well-suited to MIR QCL combs that do not 
emit pulses. For the same reason, we refer to the mode spacing (or free 
spectral range) fFSR of the QCL comb spectrum instead of the repetition 
rate frep used for mode-locked lasers. But the significance of these two 
parameters in the frequency domain is the same and they completely 
determine the frequency of an optical line νN of index N according to the 
well-known comb equation νN = N·fFSR + f0. By analogy to frequency 
combs generated from mode-locked lasers where fCEO is defined by 
convention as fCEO ≤ frep/2, we consider here the offset frequency as            
f0 ≤ fFSR/2 independently of the underlying physical effect responsible for 
the comb generation. Hence, N represents the mode number measured 
from the origin of the frequency axis. Our investigation relies on a 
dedicated scheme that we have developed to separately characterize the 
frequency noise of the two characteristic frequencies defining the optical 
spectrum of the QCL comb, i.e., the mode spacing fFSR and the offset 
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frequency f0. The measurement involves an electrical scheme that 
circumvents the standard f-to-2f interferometry method and enables the 
frequency noise spectrum of f0 to be indirectly measured, without direct 
detection of this signal. In addition, the mode spacing can also be detected 
electrically in QCL combs by extracting the intermode beat signal from the 
laser current [13]. Hence, we are able for the first time to separately 
quantify the noise contributions of the two degrees of freedom of the QCL 
comb to its optical spectrum. We observe a strong anti-correlation between 
the noise of fFSR and f0 leading to a much lower frequency noise of the 
optical mode, similar to our previous observations in different types of 
ultrafast mode-locked lasers [14-16]. From this result, we assess the 
position of the fixed point [17] of the QCL comb spectrum. 

4.5.2 Experimental setup and noise investigation of the 
free-running QCL comb 

The used QCL has a length of 6 mm. Its back facet is high-
reflectivity-coated and the device is mounted junction-down. A comb 
regime was achieved at a temperature of 10°C and at a typical laser 
current of ~1.7 A. In these conditions, the optical spectrum centered at 
1245 cm-1 typically extends over 50 cm-1 and consists of ~200 lines 
separated by ~7.4 GHz. This frequency can be detected electrically from 
the intermode beat signal extracted from the modulation of the injected 
current in the laser [13]. We used this signal to characterize the QCL comb 
mode spacing, as it is difficult to detect it optically with a good signal-to-
noise due to the lack of high bandwidth detectors in the MIR. 

The experimental setup shown in Figure 4.5 was implemented to 
beat one line of the QCL comb (with a mode number N ≈ 5,112) with a 
low-noise single-mode reference laser in order to measure the frequency 
noise of one of the comb modes. The mode number N was estimated from 
the frequency of the reference laser assessed spectroscopically using the 
position of N2O absorption lines and the measured mode spacing of the 
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QCL comb. The reference laser is a distributed feedback (DFB) QCL 
operating at 1256.7 cm-1. It was temperature-controlled and driven by a 
home-made low-noise laser driver. The DFB-QCL was stabilized to a 
Mach-Zehnder interferometer to reduce its frequency noise and narrow its 
linewidth so that the measured heterodyne beat reflects the noise 
properties of the QCL comb with a negligible noise contribution of the 
reference laser. The stabilization was realized with a short free-space 
imbalanced path of about 1 m in a similar way as in our recent 
demonstration of this approach [18], leading to a linewidth in the 10-kHz 
range (at 1-s integration time), which is much narrower than the linewidth 
of the QCL comb presented later. 

In addition, this setup enabled us to indirectly assess the frequency 
noise of the offset frequency f0 of the QCL comb without directly detecting 
it by the traditional method of f to 2f interferometry, but based on an 
approach that we previously developed and validated using a self-
referenced Er:fiber frequency comb [19]. This method was also 
successfully applied later to perform a detailed investigation of the noise 
properties of the CEO frequency in a mode-locked semiconductor laser 
[15] and in a 25-GHz repetition rate diode-pumped solid-state mode-
locked laser [16]. It is applied here to a MIR comb to investigate the offset 
frequency noise in a QCL comb. 

Basically, the method consists of suppressing the contribution of the 
mode spacing fFSR in the frequency noise of an optical line νN = (N⋅fFSR + f0) 
of the QCL comb, measured from the heterodyne beat fb = (νN - νcw) with 
the narrow-linewidth QCL of frequency νcw. The suppression of the noise 
of the mode spacing was achieved using an electrical scheme (see Figure 
4.5) and not optically as with f-to-2f interferometry. For this purpose, the 
beat signal needs to be frequency-divided by the large integer number N 
and mixed with the mode spacing fFSR separately extracted from the QCL 
current with the use of a bias-tee (Marki Microwave BTN2-0018) in order 
to generate the output signal fout = fFSR - fb/N = (νcw - f0)/N. The noise of 
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this signal is dominated by the contribution of f0 if the auxiliary laser νcw 
has a much lower noise, which is the case here. In order to perform the 
frequency division by the large number N, the heterodyne beat signal 
detected at a frequency of ~200 MHz (within the 1-GHz bandwidth of the 
used photodetector) was first up-converted to ~15 GHz by mixing it with 
the signal from a synthesizer in a triple-balanced mixer (Marki Microwave 
T3H-18LS). In this process, the noise contribution from the synthesizer is 
negligible in comparison to the frequency noise of the beat signal. 

 

Figure 4.5: Scheme of the experimental setup implemented to measure the 
frequency noise of the unknown free-running offset f0 of the QCL comb. The 
frequency noise of f0 is indirectly measured by separately detecting the mode 
spacing fFSR by RF extraction (lower branch of the scheme) and the heterodyne beat 
between one optical line of the QCL comb and a narrow-linewidth DFB-QCL at 
1256.7 cm-1. The beat signal is filtered, up-converted and frequency-divided by a 
large number N = 5,112 using a frequency pre-scaler (÷6) and a direct digital 
synthesizer (DDS, upper branch of the scheme). The two signals are then combined 
(mixed) to remove the noise contribution of fFSR, such that the resulting signal fout is 
representative of the noise of f0 only. BS: beamsplitter; PD: photodetector: PID: 
proportional-integral-derivative servo controller; TBM: triple-balanced mixer; SSB: 
single sideband mixer; DDS: direct digital synthesizer; ESA: electrical spectrum 
analyzer; PNA: phase noise analyzer. A representative intermode beat note 
electrically extracted from the QCL comb with a bias-T is shown on the lower left 
part of the figure, after amplification. The signal is centered at 7.37 GHz. 
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The up-converted beat signal was then frequency-divided by a factor 
of 6 in a frequency pre-scaler (RF Bay FPS-6-15), whereas the subsequent 
division by a factor of 852 was realized by a direct digital synthesizer 
(DDS, Analog Devices AD9915). The resulting divided signal at ~2.9 MHz 
was further mixed in a single sideband (SSB) mixer (Marki Microwave 
SSB-0618LXW-1, lower sideband) with the ~7.37-GHz mode spacing 
electrically extracted from the QCL, then filtered and amplified. The 
resulting output signal fout was analyzed with a phase noise analyzer 
(Rohde-Schwarz FSWP-26). As a result of the implemented scheme, the 
frequency noise originating from f0 is the dominant noise contribution in 
the analyzed signal, which could be measured even if f0 itself remained 
unknown. 

The frequency noise power spectral density (FN-PSD) measured for 
an optical mode νN of the free-running QCL comb (from the beat signal fb 
with the narrow-linewidth QCL) is displayed in Figure 4.6. It is compared 
to the mathematically up-scaled frequency noise spectra separately 
measured for the mode spacing of the QCL comb and indirectly assessed 
for f0 using our experimental scheme. A similar noise spectrum (in both 
shape and magnitude) is observed for the indirect f0 signal and for the up-
scaled mode spacing N⋅fFSR, whereas the noise of the optical line is 
significantly lower. The corresponding linewidth (full width at half-
maximum) calculated from the measured frequency noise PSD using the 
β-separation line concept [20] is slightly below 1 MHz (at 1-s integration 
time) for the optical line, whereas it amounts to 2 MHz and 2.5 MHz, 
respectively, for the individual noise contributions of f0 and N⋅fFSR if one 
disregards the influence of the technical noise peaks at 50 Hz and 
harmonics. As the FN-PSD of f0 and fFSR is limited by the measurement 
noise floor at high Fourier frequencies, the 1/f trend of these spectra was 
extrapolated down to the β-separation line for the linewidth estimations.  
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Figure 4.6: Frequency noise power spectral density (FN-PSD) separately measured 
for an optical mode νN (pink), for the mode spacing up-scaled to the optical 
frequency (N⋅fFSR, blue) and indirectly assessed for the offset signal f0 (green). The 
typical frequency noise spectrum of the reference DFB-QCL locked to the delay 
line and used to characterize the QCL comb is also displayed (grey, from44), as well 
as the contribution of the current noise of the QCL driver to the comb frequency 
noise (light brown, obtained by recording the current noise on a resistive load and 
converting it into an equivalent frequency noise using the measured transfer 

function discussed in Section 4.5.2.1, here for the optical line  νN). The 
measurement noise floor at high frequency is indicated by the dash-dotted line 

and the β-separation line72 used to estimate the linewidths by the dashed line. 

The narrower linewidth of the optical line indicates that the 
fluctuations of fFSR and f0 are anti-correlated and partially compensate each 
other in the optical line. This behavior implies the existence of a fixed 
point [17,21] in the vicinity of the optical carrier in the spectrum of the 
QCL comb according to the elastic tape model of frequency combs 
introduced for mode-locked lasers [22,23]. This fixed point is calculated 

from the ratio of the FN-PSD of the offset frequency (
0f

S ) and of the mode 

spacing (
FSRfS ) as

0 FSRfix 4,300f fN S S= ≈ , leading to a fixed frequency of 

~1056 cm-1 located outside of the comb spectrum. This fixed point results 
from the dominant noise source in our QCL comb, which is believed to 
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arise from the voltage noise between the QCL terminals as previously 
observed in single-mode QCLs [24,25]18,52, which induces fluctuations of 
the internal temperature of the gain medium and, thus, produces 
frequency noise in all comb modes. 

The degree of correlation between the frequency fluctuations 
N·∆fFSR of the up-scaled mode spacing N⋅fFSR and ∆f0 of the offset signal f0 
was assessed from the measured FN-PSDs by calculating the sum 

0 FSR FSR 0f N f N f fγ γ∆ ∆ ⋅∆ ⋅∆ ∆Γ = +  of the complex coherences 
0 FSRf N fγ ∆ ⋅∆  and 

FSR 0N f fγ ⋅∆ ∆

 between the frequency variations ∆f0 and N·∆fFSR in the free-running QCL 
comb following the approach presented by Dolgovskiy and co-workers 
[14]. The complex coherence between two quantities x and y is defined in 

the general case as xy xy x yS S Sγ = ⋅ , where Sx represents the FN-PSD of 

the parameter x and Sxy is the cross-spectrum of the parameters x and y. 
Using the comb equation, the sum of the complex coherences can be 
obtained from the measured FN-PSDs as (see Ref. [14] for more 
explanations): 

Γ∆ =
𝑆𝑆𝜋𝜋b − 𝑆𝑆𝜋𝜋O − 𝑆𝑆𝑁𝑁∙𝜋𝜋FSR
�𝑆𝑆𝜋𝜋𝑂𝑂 − 𝑆𝑆𝑁𝑁∙𝜋𝜋FSR

 (1) 

The calculated value of  Γ∆ displayed in Figure 4.7 is close to -2 in the 
entire considered spectral range, which demonstrates the strong anti-
correlation of the frequency noise of N⋅fFSR and f0. The value of Γ∆ close to 
zero observed   at a frequency of ~20 Hz results from a noise peak present 
in the FN-PSDs in Figure 4.6. This peak is believed to be of technical origin 
in the experimental setup, we do not believe that it originates from the 
QCL itself. It is visible in the FN-PSD of νN, f0 and fFSR. As it does not arise 
from the QCL, this noise is uncorrelated between f0 and fFSR. This is why 
the sum of the complex coherence reaches a value close to zero at this 
frequency. This uncorrelation leads to a noise peak in the FN-PSD of νN 
that is as strong as in the FN-PSD of fFSR in Figure 4.6, whereas the FN-PSD 
of νN is much weaker than that of fFSR at other frequencies where a high 
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correlation occurs. The strong noise anti-correlation, combined with the 
similar amplitude of the FN-PSD measured for N⋅fFSR and indirectly for f0, 
explains the lower frequency noise observed for the optical mode of the 
QCL comb compared to the individual noise contributions of N⋅fFSR and f0. 
This behavior is very similar to the case of comb spectra generated from 
ultrafast mode-locked lasers of various types that have been reported 
previously, such as an Er-fiber [14], a semiconductor mode-locked laser 
with a repetition rate in the GHz range [15], or a diode-pumped solid-state 
mode-locked laser (DPSSL) with 25-GHz repetition rate [16], even if the 
comb formation mechanism is completely different. 

 

Figure 4.7: Frequency dependence of the sum of the complex coherences Γ∆ 
between the frequency variations of f0 and fFSR in the free-running QCL comb. The 
plot is restricted to 100 kHz, as the noise spectra of f0 and N·fFSR are limited by the 
experimental noise floor at higher frequencies. 

4.5.2.1 QCL comb transfer functions for current modulation 

Frequency combs emitted from ultrafast mode-locked lasers typically 
make use of two different actuators to separately stabilize their two 
degrees of freedom, i.e., the repetition rate and the CEO frequency, even if 
these actuators may not be independent and a cross influence generally 
occurs between their effect on frep and fCEO [14]. The cavity length, 
controlled for instance with a piezo-electric transducer (PZT), is generally 
used to stabilize the repetition rate, whereas the pump power mainly acts 
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on the CEO frequency. The situation is different for QCL combs that do 
not have an equivalent knob to the PZT used in ultrafast mode-locked 
lasers as they are monolithically-integrated, electrically-driven light 
sources. Different actuators are available to control their emission 
spectrum, which are the laser current and temperature, but they are 
strongly correlated. Furthermore, temperature control is fairly slow and 
does not appear practicable for proper frequency stabilization. Both comb 
parameters are expected to be affected by the laser average (or DC) 
current. However, a distinct way to control and lock the mode spacing in 
QCL combs is by injecting a radio-frequency (RF) current in the QCL at a 
frequency close to the native mode spacing, which can injection-lock this 
parameter [26] via the coupled dynamics of the optical field and carrier 
density in the QCL semiconductor medium [13]. 

Using the same setup as before to indirectly characterize the offset 
frequency of the QCL comb, we have separately investigated the effect of a 
modulation of the laser driving current (baseband component) onto the 
two comb parameters fFSR and f0, as well as onto an optical line νN, by 
measuring their modulation transfer functions. For this purpose, we 
modulated the QCL current with a sine waveform with a small amplitude 
∆I , ranging between 20 µA and 3 mA depending on the considered 
measurement, and demodulated the corresponding signals (optical beat, 
electrically-extracted mode spacing or indirect offset signal obtained using 
the scheme of Figure 4.5) using a frequency discriminator [27] and a lock-
in amplifier.  

The measured transfer functions are displayed in Figure 4.8. They 
present the same behavior, both in amplitude and in phase, with a flat 
amplitude response up to ~10 kHz. This limited bandwidth results from 
the fact that the frequency of the QCL comb modes varies with the laser 
current mainly due to a thermal effect, as for single-mode QCLs [28]. Even 
if the QCL current can be modulated much faster (the used current driver 
has a bandwidth larger than 100 kHz, measured on a resistive load), as 
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well as the output optical power, the effect on the emitted optical 
frequencies is limited by the thermal dynamics of the QCL. The effect of 
the QCL drive current was determined to be around 2,550 times larger on 
the offset frequency (∆f0/∆I ≈ 125 MHz/mA) than on the mode spacing 
(∆fFSR/∆I ≈ 49 kHz/mA), but the respective contribution of the two 
parameters to the modulation of the optical line νN is of the same order of 
magnitude. Hence, the fixed point for current modulation corresponds to 

( ) ( )fix 0 FSR 2,550.N f I f I= ∂ ∂ ∂ ∂ ≈  A phase shift of 180° is observed between 

the transfer functions of fFSR and f0, which indicates that a change of the 
QCL current produces an opposite effect on these two parameters.  

 

Figure 4.8: Transfer function in amplitude (a) and phase (b) of N⋅fFSR (blue), f0 
(green) and νN (optical line, pink) measured for a modulation of the QCL current 
applied through its driver. 

4.5.2.2 Impact of the stabilization of the mode spacing on an 
optical line  

The QCL current can be used to phase-lock the mode spacing to an 
external RF reference (synthesizer) as schematized in Figure 4.9(a). With 
an achieved loop bandwidth in the range of 30 40 kHz that is limited by 
the QCL comb transfer function displayed in Figure 4.8, the phase noise of 
the mode spacing is strongly reduced and reaches the noise of the 
reference oscillator at low Fourier frequencies as illustrated in            
Figure 4.9(b). The mode spacing analyzed here was electrically extracted 
from the QCL current and its limited signal-to-noise is the reason for the 
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observed noise floor of the measurement in the range of                                 
-100 to 110 dBc/Hz. 

 

Figure 4.9: (a) Experimental scheme used to stabilize the mode spacing of the QCL 
comb to an external frequency reference at 7.37 GHz by feedback to the QCL 
current. DBM: double balanced mixer; PID: proportional-integral-derivative servo 
controller; ESA: electrical spectrum analyzer; PNA: phase noise analyzer. (b) Phase 
noise PSD of the QCL mode spacing in free-running mode (blue) and phase-locked 
to an external reference (red). The phase noise of the frequency reference is also 
displayed in grey. 

The impact of the mode spacing stabilization onto an optical comb 
line was also assessed by analyzing the frequency noise of the heterodyne 
beat signal fb between the comb line and the narrow-linewidth QCL. 
Results are displayed in Figure 4.10. They show that while the frequency 
noise of the mode spacing fFSR is strongly reduced by the stabilization 
loop, the frequency noise of the optical line νN is significantly degraded by 
the stabilization (by about one order of magnitude). In terms of optical 
linewidth, it corresponds to a broadening from ~1 MHz for the free-
running comb (at 1-s integration time) to 4.5 MHz when the mode spacing 
is locked. This results from the same reason as analyzed and discussed in 
details in a similar observation previously made with a 25-GHz DPSSL 
comb, where stabilizing the repetition rate with the use of a piezo-electric 
transducer also led to an increase of the frequency noise of the optical lines 
compared to the free-running case [16]. 

As explained before, the noise of fFSR and f0 partially compensates 
each other in the optical lines of the free-running QCL as a result of their 
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anti-correlation, which leads to a resulting frequency noise that is lower 
than the individual contributions of N⋅fFSR or f0. When fFSR is stabilized to 
an external reference, this partial compensation disappears, and the 
frequency noise of the optical line mainly corresponds to the noise of f0, as 
the contribution of fFSR becomes negligible. Therefore, the noise of the 
optical line increases compared to the free-running case. The reason 
resides in the fact that the effect of the QCL current on the comb spectrum 
corresponds to a different fixed point (Nfix ≈ 2,550) than the principal noise 
source that affects the free-running laser (Nfix ≈ 4,300). Therefore, 
stabilizing fFSR does not have an effect on f0, which becomes totally 
uncorrelated from the locked fFSR, so that the frequency noise of the optical 
comb line becomes essentially equal to the one of f0. 

 

Figure 4.10: Frequency noise PSD of an optical comb line (upper traces) and of the 
mode spacing (lower curves) measured for the free-running QCL and when the 
mode spacing is phase-locked to an external RF reference. The noise bump 
occurring in the latter case at ∼40 kHz corresponds to the servo bump of the 
stabilization loop. 

4.5.3 Conclusion and outlook 

We have reported the first noise characterization of the offset 
frequency in a MIR QCL comb. It was carried out using an electrical 
scheme that does not require the direct detection of the offset frequency 
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based on a nonlinear interferometry scheme, which is not applicable yet to 
the unpulsed emission of this type of frequency combs. By means of this 
scheme, we were able to measure separately the frequency noise of the 
two parameters of the QCL comb, the mode spacing and the offset 
frequency. The strong observed anti-correlation between these two signals 
explains the lower noise and narrower linewidth obtained for the lines of 
the QCL comb operating around 1245 cm-1, with the presence of a fixed 
point estimated at 1056 cm-1, as well as the degradation of the frequency 
noise and linewidth of the optical mode when phase-locking the mode 
spacing to an external RF reference. 
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Conclusion 

During the course of my 4-year doctoral studies, I mainly worked 
with singlemode QCLs and QCL combs, and developed different methods 
to characterize and reduce their frequency noise. Most of the techniques 
that had been previously implemented in the NIR spectral region are 
difficult to transpose in the MIR due to the lack of optical components or 
to their lower performance. For instance, photodetectors in the MIR are 
strongly limited in bandwidth compared to their NIR counterparts. 
Nevertheless, I was able to implement some techniques previously 
demonstrated in the NIR to MIR QCLs for the first time. Hence, I gained 
hands-on experience with different measurement tools such as phase noise 
analyzer, spectrum analyzer, lock-in-amplifier, oscilloscopes, 
proportional-integral-derivative servo controllers, etc. 

In a first part of my work, I studied the potential use of an integrated 
heater to reduce the frequency noise of a QCL. Through extensive 
experiments, I was finally able to understand why the correction signal of 
the voltage noise measured between the QCL terminals applied to the 
integrated heater could not lead to frequency noise reduction. The 
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generation of pure amplitude and frequency modulation in QCLs has 
many applications, especially in spectroscopy. With this new integrated 
heater actuator that was meant for fast frequency tuning, I was able to 
produce pure AM and FM in a QCL by applying a combined modulation 
of suitable amplitudes and phases to the currents in the QCL active region 
and integrated heater. This approach is much simpler than previously 
proposed methods that include shining the front facet of a QCL with NIR 
lasers (850 nm and 1550 nm)73 or a specially-designed QCL having three 
different sections (master oscillator, gain section, and phase section) 
controlled by distinct currents74,75. The performance of the method was 
carefully characterized in terms of residual modulation. 

The reduction of the frequency noise of a laser using an optical delay 
line is quite an established technology in the NIR spectral region46 owing  
to the long delays that can be implemented using optical fibers. High 
performance comparable to the one achieved by locking to a high finesse 
optical cavity were demonstrated. The implementation of a long delay line 
to reduce the frequency noise of a QCL is much more challenging due to 
the lack or poor performance of fibers in this spectral range. Nevertheless, 
using a scheme with only 1-m of free-space delay line in a self-homodyne 
configuration, I was able to reduce the linewidth of a MIR QCL below 
10 kHz for an integration time of 1 s.  

QCL combs constitute another very attractive technology for MIR 
spectroscopy, as it combines some properties of single-mode QCLs with 
the capability to perform broadband spectroscopy with a single source. 
These sources are of great interest for dual-comb spectroscopy. So far, 
dual QCL comb spectroscopy has been performed mainly with free-
running QCLs. In these combs, the standard method to detect the offset 
frequency based on non-linear f-to-2f interferometry has not been 

applicable so far, as these lasers do not emit short pulses. In the last part of 
this thesis, I used the concept of the transfer oscillator9 to indirectly 
characterize for the first time the noise properties and modulation 
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response of the offset frequency in a MIR QCL comb without the need to 
detect it using a common f-to-2f interferometer. The achieved results will 
help researchers and manufacturers of QCL combs in a better 
understanding of this emerging comb technology. 
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