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Abstract

The quantum cascade laser is a unipolar semiconductor laser based on intersubband
transitions in quantum wells. The realization of broadly tunable single-mode quantum
cascade lasers and optical frequency-comb quantum cascade lasers in the mid-infrared
is particularly interesting due to the fundamental roto-vibrational absorption bands
present within this wavelength range. Nowadays, the quantum cascade laser operates
in continuous-wave operation at room-temperature and features multi-watt optical out-
put powers. The small footprint, the freedom in design and the tailorable emission
wavelength make these lasers the ideal light sources for compact, field-deployable, ro-
bust and cost-efficient mid-infrared spectroscopic systems.

The presented work deals with the design and realization of broadband quantum
cascade lasers in the mid-infrared spectral region. Broadband homogeneous and inho-
mogeneous gain can be engineered, nonlinearities can be tailored and the group-velocity
dispersion can be controlled. In the course of this work, such broadband quantum cas-
cade lasers are employed in different application scenarios. One being the use of these
active regions as a gain element for broadband tuning an external-cavity configuration.
New active region designs help to push tuning-ranges to new boundaries. We reach
tuning-ranges around the center wavelength of 18 % in continuous-wave operation and
40% in pulsed mode. The measured output power is 140 mW in continuous-wave, re-
spectively 1 W peak power in pulsed mode. In collaboration with the Swiss Federal
Laboratories for Material Science and Technology (EMPA) and BLOCK-engineering,
we perform broadband spectroscopy covering 280cm™ on three different substances
using an external-cavity quantum cascade laser.

These broadband laser sources can also be used to replace conventional glowbars
in Fourier-transform interferometers. These high-brightness sources offer potentially
better signal-to-noise ratios. Furthermore, due to the available high-power, they allow
the measurement of highly-absorbing samples, such as liquids. Performed under com-

parable conditions, we benchmark a glowbar against a broadband quantum cascade



laser. The quantum cascade laser yields an increase in signal-to-noise ratio of roughly
15dB.

In the last part of the presented work, optical frequency-comb operation of a broad-
band quantum cascade laser is demonstrated. Todays mid-infrared combs are mainly
based on down-converted, mode-locked near-infrared lasers in nonlinear crystals. A
novel and noteworthy comb generation scheme is based on the optical pumping of an
ultra high-quality factor microresonator with a continuous-wave laser source. Such
combs also start to penetrate the mid-infrared region. However, all these generation
schemes depend on a chain of optical elements. A more direct, all electrical injection
comb generation scheme based on a semiconductor laser is preferable. We demonstrate
an optical frequency-comb at 7 pm featuring a bandwidth of 308 nm, which corresponds
to a wavelength coverage of % = 4.4%. We measure intermode beat stabilities of
Av < 10Hz. Four-wave mixing mode-proliferation combined with gain provided by
the broadband quantum cascade laser leads to a fixed phase relation similar to that of
a frequency-modulated laser. A novel characterization technique for frequency-combs
is presented and analyzed in this work, the so called intermode beat spectroscopy. This
technique can be used to characterize combs featuring a frequency-modulated like out-
put. We use the intermode beat spectroscopy to analyze the quantum-cascade-laser
frequency-comb. These results are achieved in collaboration with Alpes Lasers and
H.C. Liu from the Shanghai Jiao Tong University in Shanghai.



Zusammenfassung

Der Quantenkaskadenlaser ist ein unipolarer Halbleiterlaser, welcher auf optischen
Ubergingen in Quantentépfen basiert. Die Herstellung von einerseits breit abstimm-
baren einmodigen Lasersystemen, sowie andererseits optischen Frequenzkdmmen im
mittleren Infrarot Bereich, basierend auf Quantenkaskadenlasern, ist dusserst interes-
sant, da sich die fundamentalen Absorptionsbander der meisten leichten Molekiile in
diesem Wellenldngenbereich befinden. Heutzutage kann der Quantenkaskadenlaser bei
Raumtemperatur in Dauerstrich (CW) betrieben werden und verfiigt iiber mehrere
Watt optische Ausgangsleistung. Die geringe Grosse, die Freiheit im Design, sowie die
Anpassung der Wellenldnge, macht diesen Laser zur idealen Lichtquelle fir kompakte,
im Feld einsetzbare und robuste Spektroskopie-Systeme.

Die hier présentierte Arbeit handelt vom Design und der Herstellung von breitbandi-
gen, im mittleren Infrarotbereich emittierenden Quantenkaskadenlasern. Breitbandige
homogene und inhomogene Verstiarkung kann entworfen, nichtlineare Prozesse kénnen
kontrolliert und die Gruppengeschwindigkeitsdispersion kann beeinflusst werden. Im
Zuge dieser Arbeit werden solche Quantenkaskadenlaser in verschiedenen Szenarien
eingesetzt. Zum einen werden sie als Verstdrkungselement in einer externen Kavitit
eingesetzt. Das ermdglicht ihre breit abstimmbare, einmodige Emission. Neue Designs
der aktiven Region helfen die Grenzen der Abstimmbarkeit zu erweitern. Wir realisieren
eine Abstimmbarkeit von 18 % im CW- und 40 % im gepulsten Betrieb. Die Ausgangs-
leistung betrdagt 140 mW im CW- und 1 W maximale Leistung im gepulsten Betrieb.
Des Weiteren prisentieren wir breitbandige Spektroskopie-Messungen iiber 280 cm™.
Diese Messungen wurden in Kollaboration mit der eidgenossischen Materialpriifungs-
und Forschungsanstalt (EMPA) und BLOCK-engineering durchgefiihrt.

Diese breitbandigen Quantenkaskadenlaser kénnen auch als Ersatz zur gewodhn-
lichen Glithbirne in Fourier-transform Interferometern eingesetzt werden. Die starke
Lichtdichte offeriert potenziell ein besseres Signal-zu-Rausch Verhéltnis. Zuséatzlich

kann die Laserlichtquelle auch stark absorbierende Medien durchdringen. Ein Beispiel
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hierfiir sind wissrige Losungen. Messungen, welche unter vergleichbaren Konditionen
durchgefiihrt wurden, zeigen eine Verbesserung des Signal-zu-Rausch Verhéltnisses um
15 dB.

Der letzte Teil der Arbeit préasentiert die Resultate von optischen Frequenzkamm
Quantenkaskadenlaser. Heutzutage basieren optische Frequenzkdmme meist auf her-
unterkonvertiertem, modengekoppeltem Laserlicht im nahen Infrarotbereich. Dies wird
durch nichtlineare Interaktionen in Kristallen erreicht. Eine neue und beachtenswerte
Art der Frequenzkammerzeugung basiert auf CW-Laserlicht gepumpten Mikroresona-
toren mit sehr hohem Q-Faktor. Diese Frequenzkdmme erreichen heutzutage auch den
mittleren Infrarot-Bereich. All diese Frequenzkdmme basieren jedoch auf der Aneinan-
derreihung von mehreren optischen Elementen. Ein direkter, nur elektrisch gepumpter
Frequenzkammgenerator, basierend auf einem Halbleiterlaser ist wiinschenswert. Wir
prasentieren einen optischen Quantenkaskadenlaser-Frequenzkamm bei 7pm Wellen-
lange mit einer Bandbreite von 308 nm. Dies entspricht einer Wellenldngenabdeckung
von 4.4 %. Wir messen eine Zwischenmoden-Stabilitidt von < 10 Hz. Modengenerierung
basierend auf vier-Wellen Mischung, zusammen mit der vom breitbandigen Quanten-
kaskadenlaser gelieferten Verstiarkung, sind dafiir verantwortlich, dass der Laser ei-
ne Phasenverhéltnis vorweist, welche einem Frequenzmodulierten Signal &hnlich ist.
Ein neuartiges Analyseverfahren fiir Frequenzkdmme, die Zwischenmodenschwebung-
Spektroskopie, wird préasentiert. Dieses Verfahren kann auch auf Laser angewendet
werden, welche eine Phasenverhéltnis dhnlich einem Frequenzmodulierten Signal auf-
weisen. Wir benutzen die Zwischenmodenschwebung-Spektroskopie um unseren Quan-
tenkaskadenlaser-Frequenzkamm zu charakterisieren. Diese Resultate wurden in Kol-
laboration mit Alpes Lasers und H.C. Liu von der Shanghai Jiao Tong Unversitat in

Shanghai realisiert.
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Abbreviation

Amplitude modulation AM
Anti-reflection AR
Carrier-envelope offset CEO
Continuous-wave CW
Cross-phase modulation XPM
Deuterated Tri-Glycine Sulfate DTGS
Difference frequency generation DFG
Distributed-feedback DFB
External-cavity EC
Fabry-Pérot FP
Fast-Fourier transform FFT
Fourier-transform interferometry FTIR
Frequency modulation FM
Full-width at half maximum FWHM
Group-velocity dispersion GVD
High-reflectance HR
Infrared IR
Light-Current-Voltage LIV
Master-oscillator power-amplifier MOPA
Mercury cadmium telluride MCT
Metalorganic vapour phase epitaxy MOVPE
Micro-electro-mechanical systems MEMS
Molecular beam epitaxy MBE
Optical parametric oscillator OPO
Periodically poled lithium niobate PPLN
Quantum cascade laser QCL
Quantum-well infrared photodetector QWIP
Quartz-enhanced photoacoustic spectroscopy QEPAS
Resolution bandwidth RBW
Self-phase modulation SPM
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Side-mode suppression ratio

SMSR

Signal to noise ratio SNR
Substack ST
Terahertz THz
Transverse-electric TE
Transverse-magnetic ™™
Vertical-external-cavity surface-emitting-laser VECSEL
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Chapter 1

Introduction

1.1 Motivation

We live in an industrial and technological world, where the human footprint on na-
ture is increasing. For example, a busy topic nowadays in science and politics is the
effect of humans on the climate[1, 2]. To understand and react to these challenges,
better monitoring techniques are essential. It enables the optimization of industrial
and chemical products and can help to reduce their impact. It opens new avenues for
medical applications and it allows for efficient water quality monitoring, just to name a
few. Many of those applications require a precise determination of concentration levels
of different substances of interest. Climate science relies on the exact determination of
concentration levels of the greenhouse-gases (CO,, H,O, CH,, Og, ..) in air as well as
liquids. Improving the efficiency of engines can be achieved by monitoring the exhaust
air composition of engines.

Many different well established methods exist to measure concentrations in the
atmosphere and samples [3]. Spectroscopic techniques are specially interesting for sens-
ing of gases and liquids, because it allows for a fast and non-intrusive detection of
multi-component trace gases [4]. For example, Fourier transform infrared (FTIR) spec-
trometers are well established spectroscopic instruments [5, 6]. Nevertheless, these in-
struments are in general bulky. They feature a limited resolution and the acquisition
speed is rather slow and directly linked to the resolution of the scan. The light sources
conventionally used in these devices is also relatively weak, prohibiting the sensing of
strongly absorbing and thick samples. Even tough MEMS based FTIRs can overcome
the problem of size, they suffer from a limited resolution [7].

Laser based spectroscopy allows for a very sensitive, selective and high-resolution
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(energy, temporal, spatial) sensing technique [8]. Furthermore it requires none or only
small sample preparation. It is versatile, very reliable and robust, making it possible
to use in harsh environmental conditions [9].

Especially progress in the telecommunication industry with the development of
high-power power, high-efficient and high-volume (therefore low cost) laser-diodes lead
to a enormous progress in laser spectroscopy applications. According to Ref. [10], diode
laser business makes up for 50 % of the $7.57B laser industry in 2012. The main
driving factor for the industry remains the communications, which makes up for 31%
of the laser revenues. In comparison to this, instrumentation and sensors covers only
4%. Therefore, sensor applications which rely on diode-lasers from the communication
industry are bound to the wavelength ranges best suited for Telecom applications. This
is a less than optimal situation for sensor applications, because the “sweet spot” for
sensing light-molecules lies in the mid-infrared spectral range.

This work is dedicated to the development and understanding of broadband quan-
tum cascade lasers (QCLs) emitting radiation in the mid-infrared region [11]. The focus

of the work lies on the broadly tunable single-mode and comb-operation of such sources.

1.2 The mid-infrared range

The infrared (IR) spectrum of electromagnetic radiation spans the region between
the visible light and microwave region (710nm <A <1mm). Usually it is divided
into three regions, the near-IR region, the mid-IR and the far-IR region (also called
the THz-range). The near-IR region approximately spans the wavelength range of
710nm < A < 2.5um, the mid-IR covers a wavelength range of 2.5pum <\ < 25pm.
The remaining IR wavelength range from 25pm <A <1mm is occupied by the far-
IR range [12]

The mid-IR range is specially relevant for science and technology. Since the in-
teraction of matter with light strongly depends on the optical frequency, the ab-
sorption strength of each molecule is also a function of wavelength. As an example,
fig. 1.1 compares the line strength of nitric oxide in the mid-IR and near-IR region.
The mid-IR region absorption at 5.3 pm and 2.6 pm is orders of magnitudes stronger
compared to the near-IR bands at 1.8 pm and 1.28 pm. This is explained by the fact
that most fundamental roto-vibrational bands of light molecules lie within the mid-IR
region, whereas it is only possible to access the overtone and combination bands in
the near-IR range. The spectrum coverage of the important second and third Tele-
com windows around 1.3pm and 1.5 pm wavelength is shown in blue on fig. 1.1. Only

the absorption at 1.3 pm is attainable using such sources. In contrast to this, sensors
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Fig. 1.1: Near-IR to mid-IR line strength comparison of nitric oxide. The absorption
bands of nitric oxide are orders of magnitude stronger in the mid-IR (5.3 pm/2.6 pm)
region compared to the near-IR (1.8 pm/1.6 pm) region. Source: HITRAN 2008.

in the mid-IR region promise much higher sensitivity due to the increased absorp-
tion strength. Indeed, using lasers in this wavelength range concentrations as low as
parts per million (ppm 10°%), parts per billion (ppb 10™2) even up to parts per trillion
(ppt 10712) is measurable [9, 13-15].

Mid-infrared applications are manifold. Some possible sectors are environmental
monitoring, process monitoring, quality control, leak detection, long-range optical data
transmission, medical applications, as well as surveillance- and security applications.
As an example, medical applications can profit from the fast and noninvasive technique
to determine molecular biomarkers in breath. It carries many information about the
health and diseases of the patient [16]. It can be used to detect diabetes, some types of
cancer and lung diseases [17-20]. The basis is the exact determination of the concen-
trations of the complex mix of nitrogen, oxygen, water vapor and carbon dioxide in
addition the trace concentrations of several hundred volatile compounds [21]. An exam-
ple of active research is shown in Ref. [22] that breath contains volatile biomarkers of
breast cancer and that these biomarkers can identify women with the disease. Fig.1.2
illustrates another important feature in the mid-IR range. The two atmospheric trans-
mission windows. They span the wavelength range form 3-5pm and 8-12 pm. Signals
emitted in this wavelength range are less attenuated by water vapor in the atmosphere
an can thus travel further distances. Those windows are specially useful for free-space

optical communications, remote sensing and thermal imaging. The performance of
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Fig. 1.2: Atmospheric windows in the mid-IR region. The absorption line strength of
H,O shows two transmission windows between 3-5 pm and 8-12 pm. Source: HITRAN
2008.

free-space optical communication links should not be affected by absorbing water va-
por present as clouds or fog [23, 24]. Also, atmospheric trace gases are often found in
the ppm to ppt concentrations in sensing applications. Therefore even weak interfering

water lines can become a problem [4].

1.3 Quantum cascade lasers

Nowadays, the QCL is the dominant semiconductor light source in the mid-IR. It is
a unipolar laser based on intersubband transitions in a semiconductor heterostruc-
ture [11]. As the emission wavelength of these devices can easily be adjusted by mod-
ifying the well and barrier thickness, it becomes possible to cover a very wide mid-IR
range using the same material system. Although operation of these devices has been
achieved in the Terahertz regime up to wavelengths as long as 250 pm [25, 26] with
devices fabricated in the GaAs material system, the best performances have been re-
alized in the mid-IR (from approximately 3 pm to 16 pm) using the InGaAs/InAlAs/
InP material system.

Since the first demonstration in 1994 by Faist et al. at Bell Labs [11], there has been
a tremendous increase in the performance of those devices. The first continuous wave

operation of a QCL at room-temperature was demonstrated in 2001 [27]. And nowadays
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multi-watt output power in cw at room-temperature with wall-plug efficiency in excess
of 10 % are reported. The wavelength that is covered by those high-power devices now
spans an important portion of the mid-IR range, namely from 4-9 pm [28-34]. Single
ended 4.5 W and 5.1 W output power are reported by Pranalytica, Inc. and the group
of Professor M. Razeghi at Northwestern University [33, 34]. The wall-plug efficiency of
these devices reaches 20 % in continuous-wave and 27 % in pulsed mode[33]. Another
important factor for system integration is the reliability of such devices. High-power
QCLs emitting 3W power have shown operation of over 2’000 hours [34]. Operation
temperature of QCLs nowadays exceeds 400 K [35, 36]. Apart from high-power devices,
there has been an increased interest in realizing low dissipation devices [37, 38]. These
devices are specially interesting for spectroscopic applications. Decreasing the energy-
footprint of QCLs allows for easier integration of spectroscopic systems. Single-mode
high power devices have also seen a tremendous boost in performance. Applications
that rely on high-power single-mode sources, like QEPAS, profits from these sources.
High-power single mode DFBs have been demonstrated emitting 2.4 W [39]. Another
approach to achieve high-power single-mode emission is the use of a master-oscillator
power-amplifier section (MOPA) [40, 41]. Short wavelength Sb-free strain-compensated
operation of QCLs down to 3 pm with pulsed power in the watt range and continuous
wave operation was recently shown [42—-44]. The development of broadband sources and
broadly tunable single mode-sources has also seen important advances in the last years.

Those will be covered more throughout in section2.2 and 4.

1.4 Laser spectroscopy

As we have seen in section 1.2, one big advantage is the higher-sensitivity of spectro-
scopic applications in the mid-IR range compared to the near-IR range. Furthermore,
most of the mentioned applications beforehand profit from laser spectroscopy. This
section first points out the advantages of laser spectroscopy compared to classical
absorption spectroscopy. Afterwards follows a review of a small selection of laser spec-
troscopic techniques for mid-IR applications. This is not intended to give a full review
on possible laser spectroscopic techniques, interested readers are advised to consult
Ref [8].

There are many advantages of laser spectroscopy compared to classical absorption
spectroscopy. Fig. 1.3 compares both techniques of common setups schematically. The
classical absorption spectroscopy shown in figure 1.3a uses a broad, non coherent emis-

sion source in combination with a wavelength selecting element in order to obtain the
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Fig. 1.3: a Absorption spectroscopy with a broadband incoherent source and b with
a tunable single-mode source. Figures adapted from [8].

spectrum as a function of A\. The absorption spectrum is computed as followed [8]
Pa(X) = a[Py(X) — Pp(N)]. (1.1)

Py is the initial transmitted power without an absorbing species present, whereas Pp
is the transmitted power. The factor a accounts for wavelength dependent losses. Pr

can be calculated using the Beer-Lambert law
Pr(X) = Pye @M, (1.2)

where a(A) = No () is the wavelength dependent absorption coefficient, o(\) is the
absorption cross section and N number density of absorbing molecules. Among others,

important limitations of this techniques are [8],

Resolution
The spectral resolution depends on the spectrometer used and is in general lim-
ited. The large dimension of the glowbar becomes a limiting factor for high-
resolution spectroscopy. To resolve this problem, an aperture is in general put

within the laser beam, which results in a reduction of optical power.

Sensitivity
The sensitivity is limited. The spectral power density of those broadband sources
is limited. Intensity fluctuations of the radiation source and the detector also
limit the sensitivity. This can partially be overcome with integration techniques,

such as signal averaging or lock-in techniques. Of course, this results in longer
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acquisition times.

Speed
The measurements of Py and Pp are in general performed sequentially. Often

long integration times are needed. The dispersive optics can be slow.

Fig. 1.3b show a typical setup for laser absorption spectroscopy. The laser beam is
split into three different beams. The reference beam Py does not pass the absorption
sample. The measurement beam Pqp is transmitted through a multipass cell. A third
beam passes through a high-finesse Fabry-Pérot etalon to generate precise frequency

markers. Some advantages are [8]

Resolution

Lasers feature extremely narrow linewidths.

Sensitivity
The narrow linewidths results in spectral power densities orders of magnitudes
higher than conventional glowbars. Detector noise becomes in general insignifi-
cant because of the high power spectral densities. Signal-to-noise ratio can further
be improved by stabilizing the power fluctuations of the laser. Because of the
high spectral power densities available, long multipass cells are commonly used.
This enables the detection trace gases with small absorption coefficients even at

very low concentrations.

Ease of use
No monochromator such as a diffraction grating or a Michelson-interferometer
is needed. The possibility to easily collimate the beam without any necessary

aperture makes it easier to couple the beam into the absorption cell.

Speed
Fast wavelength tuning is possible. The absorption can be measured directly.

Time resolved spectroscopy is possible.

1.4.1 Long-path absorption spectroscopy

In trace gas sensing applications, the number density of absorbing molecules N often
is very small. Detection limits of ppb to ppt are not uncommon. One way to increase
the sensitivity if we consider Beer-Lamberts absorption law (see eq.1.2) is to simply
increase the path length [[9]. To achieve this, the use of multipass absorption cells is

commonly used, such as the White or Herriott cells [45, 46]. Already a path length
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Fig. 1.4: a Quartz enhanced photoacoustic spectroscopy. Standard setup as described
in Ref. [50].

b Time and frequency interpretation of the interaction of a series of pulses with an
atomic system. The bandwidth of the first pulse is much broader than the resonance
line. If in resonance, subsequent coherent pulses can then coherently accumulate from
the ground state |g) to the exited state |e). Figure inspired by [51].

of 1 m with a typical fundamental absorption cross section of o(\) = 107 cm?, it
is possible to detect a concentration of 4 ppb at atmospheric pressure [9]. Astigmatic
multipass cells working in the mid-IR wavelength range of 3-11 pm available at Aero-
dyne Research for example allow for a path length of 76 m (100 m) using a base path
of only 32cm (55 cm) [47-49].

1.4.2 Photoacoustic spectroscopy

Another laser spectroscopy application worth mentioning is the photoacoustic spec-
troscopy. Photoacoustic spectroscopy is another sensitive spectroscopic technique [52]
featuring many advantages for real-life applications[3, 53]. The key benefits of this
technique are clearly the small size, robustness and its simplicity. Comparable detec-
tion limits to multipass absorption spectroscopy with sample sizes as small as ~ 10 cm?
are achieved. The first photoacoustic measurements based on laser sources was demon-
strated by Kerr and Atwood in 1968 [54]. Pioneering work on trace gas detection using
photoacoustic detection with coherent light sources was done by Kreuzer in 1971 [55].
The technique is based on the thermal expansion of the medium heated through absorb-
ing radiation. The incident radiation is modulated at the frequency f, which generates

a sound wave at said frequency. This sound wave can be detected using a sensitive
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microphone. The detected signal S(\) is proportional to the incident power P(X)[9]:
S(A)=C-a(X) - P(N). (1.3)

The constant C represents the cell constant. In order to enhance the signal, it is
common to surround the gas with a acoustic resonator [53]. The quality factor of the
acoustic resonator is ). As can be seen form eq. 1.3, the detected signal is directly
proportional to the absorbed power P(A). An important factor is the modulation
speed. It must be smaller than the inverse of the molecular relaxation time, but
Q@ times faster than the inverse molecular diffusion time. The sound wave needs @
laser modulation periods build up the sound wave. The effective integration time
is therefore t = % Integration times as high as t = 0.056s are reported this way
(Q =70, f=1250Hz) [56]. However, longer integration times are hard to achieve due
to already mentioned molecular diffusion time and other relaxation processes.

One noticeable version of photoacoustic techniques is the quartz-enhanced photoa-
coustic spectroscopy, which was first reported in 2002 in by Kosterev et al. the group
of F. Tittel at Rice University [50, 57-59]. A schematic illustration of this technique
is shown in figure 1.4a. Instead of storing integrated absorbed energy in the medium,
the energy is stored in the sensitive element. Therefore much longer integration times
are possible. Typical quality factors of 8000 at atmospheric pressures are available
for piezoelectric crystal quartz resonator, resulting in integration times of ¢t ~ 250 ms.
Quartz-enhanced photoacoustic spectroscopy profits from many factors. Among oth-
ers, it allows for sample volumes of only ~ 1mm?® and is immune to environmental
acoustic noise. Recently, using a state of the art DFB QCL emitting almost 1 W cw-
power, detection limits of N,O and CO of 4 ppbv respectively 340 pptv were achieved
using a QEPAS system [60].

1.4.3 Comb spectroscopy

The ideal spectroscopic technique does not exist. One needs to make a compromise
between bandwidth, resolution, spectral power densities, sensitivity, acquisition speed,
size and stability. Measurements which need to resolve broadband features might profit
from FTIR measurements, but suffer under the low power of the blackbody source. To
achieve decent resolution and a high sensitivity long acquisition times are needed.
Laser absorption spectroscopy performed with a DFB on the other hand feature in
general high power, high resolution but might not be suitable due to the limited tuning
width. External-cavity setups allow for very broad but relatively slow single mode

tuning. Additional external components are required, which results in a less than
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ideal situation for mechanical stability. In combination with the high requirement of
the exact alignment of those optical components, it remains a real challenge to build
stable field deployable mode-hop free setups. Therefore there is still an urgent need for
a spectroscopic technique without any movable parts which combines high bandwidth,

low sensitivity, high resolution and rapid data-acquisition.

Recently, frequency combs have seen a lot of interest to serve as a broadband and
yet high-brightness sources for spectroscopic applications[51, 61-65]. It is interesting
to note that the idea to use a pulsed lasers for high resolution spectroscopy applications
dates as far back as the 1970. Its usefulness was already understood before the revolu-
tion that was triggered through mode-locked lasers in optical frequency metrology [66—
70]. Ramsey spectroscopy can be regarded as the root of direct comb spectroscopy [51].
The early experiments are optical analogs of the Ramsey method [71-73]. As a mat-
ter of fact, in these Ramsey experiments applied to two photon transitions linewidths

narrower than the pulse bandwidth were measured.

This idea is illustrated in Fig. 1.4b and explained well in the work by Stowe et al. [51].
The principle is the use of two or more separated atomic beam interaction zones with a
fixed phase using either microwave or optical excitation fields. When passing through
the first interaction zone the atomic system sees short pulse excitation. The broadband
nature of the pulse excites all electrons form the ground state |g) to an exited state |e).
The molecule is found in a coherent superposition of lower and upper state. When the
light is on resonance in the next interaction zone, the linewidth subsequently collapses.
Only if the light is on resonance, the atomic polarization adds constructively, as shown
in Fig. 1.4 b. On the other hand, if the light is not on resonance, the following pulses do
not arrive in phase with the evolving polarization and the population is again moved
to the state |g).. Another example of early adaption are the measured Doppler-free
absorption spectra using a train of picosecond laser pulses[74, 75]. Furthermore, the
idea to use frequency-modulated lasers to achieve the same goal was developed in the

same time frame [76-78].

A frequency comb spans a broad bandwidth. However, the spectral resolution
and precision are not impaired by this broad spectral coverage. This is due to the
long coherence time originating of a fixed phase relationship between the laser modes,
which results in a periodic waveform at the round trip frequency. The revolution in
direct frequency comb spectroscopy, where the comb frequencies may be absolutely
referenced, is the possibility to perform precision spectroscopy over a bandwidth of

several tens of nanometers [51, 61].
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Fig. 1.5: a Simple two-photon spectroscopy setup. b Two-photon spectroscopy with
a cw-laser source. ¢ Two-photon spectroscopy with an optical frequency comb. If the
modes of a frequency comb are properly phased, a pairwise addition of comb modes in
resonance provides an efficient two photon excitation.

Single-photon comb spectroscopy

Single-photon spectroscopy is experimentally the simplest way for direct-comb spec-
troscopy. The frequency-comb can be regarded as a multi-mode laser with narrow
linewidth modes at precisely known optical frequencies. Therefore, methods developed
for continuous-wave spectroscopy can be applied with the additional absolute knowl-
edge of f, and f;. One compromise in single-photon direct-comb spectroscopy to be
mentioned is the reduced spectral power density compared to a single mode source,
since the total power of the laser is distributed between all comb-tooth. Therefore

spectroscopy has to be performed with rather low power levels.

Multi-photon comb spectroscopy

Multi-photon absorption techniques [79] are also useful for comb spectroscopy [61, 80].
Among other applications, Doppler-free two-photon spectroscopy is a powerful method
for metrological purposes to stabilize a laser line to a narrow absorption linewidth [81—
83]. It allows for a very high resolution spectroscopy, since the first-order Doppler effect
is canceled. Even tough most experiments have been conducted in the near-IR, the
existence of strong two-photon absorptions in the mid-IR should not be forgotten. As
an example, SFg, a widely used gas for trace applications, shows strong two-photon
absorption in the mid-IR range [84]. Stabilizing two CO, lasers with an output power
of 50mW on a strong two-photon transition, heterodyne-beat linewidths between the
two lasers as narrow as 7.9 Hz were measured [85]. Fig.1.5a shows an illustration of
a Doppler free setup, in which co propagating j and counter propagating j interact
with a gas which is found in thermal equilibrium.

The advantage to perform two-photon spectroscopy with a comb is, that it can use
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the combined intensity of all pairs of modes which are in resonance. This is illustrated
in Fig. 1.5b and c. If the multi-photon detection does not pass through an intermediate
state and a pair of modes is in resonance, then all modes of the comb will form a pair
of modes. Therefore, the transition rate of a single-mode continuous-wave excitation
of a two-photon transition is the same as if you exited the transition with a funda-
mentally mode-locked laser emitting pulses [86]. This concept of two-photon detection
also works with a perfectly FM-laser [78]. This is specially interesting considering the
results presented in chapter5 on frequency-comb operation of QCLs which feature a
phase relationship similar to a FM-laser. In the early works of Hénsch et al.[78] some
very interesting concepts are already found to use such a frequency-modulated laser as
an exact ruler in the optical domain if this ruler can be locked to a narrow absorption
line. The authors work out the possibility to use this FM-laser to do a Doppler-free
two-photon spectroscopy.

The condition on the phase across multiple comb components for a two-photon
detection is more strict compared to a single-photon spectroscopy experiment. There-
fore, the absorption strength of the signal will depend on the relative atomic resonance
frequency wg, compared to the comb-center frequency w as well as the position and
size of the sample in question. The strongest absorption for a perfectly FM-laser with
wg =2+ w is found at a phase delay of 7 of co propagating and counter propagating
at z=0. Even though the laser spectrum spans 2* Aw around the center wavelength w,
it is possible (under ideal conditions) to use the entire power of the laser to contribute
to the two photon absorption. This is specially relevant for such an absorption, since

the absorption rate is proportional to the square of the laser light intensity R oc I2.

Mid-IR comb spectroscopy

There is obviously great interest to perform comb measurements in the mid-IR region to
profit from the fundamental roto-vibrational absorption bands [87]. Comb spectroscopy
in the mid-IR combines broad spectral coverage, high sensitivity with the high spectral
resolution of a laser. One important factor is the availability of frequency-comb sources
in the mid-IR. This is discussed in detail later in section5.4. Being the dominant
semiconductor laser source in the mid-IR region, comb operation of the QCL is very
desiring. The demonstration of optical frequency comb operation of a broadband QCL
is shown in chapter 5.

To achieve high-resolution spectroscopy by employing frequency combs, the detec-
tion setup must meet several criteria. First, if no prior filtering is desirable, it needs
to be broadband. Second, it needs to feature a high resolving power in the frequency

domain. In the first direct-frequency comb experiments, the spectral discriminator
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was the atomic system under study itself. Early examples are the single-photon spec-
troscopy of Rubidium [80] or Cesium [62]. The optical excitation is then measured as a
fluorescence or ionization of the exited state. Another idea is to use a high-resolution
spectrometer to resolve individual comb lines in a parallel way. A relatively simple pos-
sibility is the use of a grating-spectrometer [63]. This is often not an adequate solution.
The resolving power of the grating (tens of gigahertz) as well as and the bandwidth is
limited (hundreds of THz). Another method is to use a frequency-comb as a glowbar
source in an FTIR. This way, the authors could show that they were able to recover
the absorption as well as dispersion spectrum form the inquired sample [96, 97]. One
comb spectroscopy technique which absolutely needs to be noted is the coherent dual-
comb spectroscopy, which exploit the frequency comb characteristics of equally spaced
modes. In essence, the dispersive element is replace by the equally frequency grid of a

second optical frequency comb. This idea leads to this simple and beautiful realization.

Coherent dual-comb spectroscopy

Before the first coherent dual-comb spectrometer in the optical domain was realized,
ideas and demonstrations were already realized in the microwave range. The all-
electronic terahertz spectrometer presented in Ref [98] was based on picosecond pulses
generated by phase-locked monochromatic microwave through nonlinear GaAs trans-
mission line. Their wavelength coverage was a discrete spectrum of lines from 6 to
> 450 THz. With this technique they realized hertz-level precision. In 2002, Schiller
proposed the realization of a dual-comb setup using optical frequency combs [99]. A few
years later, Keilmann F. et al. who was already involved in the all-electronic terahertz
spectrometer, was able to extend the concept to the optical domain [100]. Nowadays,
the coherent dual comb spectrometer is a widely used method in the mid-IR and other
wavelength-ranges from which sprout many different applications. [89-91, 101-111]
The working principle is comparable to a FTIR but the interferogram is recorded in
the time-domain. Fig. 1.6a illustrates the principle setup for a dual-comb spectrometer.
The time domain spectrum is recorded on a detector by superimposing two optical
frequency combs with slightly different repetition frequencies. One of the combs acts
as a local oscillator, the other comb is sent trough the sample. In order to understand
the basic principle of dual-comb spectroscopy, consider a coherent frequency comb
composed of equally spaced frequencies nf,., with n = 1... N, as illustrated in fig. 1.6b.
Superimposing a second coherent frequency comb with a repetition frequency of f; =
fr — A. Neighboring comb lines will generate a characteristic beating of frequency
nf,—n(f,—A) = nA on the detector, if the condition A < Qf—}(, is fulfilled. This beating

provides a phase coherent link between the optical frequency domain and the radio
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Fig. 1.6: a Dual-comb spectroscopy. Two optical combs are superimposed to generate
a time-domain scanning interferogram. No moving parts are necessary. b Dual-comb
spectroscopy explained in the frequency domain. Neighboring modes of the two combs

with slightly different repetition frequencies of f,. and f; = f, — A will generate a
characteristic beating of frequency nA in the RF-domain.

frequency domain. This beating can be detected using a fast-enough optical detector.
Any absorption of light in the comb that passes the sample will be mapped to the
RF-domain, enabling a direct measurement of the absorption spectrum. As it becomes
visible, this setup does not need any wavelength dispersion element. Furthermore, it
measures the whole bandwidth of the frequency comb in one shot. Also, the resolution
of this setup is only limited by the stability and linewidth of the optical frequency

combs.



Chapter 2

Quantum cascade laser

This chapter is not intended to give a detailed description of the working principle of
the quantum cascade laser (QCL). The interested reader is advised to consult a refer-
ence book if desired [112]. The objective of this chapter is rather to cover the physical
characteristics of the QCL, which are important in the scope of this work, namely broad
gain engineering, group velocity dispersion and nonlinear processes. Broad gain engi-
neering is the basis for broadband tunning of QCLs in an external-cavity configuration,
see chapter 4. Some of the work presented here on broad gain engineering useful for
external-cavity tuning was discussed and published in a review article in Semiconduc-
tor Science and Technology [113]. This article was published in collaboration with R.
Maulini and includes work done during his PhD thesis on broadly tunable mid-infrared
quantum cascade lasers [12]. Broad gain engineering is furthermore important for fre-
quency comb operation of QCLs covered in chapter 5. Another important factor for
comb operation of QCLs is the group velocity dispersion in these devices. Therefore,
the present chapter continues to describe the process of the buried-heterostructure and
theory to understand and engineer the group velocity dispersion in these lasers. Non-
linear processes present in QCLs are important to understand the locking principle of
QCL frequency-combs. Furthermore, the treatment of the QCL as a nonlinear medium

opens new avenues to use the QCL for stabilization and measurement purposes.

2.1 Fundamentals

The quantum cascade laser is a unipolar device, in which the optical transition oc-
curs between quantum confined states in the conduction band of a semiconductor

heterostructure. Fig.2.1a shows a schematic conduction band diagram of such a laser.

15
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Fig. 2.1: Schematic conduction band diagram of a quantum cascade laser and gain
clamping. a Cascading of the fundamental period in quantum cascade lasers. One
period can be split into two parts, the active region and the relaxation/injection region.
b Population inversion analysis in a quantum cascade laser transition by a simplified
rate equation model. The most important non-radiative lifetimes are indicated. c¢
Population inversion as a function of injection current density J assuming zero thermal
population. Above threshold when the modal gain overcomes the total losses, the gain
is clamped.

In comparison with the first proposal of a semiconductor laser based on a superlattice
from Kazarinov and Suris in 1971 [114], the first working device developed at Bell Labs
in 1994 by Faist et al.[11] was made up from two different regions, the active region
and the relaxation/injection region. The separation of one period of the superlattice
in these two parts made the laser electrically stable. Cascading of these periods comes
naturally. The entire gain medium in quantum cascade lasers is therefore made of Np
repetition of the fundamental period. Each electron undergoes multiple transitions and
can in the best case emit Np photons. Increasing the number of periods is therefore
a straight way to increase the slope efficiency % of QCLs, where P is the optical
power and [ is the injection current. Furthermore, it also helps reducing the threshold
current density J;;,, since the modal overlap factor I" of the lasing mode with the gain
medium is increased. The additional cost of the increased number of periods is the

increased total alignment voltage with the number of periods.

2.1.1 Rate equations

A simple atomic level analysis of QCLs, in which the gain region consists of three
states, gives insight into important design parameters of QCLs. Further in chapter 4,
we will include an external cavity to the rate equations. The most basic model of

a QCL is shown in fig. 2.1b. Due to historic reasons, the system is represented as a
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simplified three level system. The rate equations of a single stack QCL are given by

dng J ng

at :E*E*SQC(”3*”2) (2.1)
dn n no — ntherm
GE=re M i 5g.(ng—ma) (2:2)
ds c n

— =[N —ny) — S+ == 2.3
i@ n ([ pde (g —ns) atot] +[8Tsp> (2.3)

where S is the photon flux per unit active region width (cm~! s™1!), ng and n, are the
upper and lower sheet densities per period (cm~2), 75 and 74 are the total lifetimes
of states 3 and 2, 735 is the nonradiative relaxation time from level 3 to level 2, 7,

Eh“m is the thermal population of level 2, 8

is the spontaneous emission lifetime, n
is the fraction of spontaneous light emitted into the lasing mode, e is the elementary
charge, n is the refractive index of the mode, ¢ is the speed of light in vacuum and J is
the injection current density . The total chip losses a;,; are the sum of the waveguide
losses and the mirror losses. The gain cross section at the peak of the gain curve is
given by !

_ I dme? 22,
Je = N, egnX 2y35L,,°

(2.4)

where I" is the modal overlap of the lasing mode with the active region, N, is the
number of periods, e is the elementary charge, €y is the vacuum permittivity, n is
the refractive index of the active region, z35 is the dipole matrix element, 3, is the
broadening of the transition, A the wavelength and L,, the length of one period. The

total modal gain of the structure is Gy = N, g, (ng — ngy).

The gain cross section, multiplied by a lineshape function L, is given by
I 4ng?

2

z
A= — _ 732 1, ()
9e(N) N, eonA 2v35L, e

peak — )‘) (25)

The total modal gain at wavelength A of the structure is G (\) = N,g.(A) (ng —ng).
The threshold condition for a QCL can therefore be calculated. To drive a QCL

above threshold, it is necessary that the modal gain Gy; overcomes the total losses of

1Usually, the gain cross section is defined as the one where all periods are put together, that is

_ pang® 23
9e = L ETgnX 2v32Lp
section in this work is also defined per period.

.The rate equations are however written per period, therefore the gain cross
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the device ay ¢

Gm therm
M gy
Qg 2
Ty = eﬂT, (2.6)
e

where we defined the effective lifetime to be 7. ;¢ = 73 (1 — %) Fig. 2.1c illustrates
the evolution of the population inversion as a function of injection current density J
assuming zero thermal population. Above threshold when the modal gain overcomes
the total losses, the gain is clamped. By setting the time derivative of the rate equations
to zero and assuming uniform gain saturation it is possible to extract the slope efficiency

of the device yielding

dP  Nphv a,;, 1 Tefy
dI e Aot TeffTZ-

(2.7)

The total losses ay, of a QCL are composed of the waveguide losses «,,, and the

mirror losses a,,,
Aot = awg + Oy (28)

The mirror losses are a function of the front and back mirror reflectivities (Ryand Ry)

and length of the device L, given by

1 1
a, = ﬁln (ﬁ) . (2.9)

2.2 Quantum cascade laser broadband design

Broadband gain engineering in QCLs is important for any spectroscopic application
that relies on broadly tunable sources. In QCLs, the gain is maximized through the
engineering of oscillator strength and the lifetimes. The gain of QCLs can in principle
be broadened in two ways. Firstly through the engineering of the well and barrier

thicknesses and secondly through the cascading of dissimilar active regions.

Broadband active region designs

With the introduction of two new QCL designs in 2001, namely the bound-to-continuum
design [116] and the two-phonon resonance design [117], the performance of QCLs made
rapid progress compared with earlier designs [118]. The two-phonon design is very im-

portant regarding high-power quantum cascade lasers. It is still a very popular and
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Fig. 2.2: Bound-to-continuum design. a QCL active region based on the bound-to-
continuum design emitting at 9.75 pm. Applied electrical field 35kV/cm. b Simulated
and measured electroluminescent spectra. Solid line: Measured luminescence spectrum
at 300 K under a bias of 8 V. Dashed line: Sum of the computed oscillator strengths
of the transitions from level 12, taking into account different linewidth broadenings
arising from interface roughness scattering. Data published in [113, 115].

widely used design for high power QCLs like the non-resonant extraction (NRE) [29,
119, 120] design used in the 4.3 pm range and the three-phonon extraction design used
in the 7-10 pm range [31, 32] region are in principle derivatives from the two-phonon de-
sign. The invention of the bound-to-continuum design was however historically more
important with respect to broad gain engineering. Lasers featuring broadband gain
while at the same time having high performance experienced a boost with this ac-
tive region design. Fig.2.2a shows a typical conduction-band diagram of a bound-to-
continuum design. Lasers based on this design were successfully used as a gain medium
for broadband tuning by Maulini et al. in Ref [115]. The laser transition occurs between
a single upper state (12) and a set of delocalized states (11-8) over a chirped super-
lattice forming a quasiminiband. This results in a large electroluminescent linewidth
of typically ~40-20meV (320-160cm™!), depending on the bias voltage. A two-phonon
design features over the whole bias voltage a linewidth of ~20meV (160cm™)[115,
121]. Due to the fact that all the transitions share the same upper state, laser action
at a particular wavelength reduces the gain over the whole range. This reduction is
homogeneous if the populations of the lower states are negligible, which is the case due
to the fast intraminiband relaxation by emission of optical phonons. Fig.2.2b shows
the electroluminescence spectrum of a 180 pm squared sample at room temperature
under an applied bias of 8 V. The FWHM is 36.9 meV (297 cm™). For comparison,
a line shape obtained by summing the computed oscillator strengths of the various

transitions, assuming Lorentzian broadening, is plotted along the experimental data.
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The broadening of the miniband states is so significant, that they are individually in-
distinguishable and form a continuum. The agreement with the measured spectrum is
good except for the energy region near 100 meV. It is attributed to a value of 12 — 11
transition oscillator strength lower than the computed one resulting from dephasing
scattering. This shows the limit of the density matrix model used for the calculation
and could be resolved by switching to other model approaches, like the nonequilibrium

Green’s functions.

Considering the gain cross section g, given in equation 2.4, one can see that the gain
decreases linearly with the broadening of the transition v35. Nevertheless, such QCLs
based on the bound-to-continuum design features similarly low threshold currents and
output powers [121]. This is mainly due to the larger dipole matrix element in the

bound-to-continuum design, which can compensate for the broader transition.

There has been a fair amount of activity lately to come up with new inherently
broadband designs by several parties. Some noticeable designs which were success-
fully tuned over a large bandwidth in an external cavity configuration (see sec. 4) are
the dual-upper-state design [123] and its successor, the dual-upper-state to multiple-
lower-state design[124, 125]. Another design is the continuum-to-bound [126] and its
follower, the continuum-to-continuum design [122] which features multiple upper state
transitions from strongly coupled upper states.

The dual-upper-state design was introduced by Fujita et al. from Hamamatsu
Photonics in 2010. Tt showed a luminescence linewidth of 40 meV (320cm™!) at a wave-
length of A=8.41m over the whole applied bias range (5V-11V). The device reached
peak output powers of 400mW in pulsed operation (100kHz, 100ns) up to 400 K.
This design was further developed into the dual-upper-state to multiple-lower-state
design. The bandstructure of such a design operating at a wavelength of 6.8 pm is
shown in fig. 2.3a [125]. This particular example features a homogeneous linewidth of
74meV (600cm™). Regardless the large linewidth, the output power of this device
reaches 700 mW output power in continuous wave operation at 280 K. It should be
noted however, that the conduction band diagram of a dual-upper-state to multiple-
lower-state design shown in fig. 2.3a is very similar to a traditional bound-to-continuum
design shown in fig. 2.2a. The main difference is that the upper laser state 3 and the
first excited state 4 are closely spaced by only about 25meV, whereas the traditional
bound-to-continuum designs the transition is considerably larger ~80meV. Further-
more, as it has been pointed out in Ref. [115], the transition from the first exited state

to the continuum is already visible in the traditional bound-to-continuum design.

The previously mentioned continuum-to-continuum design by Yao et al. achieves

a broadening of the linewidth through multiple upper state transitions from strongly
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Fig. 2.3: Alternative broadband designs. a Bandstructure of a dual-upper-state design.
b Measured luminescence spectra. Reprinted with permission from Kazuue Fujita et
al., APL 98 231102 (June 2011). © 2011, American Institute of Physics. ¢ Simulated
bandstructure of a continuum-to-continuum design published in Ref.[122] using the
software of our group. d Pulsed LIV characteristics of the structure published by Yao
et al. in[122]. Pulsed operation, 100 ns pulse width, 100 kHz repetition rate. The data
is corrected for 74 % collection efficiency and the optical output power is multiplied by
two to account for the two facets. Reprinted with permission from Yu Yao et al., APL
97 081115 (August 2010). © 2010, American Institute of Physics.
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Fig. 2.4: Luminescence and LIV measurements of EV1470D, a redo from the broadband
continuum-to-continuum design published in[127]. a Luminescence measurements at
20°C (201ns, 200kHz) at different applied biases of a 370 um long ridge. The light
is extracted perpendicular to the ridge. The FWHM of the measurement is indicated
after the applied field. b LIV characteristics of a 3/,mm long device from EV1470D at
different temperatures. The data is not corrected for the collection efficiency.

coupled upper states [127]. Fig. 2.2c shows a simulation of the published design. Due
to the short injection barrier, the upper laser states couple with the injector states.
The measured luminescence linewidth of that design is 53 meV (430 cm™) at threshold,
which corresponds to an alignment voltage of 59kV/cm. This decreases to about
34meV (275cm™) at an alignment voltage of 95kV/cm. Regardless the rather large
linewidth, the performance of this device is very good. It features peak pulsed output
power of ~ 1.75 W per facet at 310 K and 2.5 W at 260 K (3 mm long, 11 pm wide). The
LIV of this device down to a temperature of 80 K is shown in fig. 2.3d, the output power
is multiplied by a factor of 2 to account for the two facets A 5.5 pm narrow ridge buried
heterostructure design of this design reaches 0.5 W output power in continuous-wave

operation at 285 K.

Due to these impressive results, we decided to grow and fabricate an exact redo
of the published design in[122]. These results have been published in a master the-
sis by S. Riedi[128]. Even though we were able to reproduce the electroluminescence
linewidth, our results concerning output power and tuning were never as good as the
results of the group in Princeton (see section 4 for the EC-tuning discussion). Fig. 2.4a
shows the measured luminescence of a 370 pm long ridge at different alignment volt-
ages. The light is collected from the side of the ridge. The measured FWHM varies
between 360 cm™ (at 55kV/cm) to 260cm™ (at 95kV/cm). Those measurements are
comparable to the measurements presented by Yao et al.. Fig.2.4b shows the measured
LIV characteristics at different temperatures. The laser was operated in pulsed mode

(100ns, 100kHz). The measured peak output power from a single facet, 3 mm long
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Fig. 2.5: Comparison between the data published in[127] and the redo EV1470D.
Characteristic temperature Ty of EV1470D, a redo from the broadband continuum-
to-continuum design published in [127]. a Comparison of the threshold current density
(J4n) and T of the redo and the published data. b Calculation of the waveguide losses
of EV1470D.

and 10 pm wide ridge, varies between 0.2-0.4 W. This data is however not yet corrected
for the collection efficiency of the setup. Taking the usual 65% collection efficiency
estimated for our setup (in[122] they estimate 74 %), we get 0.51 W peak power at
263 K. Comparing these data to the presented one in the previous section, a similar
device (3mm long, 11 pm wide ridge) produces a peak optical output of 2.5 W at 260 K.
Taking the difference in width of the device into account gives a factor 4.5 worse in
performance of EV1470D compared to the data published by Yao et al..

Fig. 2.5a compares the threshold-currents and the characteristic temperature defined
by Jin = Joexp(T'/Ty) of the published data and the redo EV1470D. Usually a higher
characteristic temperature is considered a good thing, since it means the laser-design is
less sensitive to a temperature increase. However, too high characteristic temperatures
can be an indication of possible current leakage channels in the process or high tem-
perature independent waveguide losses. Furthermore, in our case, we expect the same
characteristic temperature as the reference design. We do not believe that the increased
T, originates form a leakage current. Comparing the rollover-current of EV1470D in
fig. 2.4b with the one presented in fig. 2.3d, we realize that our rollover current is lower
(5kA /cm? compared to ~ 6 kA /cm? in the reference design at 295 K) although the dop-
ing is nominally the same. The increase in the characteristic temperature can also be
explained by increased waveguide losses due to processing (sidewall-roughness, absorp-
tion within the cladding, ..). The waveguide losses can be divided into a temperature
dependent part and a constant part a,,(T) = a, g 0 + g, 1(T). The characteristic
of a good process are low constant waveguide losses. The characteristic temperature in

such a case reflects the temperature dependent waveguide losses (carrier leakage into
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Fig. 2.6: Principal characteristics of an intersubband transition in a quantum well.

the continuum, backfilling and others). We believe we are suffering from considerably
higher constant waveguide losses due to processing than the reference design, leading to
the higher characteristic temperature. This also explains the lower threshold-current
density in the reference design compared to the redo EV1470D. Furthermore, due to
stronger photon driven transport in the reference design, the rollover current is pushed
to higher values, explaining the discrepancy with our measurement. Higher waveguide-
losses also lead to lower tuning ranges in an EC configuration. Together with a rather
poor AR coating, this helps to explain the lower tuning ranges we achieved with the
redo EV1470D of only 55 % compared with the reference design (see section 4).

We also tried to compare the waveguide losses of our device with the ones from
Yao et al.. Measuring the 1/L characteristics, we get waveguide losses of 3.5cm™!
shown in fig. 2.5b. Comparing the threshold currents before and after depositing an
HR coating, we measure waveguide losses of a,,,; = 4.3 cm~!. Form the published data

in [122], we estimate the waveguide losses of the reference design to be ~ 3.3cm™1.

Cascading dissimilar active region designs

Since cascading comes naturally in QCLs, the idea to cascade dissimilar active re-
gions was introduced relatively shortly after the first demonstration of the QCL [129,
130]. The principal characteristics of intersubband transitions in quantum wells are
illustrated in fig. 2.6. Because they rely on intersubband transitions between confined
electronic states in the conduction band heterostructure (see fig. 2.6 a), QCLs feature
an atomic-like joint density of states peaked at the transition energy Eq; (see fig. 2.6 c).
As discussed before, they exhibit a relatively narrow gain linewidth of ~ 20 — 70 meV
full width at half maximum (FWHM) at room-temperature. Furthermore, because the
initial and final subbands have the same curvature (neglecting nonparabolicity), this
linewidth depends only indirectly on the subband populations through collision pro-
cesses (see fig. 2.6b). In contrast to this, interband devices feature a broader linewidth,

which originates from the opposite curvature of the conduction band and the valence
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Fig. 2.7: Schematic conduction band diagram of a QCL. It illustrates the cascading
principle of QCLs and the possibility to form a broadband emitter by taking advantage
of the transparency of the intersubband transition. The broadband emitter is formed
by adding different substacks emitting at different frequencies to form the active region.
Inset a shows the simulated gain curve of two dissimilar substacks within a QCL as a
function of transmission energy.

band in k-space.

Nevertheless QCLs are especially appropriate for broadband applications for the
two following reasons. Firstly, intersubband transitions are transparent on either side
of their transition energy (see fig. 2.6¢). Interband transitions, on the contrary, are only
transparent on the low-frequency side of their gain spectrum, and highly absorbing on
the high frequency side. Secondly, the cascading principle almost comes naturally
because of the unipolar nature of the laser. These two features enable the cascading of
dissimilar active-region designs emitting at different wavelengths to create a broadband
emitter [129, 130]. In addition, by using designs where a single upper state exhibits
allowed transitions to many lower states, active regions with inherently broad gain
spectra can be achieved.

Fig. 2.7 shows a schematic conduction band diagram to illustrate these advantages
to form a broadband emitter. Quantum wells are transparent to light with frequencies
on either side of the intersubband resonant transition, therefore with careful design of
two dissimilar substacks, it is possible to prohibit absorption from other pairs of states.

Inset a of fig2.7 shows two gain curves (g;, go) which shows no cross-absorption in the
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region of gain. For a better understanding, it is possible to study a simplified three
level system. The gain region is assumed to consist of three states, with laser action
occurring between levels 3 and 2, whereas the injector is assumed to consist of one level,
aligned with the upper level of the next period. The lower energy level of the laser
transition is joined with the injector through a miniband (m) consisting of a number
of states. Most of the electrons are located in the injector state. By engineering the
two substacks carefully, it is possible to prohibit cross-absorption between any pairs of
states. This is illustrated on fig. 2.7, photons created by one substack can not scatter
any electrons from the injector of the other substack, due to the absence of available
states. Fig. 2.7 also illustrates the natural cascading possibility of dissimilar substacks

forming a broadband active region.

2.2.1 Rate equations heterogeneous laser

The rate equations developed in section 2.1.1 must be adapted for a heterogeneous
laser [12]. We consider a heterogeneous QCL composed of N substacks, where substack
i contains N, ; gain stages emitting at wavelength X;. The evolution of upper and
lower states sheet carrier densities per stage in substack i is ng ,; and ny ;. The
photon flux densities SM at the peak of the gain curves of the individual substacks are

described by 3N coupled equations:

dng; J mng;

at g Ta Sx,9c,i (N;) (n3,; —na ;) (2.10)
dny nsg Mo 4
T’z = ?2;*?7:+S>\igc,i(>\i) (n3,;—n2.) (2.11)
dS)‘i C
& Gy (Ag) = Qo (J7 Sxq N)] Sy, (2.12)
where ¢ = 1,...,N, g.; (A) is the gain cross section per stage introduced in eq. 2.5,

SM is the photon flux at wavelength \; per unit width, and

N
Gy (N = Z Np,i 9e,i N (nS,i - n2,i) (2.13)
i=1

is the total modal gain summed over all the substacks. One should be aware of the
simplistic model of these rate equations, since they only take into consideration the
photon flux densities at the peak of the gain curves and neglect any possible photon
flux at different wavelengths. Furthermore, for simplicity, we neglected the sponta-

neous emission. For the gain cross section, we take the wavelength dependent gain
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cross section introduced in eq.2.5. This introduces the effect of overlapping gain of
one substack to the other. However, each substack can also introduce non-resonant
losses, as a function of injection current density and optical flux density in this sub-
stack, possibly at the emission wavelength of another substack?. This was added
ducing a loss parameter which also depends on the injection current déﬁsity J and all
the individual optical flux densities S>\1 S SAN' The first thing that we need to be
aware of in the introduced equations is, assuming straight sidewalls, the conservation
of current density J in each substack. The origin of the inhomogeneous behavior in
a heterogeneous cascade can now be found by combining the conservation of current
density J in combination with the photon driven transport in each substack, given by
Tgﬁoton’i =S, 9¢,i (A\g) (nsﬂ- — "2,i)~ Let us consider the case in which one substack
is lasing at wavelength X\;. The total modal gain Gy (A;) at this wavelength will be
clamped. The other substacks j see however less or no photon driven transport due
to the gain location of g. ; ()\j). Therefore, by increasing the current density in the
substack, the population inversion in stack j will further increase until the total modal

gain at this stack Gy (/\j) will also overcome the total losses aq ;.

2.3 Quantum cascade laser fabrication

This section covers the principle growth and processing steps to realize buried-het-
erostructure QCLs and covers the applied mounting techniques useful for high-per-
formance QCL operation. Apart from the design of the active region, the processing
plays a crucial role in the device performance. The growth of the QCLs is realized
by a combination of molecular beam epitaxy (MBE) and metal organic vapor phase
epitaxy (MOVPE). Growth and nearly all processing is carried out in FIRST, a shared
cleanroom facility for advanced micro- and nanotechnology located at ETH Ziirich on

the campus of Honggerberg.

Special notice has to be given to A.Y. Cho and J.R. Arthur when it comes to MBE
growth and the realization of QCLs. It was only possible to grow QCL active regions
with the required precision and quality after the development of the MBE growth in
a ultrahigh vacuum chamber by them at Bell Laboratories [131]. The growth of the
active region is carried out here at ETH by Dr. Mattias Beck on a solid-source MBE
(V80H, VG Semicon). The MOVPE growth is carried out by Dr. Emilio Gini.

2Resonant cross-absorption is already fully included in the rate-equation model without the ad-
ditional loss terms.
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Fig. 2.8: Buried-heterostructure processing steps.

2.3.1 Buried-heterostructure

The employed and processed QCLs which are presented in this thesis are all processed
using a buried-heterostructure process. The first mid-IR QCLs were realized using a
traditional ridge process. The realization of a laterally regrown buried heterostruc-
ture and the subsequent first demonstration by Beck et al. in the year 2002 of a
room-temperature continuous-wave QCL however clearly empathized the importance
of good thermal properties and low optical losses [27, 132]. Furthermore, the invention
of the buried-heterostructure QCL helped for the deposition of anti-reflection coat-
ings, which is tremendously important for external-cavity configurations for efficient
feedback. The lower residual reflectivity of the AR-coated facets of the buried-het-
erostructure geometry compared to ridge waveguides is attributed to reduced edge
effects during vacuum deposition. A lot of work has been done by Bismuto et al on the
improvement of the buried-heterostructure process, leading to the inverted buried-het-
erostructure design [133]. This greatly simplified process featuring many advantages is
not covered in this thesis, since the most important results were achieved with QCLs

processed in the “traditional” buried-heterostructure geometry.

The processing steps to realize a buried-heterostructure QCL are shown in fig. 2.8

a-j.
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a The active region sequence is grown by MBE on a low doped (2 x 1017 cm™3)
InP 2in substrate. A nominally very low doped (2 x 1016 cm™3) top cladding of

2-3m thickness is grown subsequently by MOVPE.

b A ~ 400nm thick SiO5 layer is deposited by plasma enhanced chemical vapor
deposition (PECVD). A thin layer of photoresist is spun on the SiO,.

¢ Using UV photolitography, the waveguide pattern is transfered to the photoresist.

d The waveguide pattern is subsequently transfered to the SiO, hard mask by
reactive ion etching (RIE) using Ar/CHF3. The residual photoresist is removed

by a oxygen plasma followed by an acetone bath.

e Vertical sidewalls of the InP top cladding are achieved by using an anisotropic
HCL:CH3;COOH (1:3) etching solution.

f The active region is etched using an isotropic etching solution HBr:HNO3:H5O
(1:1:10).

g The SiO, hard mask is also used for the selective planarization regrowth of
insulating iron doped InP (InP:Fe) in the MOVPE.

h The SiO, is removed by HF and an insulating SiN layer is grown by PECVD
and opened on the conducting InP involving a photolitography step and RIE.

e

The top Ti/Pt/Au (30nm/40nm/150nm) contact is evaporated using e-beam
evaporation. To pattern the contact pads, a lift-off process on negative photore-

sist is carried out. Electroplated gold is subsequently deposited on the pads.

j In the final processing steps, the substrate is lapped down to &~ 180 pm. This step
is important for better heat transport in case of epi-side up mounting. Further-
more it facilitates greatly the cleaving of the thin ridges. The last step consists of
the deposition of an ohmic back contact of Ge/Au/Ni/Au (18 nm/60nm/10 nm/
180 nm).

The mounting of QCLs is usually done epi-side up on copper submounts. However, to
increase the performance of QCLs in continuous-wave operation, epi-side down mount-
ing on diamond submounts was also realized. This is possible due to the planarization

step in the buried-heterostructure process.
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2.4 Group velocity dispersion in quantum cascade lasers

The group velocity v, as well as the group velocity dispersion (GVD) is an important
concept to understand when considering the transport of energy in a dispersive medium.
As an example, it plays a crucial role in the ability to generate a frequency comb output
in a QCL. The section starts with the formal introduction of the group velocity and its
dispersion. To better understand the importance of the GVD, the section will continue
with an explanation of the dispersion of the Fabry-Pérot modes in a laser cavity. Then
it will give a detailed analysis of the calculation of the GVD in a buried-heterostructure
QCL.

In general, the group velocity is associated with the propagation speed of a pulse of
energy in a dispersive medium. The pulse ¥(z, t) is represented as a sum of plane-waves
propagating in the z direction,

U(z,t) = / U(k)etwt=k2)qk, (2.14)

U(k) is the complex amplitude of plane waves with wave number k. It should be
noted that the solution ¥(z, t) is not limited to pulses, it is entirely dependent on the
amplitude and phase distribution of U(k). The Fourier spectrum of the field ¥(z, ) is

w
c

given by |U(k:)|2 Due to the dispersion relation |k| = w,/ep = n(w)<, not all plane

waves travel with the same speed. By expanding w(k) around k, we get
dw
w(k) = wo + (7> (k— ko) + ... (2.15)
0

where wq and kg are the center frequency and wave number of the Fourier spectrum.

Equation 2.14 becomes

. d

W(z,t) = eilwot—koz) 4 | — (i’> tl. (2.16)
dk /

A is the envelope function traveling undistorted apart from a phase factor at the group

velocity

dw) c c

v = [£X) = = 2.17

g < dk n4+w (%) ng ( )

where n is the group refractive index. The phase velocily is given by v,, = ﬁ
In the context of wave propagation in guided media, the refractive index n needs

to be replaced by the effective index of refraction for the mode ng sy = wi/c, where
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is the z component of the wave vector, the so called propagation constant. A different

definition of group velocity useful when dealing with guided modes is therefore

1 _4d8
vgidw’

(2.18)

To the first order, the envelope travels undistorted in the medium, regardless of dis-
persion. The effect is a mere difference in speed between the group velocity and the
phase velocity. The distortion is governed by higher order terms of the expansion of
w(k) in eq.2.15, leading to the definition of the GVD

2
avo- - L (1), (219)

dw Vg

The units for the GVD are s?/m, but it is usually expressed in fs?/mm. It is useful

to note, that the group-velocity dispersion is often defined with respect to wavelength

rather than the angular frequency, called Dy. The units are usually expressed in

ps/(nm km). It is possible to convert between GVD and D, using the equation [134]
2me

D, = vaVD. (2.20)

To avoid confusion, it is important to notice that the GVD and D, have opposite

signs.

2.4.1 Fabry-Pérot emission spectrum

As illustrated in fig. 2.1c, the gain is clamped above threshold. A QCL should therefore
lase on just a single mode. However, nonlinear effects in QCLs are responsible that
those lasers operate in a multi-mode regime shortly after threshold (see section2.5).
Without any or only weakly nonlinear locking mechanism present, modes above thresh-
old will lase on the dispersed Fabry-Pérot modes.

Fig. 2.9 shows a simulated transmission of a Fabry-Pérot etalon with an intensity
reflectivity of R=0.3 as a function of phase ¢ = Q”T"l and optical frequency v, where
1 is the spacing of the two etalon mirrors. The free-spectral range (FSR), which cor-
responds to the energy spanning between two neighboring modes, of a Fabry-Pérot
etalon without any dispersion at normal incidence is given by

(m+1)c (m)c c

Av= _y, —mtle - <.
V= Vmi1 ™ Vm 2nl 2nl 2nl

(2.21)
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Fig. 2.9: Fabry-Pérot mode spacing in a dispersive medium. The mode spacing is given
. . v
by the group velocity and the cavity length Av = 7.

The refractive index of a dispersed medium is however a function of frequency n(w).
To calculate the FSR of a Fabry-Pérot etalon forming a laser cavity in a QCL we
need to take this dispersion into account. As illustrated in fig. 2.9 we set the refractive
index of the medium to be ng in the middle of the two resonances m and m + 1.
Neglecting second order terms, the refractive indices at the resonances are therefore

Ny =N — cd% % and n,, .1 = ng + g—z % Calculating the FSR results in

(m+1)c (m)e

Ay ="~ —
g 21,10 2n,,1
_ (m+1)c (m)c
- A o A
2(no+9252)1 2(no— §252)1
_(m+1)c<nofd—z% 7(m)c(no+%%)
N dn Aw)2
2(n3 - (4242)7)1
B cno—c%%—(m)cd—gAw
B Qngl
_ clno— 5w
Qngl
_ cng
2n3l (n0+g—zw)
v
Av=— S 9, (2.22)

21 (no + g—zw) 21
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In this derivation, we neglected all quadratic terms of %Aw. Furthermore we used
mAw = w > %

As it is clear from the above derivation, the inclusion of the dispersion up to the
first order does not lead to a dispersed Fabry-Pérot spectrum. The dispersion of the
resonator modes are governed by the GVD of the modes. Therefore a low GVD is
a key element to generate an optical frequency-comb characterized by equally distant

comb lines.

2.4.2 Calculation of the group velocity dispersion in a QCL

In order to calculate the total GVD of a QCL, we first identify the contributions to the
GVD in a buried-heterostructure QCL. We include three contributions to the GVD in
our calculations. First, we account for the GVD due to material dispersion (GVDy,p).
In the calculations, the iron-doped InP (InP:Fe) is assumed to have the same dispersion
as InP. Second, the vertical and lateral modal GVDs of the guided mode (GVD ey 1at)-
Third, the GVD due to the gain and loss in the active region (GVDgain). Due to the
mode profile, the total GVD is calculated as a sum of the individual terms weighted

by the vertical or lateral modal overlap I' ¢ 1., resulting in

GVDtot = FlatGVDvert + (l - Flat) GVDInP + FvertGVDlat + FvertplatGVDar'
(2.23)

To illustrate that better, fig. 2.10 shows a schematic of the vertical and lateral modal
overlap of the active region. Let us have a look at the first term of eq. 2.23, I7,{GVD, .-
The GVD,, arises form the wavelength dependent overlap between the active region
and the cladding in the vertical direction, the vertical modal dispersion. This is indi-
cated by the black bar labeled with a 1 in the figure. Looking at the lateral modal
profile, it becomes clear, that not all the mode is affected by this dispersion. The
tails of the lateral modal profile see only InP in the vertical direction, indicated by the
dashed black bar labeled with a 2. The calculated modal-dispersion has therefore to
be multiplied by the modal overlap I7,;. The GVD,,, also includes the InP material
dispersion and the dispersion due to the doping profile in the top-cladding. By multi-
plying the GVD,, with I7,;, we have however neglected the modal overlap of the tails
with InP in the lateral direction. This needs to be added to the total GVD, resulting
in the second term (1 — I7,;) GVDy,p. The third term, GVD,,;, arises form the modal
dispersion in the lateral direction. For the same reasoning as before, the modal overlap
needs to be multiplied by I',... For the calculation of the lateral modal dispersion

it is important to take zero material dispersion, since the total material dispersion is
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Fig. 2.10: GVD calculation in a QCL. The individual GVD contributions need to be
multiplied by the respective modal overlap.

already taken into account with the first two terms. The last term of eq. 2.10, the GVD
due to the gain and loss, GVD,,, needs to be multiplied by the modal overlap in both
directions I"q ¢t

This is due to the fact that the computation of the GVD,,, already includes the .
The following sections describe the procedure taken to calculate the individual GV Ds.

2.4.3 Material dispersion

The refractive index dispersion of the I1I-V material system is of paramount importance
for a low GVD in QCL. The established material system for mid-IR QCLs is the
GalnAs/InAlAs system grown on InP. Fig.2.11a shows the refractive index of the
binary III-V semiconductor compounds of InP/InAs/GaAs/AlAs from Ref. [135, 136].
Data on the ternary compounds is spare, therefore only the ternary compound of
Aly 3Gag 7As is shown. Looking at the refractive index n, it becomes clear that the
material system features a low GVD in the region of A = 6 — 10pm. To calculate

the GVD of InP, the data is further fitted using a lattice-vibration oscillator model by
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Fig. 2.11: Refractive index and GVD of material systems used for mid-IR QCLs. a Re-
fractive index of different binary III-V semiconductor compounds and of Aly 3Gag As.
b Group velocity of InP as a function of wavelength. ¢ GVD of InP as a function of
wavelength.

Pikhtin and Yas’kov [135]. The refractive index is given by

A E? — (hw)? G, G, G,

n?2 =1+ —In + + + , 2.24
T E2— (hw)® B2 —(hw)®  EZ—(hw)®  EZ—(hw)® (2:24)

with A = 0.7\/Eg, Eg =1.345eV, E; = 3.2eV, Ey =5.1eV, E3 = 37.64 x 10 3 eV,
Gy =57.889eV?, Gy = 65.9376V? and G5 = 0.392 x 1072 6V2,

The fitted refractive index of InP is further used to calculate the group velocity v,
of InP shown in fig. 2.11b. Fig.2.11c shows the computed GVD of InP as a function of
wavelength. It shows that InP features a low GVD in the region of 6-7 nm.

2.4.4 Modal dispersion

The waveguide of the QCL is naturally also a source of the GVD. The waveguide
cladding in a buried-heterostructure QCL is composed vertically mainly of low doped
InP and laterally of iron-doped InP. Fig.2.12a shows two vertical mode profiles at a
wavelength of 6 pm and 7pm. As it can be seen, the penetration of the mode in the
cladding depends on the wavelength. Therefore the effective index of refraction of the
mode n.¢¢ has a strong wavelength dependence.

Using the Maxwell equations, it is possible to calculate the effective index of re-
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Fig. 2.12: Waveguide design of QCLs. a Illustration of the TM-mode penetration in the
cladding as a function of wavelength. b Refractive index as a function of wavelength
of heavily doped InP and GalnAs forming a guiding plasmon layer in the QCL.

fraction of the mode n ¢¢. To calculate the vertical GVD,, of the mode, we use the
program guide which has been developed in our group, which is based on a transfer
matrix formalism. This program is used to calculate the TM-eigenmodes in the vertical
direction of a waveguide. To calculate the dispersion due to the lateral confinement,

we resort to an analytical solution of the problem, described in [137].

The GVD,,, includes the dispersion of the doped layers due to free-carrier absorp-
tion and material dispersion. The highly doped InP n region close to the top-contact
layer as well as the GalnAs layers have an important effect on the GVD, due to the
altered optical properties of the material. To account for these free-carrier concentra-
tion, a Drude like approximation is considered, using for the free-electron mass the

effective mass m*. The resulting dielectric function is given by

€ (w) = eq4 (1 w%) . (2.25)

The plasma frequency is defined as

Ne2
wy = | ———. (2.26)
E0Ege™
The simulation of the refractive index of InP and lattice matched GalnAs as a function
of doping N is shown infig. 2.12b, taking a typical damping coefficient v = ﬁ This
corresponds roughly to the scattering time of electrons in a semiconductor. The used

electron effective mass m* of InP is 0.08 and of GalnAs is 0.043[138]. In a plasmon
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enhanced waveguide, the low refractive index of the highly-doped top layer is used to
push away the mode from the top contact [139]. Apart from the guiding effect, we are
interested on the resulting GVD due to the free-carriers.

To sum up the theoretical description of the GVD of the III-V materials and the
modal dispersion, fig.2.13a shows the simulated n.¢y and ng,.,,, of the lateral and
vertical confinement of a typical mid-IR buried heterostructure waveguide. The width
of the waveguide is 4.5 pm. The InP top-cladding is in total 3 pm thick, including a
highly doped N = 5 x 108 cm™3 0.4pum thick plasmon layer. The simulated Neff
vertical is lower compared to the lateral for the following reason. The dispersion of the
InP is taken into account already at the step when computing n ;¢ by guide, whereas
the dispersion of InP due to the lateral overlap with InP is taken into account when
summing the individual GVD terms. The plasmon resonance is clearly visible on the
group refractive index of the vertical mode.

The effect on the GVD of the plasmon layer for different plasmon doping concen-
trations is shown in fig. 2.13b. As it can be seen, with increasing doping, the resonance
is moving to lower wavelength. However, the increased effect on the refractive index
helps to push away the mode from the resonance, effectively reducing the absorption
of the mode at that resonance. This is the reason that the GVD decreases with in-
creasing doping. Fig. 2.13c shows the spectral region featuring a low GVD for the case
of the N =5 x 1018 cm—3 doped plasmon layer. To illustrate the strong effect of the
width (and also height) of the active region on the GVD, it also shows the final GVD
of a 2.8 pm wide ridge QCL. As it can be seen, a flat and almost zero GVD can be

engineered.

2.4.5 Dispersion due to the gain

The gain and losses of the active region in a QCL will lead to a non-negligible contribu-
tion to the dispersion of the refractive index. The refractive index n(w) describes the re-
sponse of a material system to electromagnetic radiation. To account for the absorption
or gain present in the media, the refractive index is a complex number n(w) = n — ik,
where k is the extinction coefficient. The absorption coefficient o = %%I is linked
to the extinction coefficient through o = 4T'”kx There is a direct connection between
the dispersion of a medium and the complex refractive index, which we will illustrate
below.

To calculate the linear response of a system to an applied electrical field using the
quantum mechanical theory, one way is to use the density matrix formulation [140]. The
nonlinear response is treated later in the following section 2.5 discussing nonlinearities

present in the QCL medium. The diagonal entries of the density matrix p,,,, give the
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Fig. 2.13: GVD due to the waveguide. a Lateral and vertical effective refractive index
and group refractive index of a 4.5 pm wide buried-heterostructure QCL. b GVD due
to the plasmon doping concentrations. ¢ Effect of the waveguide width on the GVD.



2.4 GVD IN QUANTUM CASCADE LASERS 39

probabilities that the system is in state n. The off-diagonal entries are only non-zero
if the system is in a coherent superposition of eigenstates n and m. The evolution of
the density matrix is given by
R
p=—1

K va],nm ~Tnm (pnm _pgff'?f)l) . (227)

The second term accounts for the decay rate at which the system in state p,,,,, relaxes
into the equilibrium value p(i%{. The Hamiltonian operator is given by H = Hy+V (t),
where H is the Hamiltonian of the unperturbed system and V' (¢) is the interaction

Hamiltonian. The Hamiltonian used to calculate the interaction is given by
V(t)=—erE(t), (2.28)

where 7 is the position operator and E (t) = ZP E (wp) e *»pt is the applied field.
Evaluating the solution of the perturbation expansion up to the first order, it is pos-
sible to calculate the linear susceptibility. By calculating the expectation value of the
induced dipole moment and compare it to the polarization we get the susceptibility

tensor in Cartesian components i, j

N 2 J
X(z‘? (wp) - 507 nzn:l (Pﬁg)m - P(T(L)T)L) ( Pmnfnm . (2.29)

Wom — wp) —Vnm

N denotes the atom number density, = —e(n|r|m) are the matrix elements of

Hnm
the dipole moment operator, w,,,, = %Em and w,, is the angular frequency of
the electromagnetic radiation. The tensor reduces to a scalar product in an isotropic
material. In the case of a QCL, only the z component of the electric field will couple
to the intersubband transition. Therefore the tensor can also be reduced to a scalar

product only containing X, .

The susceptibility is a complex number x = x’ 4+ ix”. The link between the
real and imaginary part is established through the Kramer-Kroenig relations. The

Kramer-Kroenig relations read as followed [141]

[e'e] "
/ sX"(s) 4o
0

s2 2
[e) /7

/ vX() g
o ve —8

The relationship between x’ and x” as a function of the damping coefficient =,,,,, is

(2.30)

ERE SR

shown in fig. 2.14a. The imaginary part of x is an even function around wq, whereas
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Fig. 2.14: Kramer-Kroenig relations. a Illustration of the relationship between real
and imaginary part of the first order susceptibility x. b Normalized GVD to illustrate
the effect of the gain.

the real part is an odd function.
It is however not straight forward to get a direct connection between the gain and
1
the refractive index of a medium, since n = (1 + x)2. Therefore the refractive index

needs to be approximated to n ~ 1+ % (x) =1+ % (x’ +ix”), resulting in

1
n~1+ 5)(’ (2.31)
2T,
N —— 2.32
an-Z (232)

Those equations in combination with the Kramer-Kroenig relations allows us to com-

pute the refractive index n, the group refractive index n, and the GVD if we have

g
knowledge of the gain curve in a QCL.

Before analyzing the GVD due to QCL gain it is interesting to have a first look at
the implication of those findings on the linewidth of a QCL. To predict the linewidth of
semiconductor lasers the Shawlow-Townes formula has to be corrected by the linewidth
enhancement factor (also called alpha factor, ey py = %) found by C. Henry [142,
143]. Spontaneous emission resulting in a net gain change leads to relaxation oscillation
to restore the steady state condition. This has an effect on the refractive index, increas-
ing the linewidth by a factor of 1 + a%enry It was already pointed out by Faist et al.
in the first paper demonstrating the QCL in 1994 that the QCL features a small alpha
factor compared to interband semiconductor laser due to its gain profile [11]. This arises
from the atomic like joint-density of states, the gain peaks at the emission frequency as
shown in fig. 2.6c. At gain maximum, any variations in the carrier number should have
essentially zero effect on the refractive index variations. Recently a setup was real-

ized measuring intrinsic linewidths of mid-QCL corresponding to hundreds of Hz [144],
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followed by real measurements of free-running QCLs featuring linewidths of 1 MHz
at room-temperature and recently sub-kilohertz linewidth and absolute frequency was
shown by locking a QCL to a molecular sub-Doppler reference [145, 146].

The effect of a gain medium on the GVD is shown in fig. 2.14b. The gain is assumed
to be a simple Lorentzian for illustrative purposes. The top part of the figure shows
the gain and the corresponding refractive index change. Since it is a gain medium,
the extinction coefficient is negative, corresponding to a gain of ~ 3.6cm™'. The
normalized GVD is shown in the bottom part of the figure, illustrating the dispersive

effect of the gain on the GVD in case of a Lorentzian gain shape.

To compute the GVD due to the gain and loss present in a QCL cavity, it is necessary
to go beyond a simple Lorentzian lineshape of the gain curve and simulate the gain
and loss in a QCL more accurately. To accomplish this, we use a simulation software
developed by Terazzi et al. based on a density matrix model extended to the whole
structure, which includes gain and loss mechanism between all subband pairs [147,
148]. It is called sewlab and it computes the total scattering rate of each state as a sum
of longitudinal optical phonon, alloyed disorder, ion, interface roughness, and photon
scattering rates. The losses at which the gain clamps are computed as a combination
of the mirror losses and waveguide losses o (A) = ay, + @y, (A). The waveguide

losses are simulated for each wavelength in guide.

Since the gain curve has an important effect on the GVD in a QCL, we also have
to consider the case of inhomogeneously broadened gain curves arising when cascading
dissimilar substacks to broaden the gain. However, our simulation software can not
treat an inhomogeneous system, therefore an iterative approach must be taken. The
software takes as an input parameter the bias voltage. Among others, one can extract
the optical power, gain and current density. The parameter which is conserved in a
QCL is however the current and not the applied field. It is therefore not possible
to cascade different structures in one input file and align all of them at the same
field. Therefore, to compute the total gain curve that clamps at ai’fjl) (A;) for each
individual substack 7 due to the photon flux, an iterative approach on the individual
gain curves is taken. The index (k) was introduced to indicate the step number of the
iterative process, with ailo)t (A;) representing the initial total losses.

To better understand this approach, it is useful to take a look at the rate equa-
tions presented for a heterogeneous QCL in eq.2.10-2.13 in section 2.2.1. These rate
equations take the inhomogeneous behavior of the substacks into account. The rate

of change of the photon flux at wavelength \; in eq.2.12 is proportional to Gy;(\;) —
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O‘S))t,i (J, S>\1,...,N>' The modal gain is given by

N
GM(A):ZN Vi gc,i(A) (”3,1‘*"2,1‘)- (2.33)
i=1
Let us assume we simulate the j*P stack. We can rewrite the previous equation to
o (1)
Gr(N) = Ny jge,5 (M) (ng 5= ng ) + D g; (J.8y,) - (2.34)
i#J
We fix the current density to J.; at which we want to evaluate the total modal net gain

of the QCL composed of dissimilar substacks. This current density induces a photon

flux density in the substack S X We can substitute the cross gain and absorption

arising from the other substacks into the constant 6(3-1) = Zii] ggn (Jset7 S/\i). The
constant 62’9) also depends on J,., and Sy, . Asanew total loss for the simulation

we simply take the old total losses and subtract 63-1). The new estimated total losses

are O‘(ti)c,j (Jset’s)\l,,__,zv) = ag)w (Jset,SAL_”N> — 6;1). These new losses therefore

include resonant and non-resonant cross-absorption form all the other substacks for a

set value of the current density Jg..

Using the simulation tool sewlab, we can compute the individual gain curves and
current densities, including the photon flux density ggk) (J , S()\I?) for all substacks.
The photon flux density will depend on the iteration round (k), since the waveguide
losses are altered at each round. All resonant and non-resonant absorption will be
included in g;k) <J R S()\Iz)). In contrast to the pure rate equation model, it is therefore
not necessary anymore to include the non-resonant absorption in the initial losses,
resulting in losses that do not depend on the current density J, and which are given
(ot
density Jgo; is given by Gg\’;) = Zi\r gg-k) (Jset7 Sg\’i)) First, the total modal gain of

(1)

i

by « The iteratively approached total modal gain at each step at the set current

the first iteration is calculated, leading to Gi}[) from which each ;" can be deduced.

tot,i
carried out. This process is continued until the iteratively approached total modal gain

Gg\’/f) (\;) simulated using the total losses ai’jﬂ,i (J sets S &lc;l)N) clamps approximately

Afterwards, a new simulation run with the new total losses al?) (Jset, Sg\ll) N) is

at the original waveguide losses.

Let us apply this model to calculate the gain clamping and GVD of a QCL com-
posed of three different substacks. First, each individual gain curve is simulated setting
the losses to ailo)t (Xi) = auy + @y (A). The overlap factor is set to I'; in the simu-

lation program (~ 0.3 for a design composed of 3 substacks). This ensures that the
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Fig. 2.15: Iterative LIV simulation of all three substacks. The active region width was
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gain clamps at the advertised losses. However, the losses in the active region per sub-
stack are reduced due to the decreased modal overlap. Fig.2.15a shows the simulated
LIVs() of the individual substacks for the first round. We chose a current density to
calculate the total modal gain Gg\}l) where all substacks are lasing, indicated with a
black line at J,,, = 4kA/cm? in fig. 2.15a. Fig.2.16a shows the individual gain curves
ggl) (J.et, S()\li)) of the three substacks. In a second step, the individual gain curves

S
g(il) (Jset, S()\lz_)) are summed together giving val[) =3, gg” (Jseta 55\12)- The resulting

total gain Gg\}[) (X;) is then compared to the aimed at losses a(tlo)t (A;) at the peak of the
gain curve of the individual substacks. This is illustrated in fig. 2.16a. The individual
substacks all peak at the fixed losses @ ~ 2.5cm™1. The summed Gg\}[) (X\;) is far of
(1)
tot

The difference between the simulated and desired value is 6;1), where 621) is the differ-
ence 5\Y) = Gg\}[) (Ng) — oc(tlo>t (A;)- In the case illustrated in fig. 2.16a, 6(21) =0.03cm™!

i

from the desired value of a;J; (\;) due to gain and absorption between the substacks.

is almost 0, whereas 6(11) =0.91cm ! and 6%1) = —1.93cm ™! need strong adjustments.
For the next simulation run, the total losses of the individual substacks ¢ are set to
O‘(ti)t,i(‘]set’ S()\?WN) = aglo)t (Ng) — 521). The total gain can then be evaluated at J .,
giving Gﬁ). The value of the total gain is only justified at this specific current density,
since the cross gain and absorption was assumed to be constant and was evaluated at
this current density. This process is done iteratively about three times to give a gain
curve Gﬁ) in which each individual gain curve matches approximately the simulated

waveguide losses ;.. (A).

The results of this iterative process to calculate the LIVs(®) and gain of an active
region composed of three substacks is shown in fig. 2.15b and 2.16b. The LIVs®) of
the substacks emitting at A; 5 changed quite drastically due to the changed waveguide
losses. The gain shows the three individual substack gains peaking at A; 5 3. As it
can be seen, the total losses used in the simulation are considerably different varying
from 1.6cm™! for 9(13) (Jset, S()i)) to 4.5cm™! for g(33) (Jset, Sg\?). However, if you sum
(3)
M

the different gains after three iterations resulting in G4, , the total gains at the peak

wavelength equal the total losses Gﬁ) (X)) = ailo)t (N;)-

The results of the simulated gain and computed GVD of a single bound-to-continuum
active region is illustrated in fig. 2.17 in dotted lines. The strength of the GVD around
the center frequency of the gain strongly depends on the width of the gain curve and
the clamping of the gain curve. The computed GVD due to the total gain for a hetero-
geneous cascade QCL GSI) is shown in fig.2.17. As it can be seen, due to the “flat top”
of the gain curve in QCLs composed of several substacks, the GVD arising from the

gain features a region with essentially zero dispersion. This region is indicated by the
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Fig. 2.17: GVD calculation in QCLs. GVD of due to a narrow-band active region
(bound-to-continuum) and heterogeneous broadband active region. The total GVD
including all different GVD terms for the broadband active region is shown as the solid
black line.

red arrows. Compared with the GVD in a homogeneously broadened QCL there are
several important differences. First, the with of the gain curve will increase or decrease
the spectral with of the flat part, it will however not influence its value. Furthermore,
the total losses strongly affect the GVD when slightly detuned from the peak gain
in a homogeneously broadened laser. The flat top part of the GVD of a broadband
QCL composed of several substacks however stays at zero. Loosely speaking, the two
“wings” before and after the flat region will absorb all GVD due to the gain.

Finally, the solid black line in fig. 2.17 shows the resulting GVD of the broadband
QCL composed of 3 substacks including all different terms of the GVD discussed be-
forehand. It includes the GVD due to the gain, InP, waveguide dispersion and the

free-carrier absorption in the doped layers.

2.5 Nonlinearities in QCLs

Intersubband transitions are especially interesting to exploit nonlinear interactions.
The possibility to design the energy eigenstates in such systems allows for the engi-
neering and optimization of the optical nonlinearities [149, 150]. The second- and third
order nonlinear susceptibilities depend to the third respectively fourth power on the
optical dipole matrix element z;;. The dipole extension is in the order of nanometers
compared to Angstréom in atomic dipoles. The flexibility in design of the resonances has
lead to interesting applications in QCLs, such as the generation of terahertz radiation

due to second-order nonlinear interactions in a dual-color mid-IR room-temperature
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QCL [151]. By integrating a dual-period distributed feedback grating, single mode THz
operation was recently achieved [152]. Sum frequency generation in dual-color QCLs
and second harmonic generation is also possible [153, 154].

Naturally, the third order nonlinearities can also be tailored in quantum-well sys-
tems. The investigation of third order nonlinearity in quantum-wells systems revealed
very large values of x(3) of the order of 1 x 10_43—2 [155]. This large value of x(3) has
been used in several experiments to demonstrate different third-order nonlinear effects
in quantum-well systems. Walrod et al. showed nondegenerate four-wave mixing in
a two level quantum-well system [156]. Optical phase conjugation has been realized
in a quantum-well system [157]. Other studies confirmed the large value of the third
order susceptibility and elaborated further on the versatility and design freedom of the
quantum well system [158-160].

If the interaction of matter with radiation depends on higher order terms than
only the first-order, the induced polarization can be expressed as a power series in E,

giving 3
P(z,t) = o (XVE(=,t) + XV E(z, )2 + X E(z,t)> + ... ), (2.35)

where x(2) and x(® are the second-order and third-order nonlinear optical susceptibil-
ities. To describe the interaction at higher order, a tensor notation is necessary. Using
a tensor notation, the dielectric polarization is written as

2 3
Py = o(xi; By + X Ej By + X B BBy + ..). (2.36)

3

Again, since only the z component of the electric field will couple to the intersubband
transition, we can reduce the tensor to a scalar product X(z2z)z and X(zgz)z. The higher
order susceptibility can be calculated by the same perturbation expansion as was used
to evaluate the linear susceptibility.

The general equation resulting of the perturbation expansion of x(2) and x(®) are
large sums. The expression for X<3) for example, has 48 different terms [140]. However,
looking at a special case, the calculation of the nonlinear susceptibility often simpli-
fies. For this reason, we only consider a two level atom when treating the nonlinear
susceptibility of a QCL as it is done in chapter 6 of Nonlinear Optics by R. Boyd [162].
Apart from resulting in a vastly simpler treatment of the nonlinear interaction, there
are other advantages to this technique. It allows for example to account for power

broadening, saturation effects, Rabi oscillations and optical Stark shifts. Since we are

3 An alternative notation used in many textbooks[141, 161] for the dielectric polarization is,
P; = g9 Xij + 2djxEjE, + AxijunE;jERE + ...
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Fig. 2.18: X®) and four-wave mixing in a two level system. a Four-wave mixing. b
Energy level description of the four-wave mixing process under population inversion.

mainly interested in a possible coherent power transfer between adjacent modes in
multi-mode operation due to four-wave mixing processes (see sec.2.6.2) in a two level
system, we concentrate on this case here. Furthermore, this situation describes accu-
rately the experiments performed by Friedli et al. to measure the nonlinear response
of a QCL amplifier [163]. To measure the x®) in a QCL amplifier, a four-wave mixing
experiment in a QCL amplifier was set up. The pump and probe beams are a single
mode quantum cascade laser and a broadly tunable source (Ekspla PG711/DFG). This
is illustrated in fig. 2.18a.

In fig. 2.18b the considered three level system is shown. The power of the pump
wave at w is much stronger than the probe field at detuned frequency w + §. The
results developed for the optical wave mixing phenomena in a two-level system finds

the effective third order nonlinearity to be

2Nt (S A—if) (b i) (At £)
a 3eoh3 (A —dw+ 1%2) D*(6w)

X5 (6w, A (2:37)

The parameters § N represent the volume population inversion per QCL period, Mg is
the matrix element of the dipole moment operator, A = w —wy,, is the detuning from
the pump wave from the intersubband transition. T and T, are the relaxation and

dephasing time. The value D(dw) is given by

D (8w) = (6w+ Til) (5wa+ T%) (A+(5w+ Tiz) — 02 (5+ T%) . (2:38)
where (2 is the Raby frequency, defined by 2 = 2|u;||E|/h. Considering eq. 2.38, it
becomes clear that the third order nonlinear susceptibility also depends on the laser
intensity through the Rabi frequency. For this reason it is called an effective suscep-
tibility. By setting £2 = 0 we recover x(3) from the perturbation theory. In Ref. [163],
we calculate a X<3) =2.5x 10" m2V~2 in the low field limit. This corresponds well
with the measured x(®) = (0.9 +0.2) x 10715 m2V 2,
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Fig. 2.19: Four-wave mixing signal as a function of difference frequency. Reprint
from [163].

The width of the resonance depends on the relaxation and dephasing time in the
QCL. Since the timescale for both processes is in the order of ps in a QCL, which is
much faster than the carrier diffusion time, the bandwidth attainable trough four-wave
mixing processes is large compared to interband lasers. Fig.2.19 shows the generated
four-wave mixing signal as a function of the detuning. The measured roll-off frequency
is ~# 1 THz. This is orders of magnitudes more compared with early four-wave mix-
ing experiments due to spatial hole burning performed in interband lasers, where the
bandwidth was limited to a few GHz[164]. However, even in interband lasers there
are processes attributed to spectral hole burning and carrier heating which are fast
enough and allow a coupling of up to hundreds of GHz[165, 166]. Those high band-
widths are of paramount importance in the discussion of the multi-mode and comb
operation of QCLs, since it allows to establish coupling between neighboring modes.
Usual mode-spacings in QCLs are about 15 GHz for a 3mm and 7.5 GHz for a 6 mm

long device.

2.6 Parametric coupling

This section gives a review of the concept of coupled waves and its utilization to find ap-
proximate solutions of Maxwell’s equations of light propagating in a nonlinear medium.
Approximate solutions to many physical problems can be found relatively easily using
this coupled-wave theory. Among others it is possible to find the relationship between
the absorption and the refractive index of a material, find solutions for phase gratings,
explain coupled waves in integrated optics and explain nonlinear optics (parametric

coupling). This section is not intended to give a full review of the concept of coupled
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waves neither of nonlinear optics, since a complete summary would be out of the scope
of this work. For further studies please refer to references [141, 161, 162, 167].

2.6.1 Theory

The concept of coupled waves describes the propagation of optical waves in a dielectric
medium characterized by some kind of spatial or temporal perturbation of the dielectric
polarization. Wave propagation in transparent and nonlinear medium is governed by

the basic wave equation

1 9°D

V2E(x,t) — — 5 =05 =
(a:7 ) 6062 atQ )

(2.39)
where D is the displacement field including linear and nonlinear contributions, given

by the material equation D = eqE + P. It can therefore be rewritten to

02E(x,t) 92P(x, t)

V2E(z,t) = poeg 912 Ho——g,2

(2.40)

1
VHOED

medium, £ and g are the electric and magnetic permeabilities of vacuum.

where ¢ = is the speed of light, P(«,t) it the dielectric polarization of the

The dielectric polarization P(x,t) is now decomposed into two parts, Py(ax,t) for
which a solution of the wave equation exists, and p(x, t), which represents the pertur-
bation caused by the nonlinear interaction. If the unperturbed system is originally a

linear and isotropic medium, P(=, t) can be written as

P(z,t) = Py(z,t) + p(x, t) = eox(x) E(z, 1) + p(x, t). (2.41)
By using the relations of the speed of light in vacuum cg = ﬁ and n(x) = (1 +

X(m))l/z, the wave-equation including the perturbation can be rewritten as

n(:z:))2 92E(x, t) 92p(x, t) (2.42)

V2E(x,t) — ( 92 =Ho— 5.2

Co

By setting the perturbation term p(zx,t) = 0, we find the familiar second-order wave

equation of a linear medium

—o. (2.43)

n(x) 2 I2E(x,1t)
) ot2

V2E(z,t) — ( o
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Solutions of Eq. (2.43) are of the form
E(z, 1) = Ulz, y)ei“nt—Bn?), (2.44)

where f3,, is the propagation constant, w,, are the angular frequencies and U (z,y) is
the complex electric field distribution. The angular frequencies are linked to the prop-
agation constant 3, through the effective index of refraction of the mode n (neffn),
”e;fn P

In the coupled wave approach, an appropriate set of N unperturbed modes forms a

giving w,, =

complete basis to the problem. Therefore any solution of the perturbed medium can
be found by a linear superposition of these modes. Since we will apply the discussion
of the coupled modes to the case of non-linear effects, its wise to define the E-field as

a real quantity, leading to

1 N .
E(z,t) =5 Y ARE ()= Y A, (U, (z,y)el@ntFn),
n=+1,.,+N n=+1,.,+N

(2.45)

where A, (z) describes the amplitude and phase of the coupled modes, and A_,, = A%,
U_,=U; andw_, =—w,, B_,, =—0,-
Inserting Eq.(2.45) into Eq.(2.42) and utilizing Eq.(2.43), one finds the equation

; dAn 1 d2An B 821)(:1:,15)
n:i; » (fzﬁn?En(w,t) + 542 En(m,t)> =po—gz - (246)

Eq.(2.46) can be split into a set of 2N differential equations by applying the orthogonal-
ity of the modes. Furthermore assuming the slowly varying amplitude approximation,

with ;—ZzAn < Bp %An, the N coupled wave equations finally read
z

+oo T

dA ; . .
n _ o ezﬁnZ/ da:dy/ dtei“ntU* (z, )

ddn _ o 9%p(=,t)
dz — TW, A,

P (2.47)

oo 0

where W, represents the normalized energy of each mode and T' is the integration

time.

The physics of the medium is expressed by the relationship of the electric field
E(x,t) and the perturbation of the dielectric polarization

p(x,t) = F{E(z,t)}. (2.48)
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2.6.2 Wave mixing

Both, three-wave mixing and four-wave mixing are present in a QCL due to the large
X(2) and X<3) in intersubband transitions, as it was discussed in section 2.5. Further-
more, the bandwidth is large enough to allow coupling between neighboring longi-
tudinal modes. The formalism of the coupled-wave equations just introduced in the
previous section is ideal to study the phenomena of nonlinear optics. For simplicity, we
start with the study of three wave-mixing phenomena and consider four-wave mixing

in the next step.

Three-wave mixing

The perturbation of the dielectric polarization in the case of a three-wave mixing

process in a QCL is given by the scalar form

ple,t) = cox P E%(, ¢). (2.49)

When dealing with nonlinear optics, we have to consider the electric field as a real
valued and physical quantity. The total field E(x,t) is a superposition of three-waves

with angular frequency wq,wy and ws,
1 )
B@t)=5 Y. Ay2)Uw,y)e' @), (2.50)
q=+1,+2,43

Again, A,, describes the amplitude and phase of the coupled modes.

Considering eq.2.35, the second order perturbation of the dielectric polarization

can therefore be written as

1 L -
plat)=ge0 Y XV (0, U, (@, y)elrtent=Fe o)
r,q=+1,+£2,43
(2.51)

Inserting eq.2.51 in eq.2.47 and after spatial integration, considering the amplitude
Ag of Eq = (A3Ug(z,y)e?st + c.c.), we get
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p 2
dAg _ 7‘/4060 1637,/ th(2)e—iW3t87 Z [A (z)AT(Z)ei[(wq+wr)t7(ﬁq+ﬁr)2]]

dz 4T53 8t2 ,9= ?
T £1,12,43

= roreier [ di@eiont S (g w2 [Ay(2) A, (el (BB
s e
437

fz,u,oz-:ox i[(wgtwp—w3)t—(By+B8r—B3)2]

_ A A r 3 T 3
B w3 Gorren A e,
+104%,43

(2.52)

We get all possible combination of frequencies, the sum and differences of the original
frequencies wy, wy and wg. It is important to notice that the integral over the period
T is only non-zero if the frequencies wq, wy and ws are commensurate. This is one
frequency is the sum or difference of the two others, or one frequency is the double of
another. We assume, for example, wz = wy + wy. One solution is ¢ =1 and p = 2 as
well as the possible permutations ¢ = 2 and p = 1. This gives us the following coupled
wave equations:

dA; _ —ipgegx®

= THOS0XT 2 pr A e iAB)2
dz 26, 3¢
dA —ipgegx? . i
= apy wBAIAse A0 (2.59)
dAs _ —ipgeox? ;
= F0°0% 24, Ayet(AB)z,
dz 28, U301A2¢

Where we have defined A = 33 — 51 — B, as the phase-matching condition.

It is common to define the coherence length [, = i—’;} The coherence length is a
measure of the maximum crystal length that is useful in producing the second-harmonic
power. The coupled-wave equations describe the exchange of energy between the differ-
ent modes of frequency wq,wsy and ws. One important fact to notice, though not zero,

the relative phases of the different modes are fixed.

Other possible solutions are second harmonic generation w5 = 2w, and difference

frequency generation wy = wy —wy. This was successfully applied to Mid-IR QCLs to
generate Terahertz radiation [151].
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Fig. 2.20: Four wave mixing: a Phase matching condition and b interaction of four
photons fulfilling the energy conservation hwy + hiwy = fiws + hw,.

Four-Wave Mixing

The third-order nonlinear polarization is the source of different phenomena. Among
others there is the third-harmonic generation, stimulated Raman scattering, stimu-
lated Brillouin scattering, four-wave mixing and optical Kerr effect. Using the same
formalism of coupled-waves derived in section 2.6.1, we can derive the coupled equations
describing the four-wave mixing in a third-order nonlinear medium and the Kerr-effect.
Fig. 2.20 illustrates schematically the four-wave mixing process. Fig.2.20 a) shows the
phase-matching condition whereas b) shows the interaction of 4 photons which must

satisfy the energy conservation fiw; + hwy = hwg + hwy.

The perturbation of the dielectric polarization in a third-order nonlinear medium
in the scalar form is given by
pl@, t) = eox® E?. (2.54)

In the case of four-wave mixing, the total field can be written as a sum of four modes

1 )
E(x,t) = Y SARU(x, y)etwat P, (2.55)
q=+1,42,+3,+4
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Fig. 2.21: Coupled wave equations for non-degenerate and degenerate four wave mixing;:
a Non-degenerate four-wave mixing with w; +wy = w3 +w,4. b Degenerate four-wave
mixing with w, = 2w +wy. ¢ FWM up- and down signal generated in a QCL amplifier.
Reprint from [163].

this is a sum of 512 terms. The perturbation of the dielectric polarization is therefore

X [Ag(2) A (2) A (2)U (@, Y) U, (2, y) U (w, y)el@atwrtwp)t=(Bat Bt 8p)2])
(2.56)

Inserting eq. (2.56) into eq. (2.47), after spatial integration, considering the ampli-
tude Ay, we get

dA, —i 3)
4:M/ QY (gt wytwy)?

dz 8T -
tor W (2:57)

% [Aq(z)AT(z)Ap(Z)ei[(wq+wr+wpfw4>tf(ﬂq+BT+Bpr4)Z]].

Again, for the four waves to be coupled, the frequencies must be commensurate.
Consider the non-degenerate case wy + wy = wy + wy illustrated in fig. 2.21a. Terms
for wy = wy + wy — w3 which do not vanish when integrating over a period T are
q,p,r = 1,2, —3 and all possible permutations, which are in total 6. Another possibility
is the degenerate form 2w, = 2w;. Another possibility is wg = —w,, with ¢ = —4 and
p=+l,r=Fl,p=42,r=F2and p=43,p = F3. And wy = —w, and w; = —wy

including all possible permutations. The final coupled wave equations in the case of
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four-wave mixing are

dA; —ipgeowix'®

= 6A3A, Ale (A2 + 3A, [|A1]2 +2|A5]2 + 2|A5]2 + 2| Ayl?]
dz 881

Q R

dAy _ —ipgeowix®

6A3A4A’ie*i(Aﬁ)Z +345 [ Ao +2|A1]2 +2|A5)2 +2|A42])
dz 8035

dz 8083
dAg _ *1#050‘*’4X(

dAj _ *’LI—LOEOOJ:#,X (6A1A2Azei(Aﬁ)z + 34, “AS‘Z + 2|A1|2 + 2‘A2|2 + 2‘A4|2D

6A1A2A§ei(AB)Z +3A, [|A4‘2 +2|A1 |2 +2[A5]% + 2‘A3|2D )
dz 854

(2.58)

with A = B3 + 84 — 1 — B9 being the phase matching condition. The result can be
separated into two parts, Q@ and R. The first result, @, represents the result of the
mixing of the three other waves and is proportional to A3 A, A%. The second result,
R, only modifies the propagation constant of the same wave and it is proportional to
21 — I, with I =1I; + Iy + I3 + I,. This is the optical Kerr effect. Often this term is
itself separated into two parts, the cross-phase modulation (XPM) and the self-phase
modulation (SPM). The XPM represents the change of the optical phase of a light beam
when interacting with another light beam of intensity Ixpy;. It is represented by a
nonlinear change in the refractive index as a function of intensity and is proportional to
the nonlinear refractive index nq and is given by An = 2no(Io+ I35+ 14) = 2nyIxpy-
The SPM modulation term arises form the phase-change the wave induces from its own

intensity and can as well be represented by a change of refractive index, An = nqyl;.

Considering the results presented in [163] discussed beforehand where we measured
x®) by mixing a single mode DFB-QCL and a tunable DFG source in a QCL amplifier,
we have to adapt the coupled wave equations due to the degenerate nature of the
mixing. The mixing process is illustrated in fig. 2.21b, where w, = 2w; —w,. Here the
generated wave through the four-wave mixing process is the wave labeled FWM-down
shown in fig. 2.21c. Due to the degeneracy, the number of permutations reduces from
6 to 3 (¢,p,r = 1,1,—2) and the coupled wave equation, omitting the optical Kerr
effect, for FWM-down is

dAy —ijg 50w4x 2 A
o A A* 7 Ez 2.
dz 884 (2.59)
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2.6.3 Four-wave mixing in a QCL amplifier

To account for the gain medium, the coupled wave eq. 2.59 need to be adjusted. The

gain can be treated exactly as a perturbation of the first order, with the definition of

g =kx” (see2.32). The perturbation is

igzq:i4 Aqez(wqtfqu)

2p

p=ix"E(w,) =

This gives the following coupled wave equation due to the gain

1 2
dA, M050V£(27T)29A _ BoEoVirig _ 94
B 4 2 T2t

dz 27 2
2(35)
The final equation including four-wave mixing and gain therefore reads

dAy _ —ipgeowix® . o . iap. L 9
o= g s atage +24,

(2.60)

(2.61)

(2.62)



Chapter 3

Dielectric mid-infrared anti- and high-reflection coat-

ings

This chapter gives an overview of anti-(AR) and high reflection (HR) dielectric coatings
deposited on the facet of a QCL. It starts with a short introduction and continues with
a description of used coating-materials during the course of this work. Afterwards
follows the theoretical treatment including a brief discussion on single- and multi layer
coatings. Based on the theoretical background, the chapter continues to explain the
coating optimization and calculation algorithm developed during the course of this
PhD. The end of the section describes two different measurement methods for AR
coatings followed by coating characterization of examples of coatings deposited using
the available electron-beam evaporation systems in the clean room of FIRST at the
ETH Zirich.

3.1 Introduction

Dielectric AR- and HR coatings play a crucial role in most of todays optical sys-
tems, including applications involving lasers. By altering the mirror losses a,, =
Srin (m) of the laser, where L is the device length and Rg.on¢ back are the
front and back intensity reflectivities, one affects strongly the laser performance. The
effect on the laser performance of the mirror losses can be understood by looking at
eq.2.6-2.8. Altering the mirror losses changes the threshold current as well as the
slope-efficiency of the QCL, therefore the power of the device strongly depends upon
them.

Using appropriate front and back coatings, it is possible to considerably increase

57
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the device output power and wall-plug efficiency [30]. A HR coating on the back facet
decreases the mirror losses a, of the device, therefore reducing the threshold current
of the device. Eq.2.7 however also reveals that the slope efficiency of the front facet
of a HR back coated device increases when decreasing the total losses o;. Apart
from increasing the output power of the device, a good HR back coating also increases
the tuning range of an external-cavity QCL (see sec.4.2.5). Usually a combination of
an insulation layer and a gold coating (~300nm Al,O5 /100nm Au) is used as a HR
coating. This ensures a high reflectivity (~ 98 %) while still limiting the thickness of
the coating. However, sometimes a dielectric HR coating is more desirable. In case the
facet to which the coating is applied is used to out couple the beam, a dielectric coating
is preferable [27]. Nowadays, they are used in low-dissipation devices featuring small
cavity length ~1mm-500pm for power scaling[37, 38]. Also high-power continuous-
wave lasers risk to dissipate too much heat in the absorbing metallic HR coatings
possibly damaging the coating. To increase the laser induced damage threshold a care-
fully designed low absorbing dielectric HR coatings is favorable. The deposition of an
AR coating on the front-facet is also desirable for many applications, especially the
ones involving an external resonator. A very low reflectivity (< 1%) of the front facet
effectively reduces the effect of the chip-laser cavity. This permits the external-cavity
laser to lase on all external-cavity modes and not only the ones in proximity to chip

modes.

The deposition of high-quality AR coatings in the mid-IR region faces important
challenges. First of all, the available material systems which are transparent in the
mid-IR range are spare. Even materials with small absorption coefficients pose prob-
lems when employed as a coating for a laser due to the high field intensities, especially
in continuous-wave operation. As an example, an Al,O3/a-Si front AR coatings used
on a laser featuring an output of 160 mW emitting at 7 pm did not withstand the high
field intensities produced on the 4 pm wide facet, albeit the low absorption coefficient of
ka0, 55X 1072 and k,g; ~ 3x 1073 [136, 168]. Second, due to the large wavelength
in the pm range, the deposited coatings are usually thick. Internal stress during depo-
sition in combination with those thick layers often results in a flaking of the coating.
The design of broadband coatings often requires multiple coating layers, resulting in
film thicknesses which are usually larger than 1pm. The adhesion and environmental
resistance of large total thin films can be increased by pre treating the substrate surface
(e.g. Argon sputtering) or employing adhesion layers (SiO, MgO, Y,03) before, after

and in between different material layers.
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3.2 Thin film materials in the mid-IR

Physical vapor deposition (PVD) is a common way to deposit thin film coatings for
optics and laser applications in the mid-IR. Our clean room facilities allow the use
of e-beam evaporation and boat evaporation. Furthermore, we have the possibility to
use argon sputtering on the substrate. However, the ion gun was not used to realize
ION-assisted deposition in the course of this work, due to the missing possibility to

simultaneously deposit and bombard the substrate.

To fabricate HR coatings and zero reflectivity and broadband AR coatings, the avail-
ability of low index (~ 1-2.5) and high index (~ 2.5-4) materials is crucial. Widespread
used low-index materials in the mid-IR range for laser applications are metal-oxides and
fluorides. Metal-oxides are often preferable in laser applications. They can be easily
combined with ion assistance to give compact and durable thin films. One advantage
over fluorides is the missing water absorption lines characteristic for fluoride layers.
Suitable metal-oxide coatings which are transparent deep into the mid-IR range are
however hard to find and rare earth fluorides (YF5/YbF3/BaF,) are clearly the better
choice if the wavelength is > 6 pm. Fluorides feature very large transparency windows
covering the wavelength range from ~ 300 nm - 15 um. The deposition of those fluoride
films to produce low absorbing layers is very delicate [169]. The material of choice used
to be thorium fluoride until the 1980, which featured high damage thresholds and is
more robust against pealing and cracking [170, 171]. The radioactive nature however
lead to increased research for alternative materials. BaF, and YbF5 in combination
with ion-assisted deposition showed damage thresholds comparable to conventional
ThF3 coatings [172]. Our material of choice for QCLs coatings is YF3, which showed
comparable, though slightly stronger absorption and lower damage thresholds results as
BaF, and YbF;. BaF, shows very low absorption values of ~ 107° up to wavelengths
of 10 pm [168].

E-beam evaporation and ION-assisted deposition system risk to crack the fluo-
ride bonds leading to deficiencies in fluorides. This is especially problematic for YFg,
which decomposes into 3YF, — Y 4 YFj3. Increased absorption is therefore due to
the metallic Y present within the coating layers [169]. Comparing the color before and
after evaporation using boat evaporation and e-beam evaporation unveils a change in
the color of the target in the case of the e-beam evaporation from white to some-
thing slightly gray, whereas during the boat evaporation the material keeps its color.
Therefore our evaporation method of choice for YF;3 is by boat. ION-assisted deposi-
tion however works well with YbF5. The valence band of Yb allows the formation of
divalent fluorides, YbF,.



60 DIELECcTRIC MID-IR AR- AND HR COATINGS

The main problem of fluorides films, the low packing density when evaporated con-
ventionally, can be overcome by ION-assisted deposition. The low packing density
leads to a very strong uptake of water from air in such films. Fig.3.3b shows a mea-
sured water absorption line of an YbFj coating deposited by e-beam. ION-assisted
deposition helps to produce much denser films. This has two positive effects. The films
are mechanically more stable allowing thicker depositions and are essentially free of
water [169]. The risk of ION-deposited thin-films is however the strong oxidation of
YbF, bonds forming oxide layers of up to 20 nm thickness. Therefore special care to
prevent this must be taken for such films. Nevertheless, the lower absorption, miss-
ing water lines and higher packing density of ION-assisted YbF3 are definitely very
important points and it should be revisited as a low index material of choice for our
QCLs.

Among others, commonly used high index materials in the mid-IR range are ZnS,
ZnSe, Ge and Si. Our high-index material of choice at the beginning of this work
was ZnS and at a later stage ZnSe. The deposition of ZnS and ZnSe was done using
a small physical vapor deposition system featuring two boat evaporators. The main
problem of the deposition of ZnS and ZnSe are the generated toxic compounds during
the evaporation, hydrogen sulfide (H,S) and the far more dangerous hydrogen selenide
(H5Se). Both substances have a bad smell and are easily detectable by the nose in very
low concentrations (ppb). The threshold limit value is as low as 0.05ppm for HySe.
The relatively small evaporation chamber and the use of protective gas masks when
opening the chamber allowed the use of these material in the University of Neuchatel.
However the bigger evaporation chambers and the shared clean room facilities of FIRST
at ETH made it impossible to use those materials further. In the course of this work
we therefore had to find alternatives for high index materials. Suitable materials were
found in Ge and Si. Both work well in combination with YF3 and layers as thick as 2 pm
can be grown this way. However, the study by Rahe et al. [172] again revealed that Ge in
Ge/ZnSe coatings induces non-negligible absorption, leading to lower damage-threshold
values. The best results were achieved by a combination of YbF3/ZnS and BaF,/ZnS.
Since ZnS is much less toxic than ZnSe, this combination of AR coating should be kept

in mind for further potentially more powerful continuous-wave QCLs.

3.3 Theory

This section gives an overview of the matrix formulation of isotropic layered media for
TM-polarized and TE-polarized light. This is a condensed treatment, for the through-

out derivation interested readers are advised to consult Optical Waves in Layered
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Media by Pochi Yeh [173]. The matrix formulation is used as the basis for calculating
thicknesses of dielectric AR- and HR-coatings of our lasers. To calculate the transmit-

tance, reflectance and absorption of electromagnetic radiation we resort to Maxwell’s

equations:
oB
oD
H-—- — = .2
V x ot J, (3.2)
V- -D = o, (33)
V- -B=0. (3.4)

The variables H and E are the magnetic field vector and the electric field vector, B
and D are the magnetic induction and the electric displacement. Maxwell’s equation

are complemented by the material equations,

D=cE=c,E+P, (3.5)
B=pH = pugH+ M. (3.6)

where P and M are the electric and magnetic polarizations. In this chapter dealing
with dielectric coatings, the response of the medium is considered to be linear, that is
P = ey x E, where x is the electric susceptibility.
In a homogeneous and isotropic media, the wave-equations for a linear medium can
be derived leading to
02E

2E — =0 7
v e, ; (3.7)

with € = g43(1 4+ x). In case of a nonmagnetic medium (u = pg), this is the same
equation as Eq.2.40 already encountered when treating the non-linear response of
electromagnetic radiation, simply neglecting all nonlinear terms. Using Stokes and
Gauss divergence theorem, it can be shown, that the normal components of D and B
and the tangential components of E and H are continuous across the interface of two
medias, if the surface charge density and surface current density are both zero.

This continuity leads directly to the kinematic properties of reflection and refraction
of an incident plane wave Eiei(m*""i"") satisfying the wave equation3.7 , the well
known Snell’s law: n; sin(ay) = ngsin(as). In case of normal incidence, the more
interesting problem however is the dynamic part, that is the amplitudes of transmitted

and reflected waves.
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Fig. 3.1: Typical far-field measurement of a buried-heterostructure QCL. The ridge
with is approximately 10 pm, the laser wavelength is A = 9 pm.

The laser output is strongly diffracted at the laser facet, leading to a far field fea-
turing a FWHM of ~ 30 — 50°. Fig.3.1 shows a typical far-field measurement of a
burier-heterostructure QCL emitting radiation at A = 9pm. The ridge width is ap-
proximately 10 pm. The measured FWHMy in the y-direction is 30°. In the growth
direction, the measured FWHM,, is 44°. Therefore, the propagation constant 3 of the
diffracted output beam propagating in the coating does not have to be perpendicular
to the facet of the laser. Considering this strong diffracted beam, it is interesting to de-
velop a formalism to calculate the coating reflectance and transmittance of plane waves
as a function of angle. Compared with earlier AR coating treatment for QCLs [12], the
matrix formulation which will be developed will not be restricted to zero angle inci-
dence light, making it more versatile. Therefore, it can take into account the diffracted
beam at the output of the facet and the possible facet reflection of a coated laser in
case light is back-coupled through a high-NA lens.

Fig. 3.2a illustrates two different possible propagation constants /3 /2- The QCL
laser output is always TM-polarized (p-polarized) with respect to the waveguide. With
respect to dielectric coatings applied to the surface, the output is seen as either TM-
polarized, illustrated in Fig. 3.2b and TE-polarized, illustrated in Fig. 3.2c. The general
solution of the wave equation 3.7 giving the superposition of reflected and refracted

wave on a boundary surface is given by

s . /7 s /. . .
Ez{ (Eje 1T L ElemtRim)eivt  if z <0, (3.8)

. . 4 .
(Eqe k2™ 4 Bl e ikam)eiwt  if 3> (.

For a TM-polarized wave shown in Fig.3.2b, the continuity of E, and H,, gives
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Fig. 3.2: Propagation of electromagnetic radiation at dielectric boundaries. a TM-
polarized output of the QCL. Two different possible propagation constants 51/2. b
Reflection and refraction of a TM-polarized wave with respect to the applied dielec-
tric coating. The magnetic field vectors are chosen to give a positive power flow. ¢
Reflection and refraction of a TE-polarized wave with respect to the applied dielectric
coating. d Multilayer propagation of electromagnetic radiation.

the following relations

(Ey + Ey) cos(ay) = (By + Ey) cos(ay),

\/%(E1+E’1):\/%(E2+E;),

This can be written in matrix form,

(3.9)

(3.10)

(3.11)

(3.12)
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with

cos(a;) cos(ay
D (i /sl /?Z (3.13)
g Mo
D(i) is the dynamic matrix for a TM-polarized wave. The derivation of the dynamic

matrix for a TE-polarized wave is the same and leads to the result

. 1 1
Drel) = <\/§cos(o¢i) —ﬁcos(a”) ' (3.14)

In case for a nonmagnetic medium (u; = pg), the two dynamic matrices can be

simplified to

for TM-polarized wave,

cos(ay) cos(al)>
ny -
. f (3.15)

for a TE-polarized wave.
nycos(ay) —ngcos(ay)

As expected, at zero angle incidence, the dynamic matrices of the TM- and TE-

polarized light are the same.

Considering Fig.3.2b, we are interested in the propagation across multiple thin-films
of thickness d; and refractive index n;. The indices A; and B; represent the amplitudes
of the right and left traveling waves. The dynamic matrix of the TM-polarized wave
describes the transition at the interface of two materials of refractive index n; and n,.

To fully describe the propagation in a thin-film, we need to introduce the propagation

el¥i 0
pi_< . ¢> (3.16)

where ¢; is the phase change acquired by the light propagating through the medium

matrix P;, with

of thickness d; and is given by

27mn,d;
0, = % cos(ay;). (3.17)

It is afterward straight forward to write the whole propagation illustrated in Fig. 3.2d
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in matrix form

Ao _ My, My, A (3.18)
By My, My, B,
with the matrix M given by

N
M = Dyt [H DZPlDll} Dg. (3.19)
=1

The amplitude reflection and transmittance functions are simply calculated by

BO M21

=20 = (3.20)
AO Mll
A 1

t=1s o . (3.21)
Ay My,

If both surrounding media ny and n, of the multilayer coating are non-absorbing, the

reflectance R and transmittance 7' is consequently given by

2
M.
R=|r|2=|"2L (3.22)
My,
2
7o Ms cos(ols)ltl2 _ ng cos(ag) | 1 (3.23)
ng cos(ayg) ngcos(ag) | My

The absorption of the thin-film materials is taken into account by the complex refractive

index n = ng + in;. The imaginary part of the refractive index is linked to the
absorption coefficient @ = 47;\7” . In the case the absorption coefficient for the materials

is known, the total absorbance can easily be calculated by the formula A =1—R—T,

reflecting the conservation of energy.

3.3.1 Single- and multi layer coatings

The first coatings which were developed for external-cavity QCL operations were based
on a single layer coating run of ZnS. Solving the previous problem analytically, the

minimum reflectance of a quarter wave is achieved if the thickness is

A

=7 (3.24)

To achieve zero reflectance however, the dielectric material must have exactly a refrac-

tive index of ny = /My yng, where ng = 1 is the refractive index of air and n, sy is
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the effective refractive index of the mode. Therefore, to achieve zero-reflectance (at
zero angle), it is necessary to combine two materials with different refractive index.
Those coatings are commonly called v-coatings, which stands for the resulting v-shape
of the AR coating as a function of wavelength. There is another important advan-
tage of v-coatings to single layer quarter wave stacks apart form zero reflectance. The
ideal quarter wave plate for a QCL has a refractive index n ~ /3.4 = 1.85. This
results in effective layer thickness of the quarter wave of 1.35pum at A = 10 um. The
combination of a low refractive index material with a high-refractive index material in
v-coatings allows for generally thinner effective layers. A YF5/ZnSe coating with zero
reflectance is in total 1.05pm thick. The first v-coatings which were achieved in the
group were based on a combination of YF3 and ZnSe [12]. The advance of broadband
QCLs spanning an ever bigger bandwidth however requires the development of broad-
band anti-reflection coatings for those laser. To prohibit the lasing of parasitic chip
modes in an external-cavity configuration, a laser featuring a flat broadband inhomo-
geneous gain needs a decreased reflectance over the whole bandwidth for single-mode
operation (see sec.4.2.3). A combination of two v-coatings, resulting in four layers
(YF3/Ge/YF5/Ge) gives low reflectance over a broad bandwidth. With adequate pre-
cleaning procedures of the substrate (Ozone, AR-sputtering), the total film thicknesses

of ~ 2 pm was found to be still thin enough to prevent the coating from pealing off.

3.3.2 Design and optimization of coatings

Using the matrix formulation, we are able to quickly calculate the transmittance (7T,
reflectance (R) and absorbance (A) of a coating containing n-layers. We developed a
computer program which is based on a genetic algorithm available in MATLAB to solve
for a minimum of a fitness function. We chose a genetic algorithm since it allows for
very complex problem solving, containing possibly hundreds of layers (chirped-period
layers, graded-multilayer coatings). Each individual is a n-dimensional vector, repre-
senting the thickness of each layers. The program calculates T, R, A as a function of
wavelength. To calculate the ideal thicknesses of a broadband multilayer coating, the
fitness-function is usually a least-square sum of R over the desired wavelength range.

It is simple to adjust the program to different fitness functions. For example the
optimization of coatings for high-reflectance is a simple minimization of the fitness
function (1-R). The coating can be optimized for any arbitrary reflection z with a
fitness function of (z-R). For high power lasers this program can easily be used to
develop coatings which also minimize the absorbance in the coating by adjusting the
fitness function.

Since the program can also treat T, R, and A as a function of incidence angle,
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the diffraction of a QCL output can be taken into account in the fitness function. For
normal incidence, we usually put a = 0 and calculate a least square sum over the
desired wavelength range. If we take the angular dependence into account, we need to
generate two matrices (diffraction in y and z-direction) calculating R, T' and A as both
a function of wavelength and angle. The calculated matrices R contain the individual
matrix elements RR; ; = R(a;, A;). To account for the power distribution (see fig.3.1)
we multiply each column of R; ; by a vector of length ¢ with a Gaussian-distribution
of FWHM representing the diffracted power output of a QCL (FWHM TM/FWHMy
TE). As in the case for the normal incidence, the fitness-function is usually a least-
square sum of all the elements of the matrix R; ;. One of the example coatings shown

in fig. 3.3b is simulated taking into account the dlffractlon at the laser interface.

3.4 Characterization of coatings

Threshold current density

It is possible to estimate the waveguide losses and the performance of the AR coating
by measuring the threshold currents of the as cleaved laser, the HR coated laser and
the AR/HR coated laser. Since the threshold current density is proportional to the

total losses, the ratio of the threshold currents before and after coating is given by

_ Jm,HR _ o g*% 1(Reacet RHR) (3.25)
Jth,Cleaved %l (R?acet)

Reformulating this we get the reflectivity of the deposited HR coating as followed

R R (3.26)
Given the fact that we know the cleaved facet reflectivity R, . = 0.29 and the re-
flectivity of the deposited HR coating of about Ryr = 0.98 ~ 1, we can deduce the

waveguide losses.

B 1 Ryur
Oy = SL(1—p) In (R(Qp 1>) . (3.27)

facet

We can in addition measure the ratio of the threshold currents before and after AR

coating the device, we can measure the reflectivity of the deposited AR coating at the
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peak of the gain curve of our device

o — Jin AR Owg — 27 In(Rup RAR) (3.28)
AR — —_ . .
Jﬁh,HR AXyg — %ln(RHRRfacet)

Analogous as before we can therefore deduce the reflectivity

_ pPAR~1) pPAR ,—2Laywa(par—1) ~, PPAR ~—2Lcy(par—1)
RAR - RHR Rfacete e ~ Rfacete e : (3'29)

Broadband AR coating measurements using a Fourier-transform interferometer

The characterization technique of AR-coatings using the threshold-current density pre-
sented in the previous section does not give any information on the wavelength depen-
dence of such coatings. Using this technique on broadband QCLs can result in wrong
measurements, since it only gives an information at what current density the modal
gain at an arbitrary wavelength within the gain spectrum overcomes the losses at said
wavelength G () = ayor (N).

To characterize the transmittance and reflectance as a function of wavelength of
deposited coatings, we resorted to a method employing a Fourier-transform interfer-
ometer. If the coherence length of the source is lower than the thickness of the sample,
the transmittance of a layer must be calculated by spectral averaging[173]. If the
spread of the phase shift of an incoherent source is bigger than m (JA¢| > 7, where
@ = 2T”nd cos(a)) then the transmittance is no longer a periodic function of layer thick-
ness. The transmittance of a tick and completely transparent plate of a non-coherent

broadband light source (glowbar in the FTIR) is given by

1 A2 T,,T
T :7/ TA)dA = —12723 3.30
(D Ag —Aq 2\ ( 1—RioR53 ( )

1

where T} ;/ R, ; is the transmittance and reflectance of the interfaces. In order to apply
this formula to calculate the transmittance of a InP substrate, the resolution of the

scan must be lower than the spacing of the Fabry-Pérot etalon of the InP substrate.

A reference sample of double side polished very-low doped InP (1 x 1015 cm’s) must
be put into the evaporator together with the actual samples. Regardless of the low
doping, the reference sample might have a non-negligible absorption coefficient. This
has been taken into consideration by adapting Eq. 3.30. The absorption coefficient only
varies slowly over the spectral averaged signal, therefore the absorption term in Airy’s

formula can be treated as a constant. The final transmittance of an absorbing tick
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layer is given by

Ty Taze ¢

"= RipRage 0 e

(T)
Three measurements must be taken, the background-scan I, the mean transmittance
through an uncoated reference sample I1,p and the mean transmission trough a one

side coated reference sample Izg/gr- (Tmp) = III‘(‘)P allows to extract the constant
TAR/HR
I

e~ 9 and the transmittance measurement (T 5 JHR) = allows to extract Rqo
and T 5 in case of a non-absorbing coating R, + T4 = 1. If the coating is absorbing,
the results of the measurement are not accurate and show a higher reflectivity than it

is actually the case.

3.5 Coating examples

In the course of this work, the deposited AR-coatings for EC-QCL applications were
all v-coatings, whose results can be found in chapter4. This section presents the
possibility to use the material system YF;/Ge as HR and broadband AR coatings. It

also illustrates the shortcomings in e-beam evaporated YF5 for broadband AR coatings.
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Fig. 3.3: HR and broadband AR coating measurements using the FTIR. a Simula-
tion and measurement of dielectric HR-coating. b Simulation and measurement of
broadband AR-coating taking the diffracted output beam of the laser into account.
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Fig. 3.3a shows the simulated and measured dielectric HR coating. The HR-coating
was optimized to have a maximum reflection at 8pm (1250cm™). The deposited
coating consists of 1.44 pm of YF3 and 470 nm of Ge, resulting in a total thickness of
1.9pum. Reflection coefficients of >80% are achieved. Such coatings are interesting to
use as HR-coating on the front facet. They should also be considered to be used on
epi-side down mounted devices, minimizing the risk of a short circuit after a metallic

HR coating.
Fig. 3.3b shows the simulated and measured dielectric broadband AR coating. The

coating is optimized for minimal reflection between in the 6-8.1 pm range (1666 cm™ -
1235 cm’l). Furthermore, the diffraction of the laser beam was taken into account,
see sec.3.3.2. The material sequence is YF5/Ge/YF3/Ge finished by a 10nm thick
Al,O5 passivation layer. The optimized thicknesses for the layers are 259 nm /157 nm/
1.17pm/I14nm. The 10nm thick passivation layer is also taken into account during
the optimization process. For normal incidence, the layer thickness It is obvious from
the measurement, that the coating is not performing as nice as the simulation would
suggest. The bump at 6 um is attributed to the strong water absorption of the YFj3
layer. The overall reflectance is 4.5—5.5% in the region of interest (apart form the water
lines). The discrepancy between the simulation and the measurement is explained
by the bad YF5 deposition technique, using e-beam. As discussed in the previous
section, this results in the formation of the metallic Yttrium, increasing considerably
the absorption. 4 layer AR-coatings deposited nowadays using boat-evaporation for
YF3; show performances as expected by the simulation resulting in low reflectivity
coatings (< 1%) over a broad bandwidth [174].

The layer thicknesses of the coating shown in fig. 3.3b were optimized taking the
diffraction of the laser beam into account. It is therefore interesting to compare the
optimal layer thicknesses of this simulation with the one optimized for normal in-
cidence. The optimized layer thicknesses for a diffracted laser beam are (259 nm/
157nm/1.17 pm/14nm). The optimized layer thicknesses for a plane wave at normal
incidence are (259nm/157nm/1.224 pm/9.6 nm). The first two layers are exactly the
same, whereas the last two layers show a noticeable difference. Neglecting the last pas-
sivation layer of Al,O3, the optimized coating for a diffracted beam is slightly shorter,
by about 3 %.

Looking at the measurements, the FTIR measurement is not very accurate. It
depends strongly on the placing of the sample in the FTIR sample compartment. If
the measurement is performed well and the coating is not absorbing, we estimate a
measurement accuracy of about +1 %. The measurement of the HR-coating in fig.3.3a

shows error-bars of +1%. The measurement agrees well over most the wavelength
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range with the simulation. However, if the coating is absorbing, we have errors in the
measurement of 8-15%. The error bars in fig.3.3b are +5 % and the measurement still
does not fit within the error. Regardless of these strong errors, the measurement is
still valuable, as it gives an idea of the efficiency of the applied coating as a function

of wavelength.






Chapter 4

Broadband external-cavity quantum cascade laser

In this chapter we will discuss the goals, theory and achievements of using a QCL as
a gain medium for external-cavity tuning. It summarizes the results and knowledge
gained in working with external-cavity QCLs (EC-QCLs) using QCLs with different
active region designs. It starts with an introduction of broadband EC-QCL tuning.
Then it will give a summary of the EC setups used in our experiments, accompanied
by a rate equation model for EC-QCLs to complete the set of rate equations shown in
section 2.1.1. This will lead to the discussion of the importance of broad gain engineer-
ing (see section 2.2) and broad and low reflectivity AR-coating (see section 3). This is
followed by a presentation and discussion of measurements we achieved using a single
stack, heterogeneous and multi-stack QCLs based on the bound-to-continuum design.
Figure 4.1 summarizes the achieved tuning in the scope of this work of EC-QCLs and
compares it to previous work, covering the technologically interesting wavelength range
A =7.5pm-11.5 pm. To round off the chapter and to underline the continuous interest
in EC-QCLs, I will give a short resume of published work employing an EC-QCLs.
These results are also published in a topical review paper in Semiconductor Science
and Technology [113].

73
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Fig. 4.1: Summary of EC-QCL tuning achieved using different active region designs.
The results are compared to a standard distributed feedback (DFB)-QCL process to
illustrate the increased tuning range of EC-QCLs. Different tuning curves are achieved
either in pulsed or continuous-wave operation employing different active region designs.
To date, the emission of a QCL is generally broadened by combining dissimilar sub-
stacks (ST) in one active region. The different tuning results are superimposed on
HITRAN simulation of abortion spectra to illustrate the possibility to tune over entire
absorption bands with one EC-QCL. Sources: (1)[36], (2)[175], (3),[176], (4)[177],
(5) [178]. Reprint from [113].
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4.1 Introduction

Thanks to its properties, the QCL attracted a lot of attention for spectroscopic applica-
tions right from the beginning. The characteristics the QCL had to feature to become
a useful light source for first sensing applications were single-frequency emission and
the frequency had to be tunable. It was only two years after the first demonstra-
tion of the QCL that J.Faist et al. and C. Gmachl et al. demonstrated the first
DFB-QCLs[179, 180]. Shortly after in 1998, first results using a room temperature
DFB-QCL demonstrating spectroscopic measurements were reported [181] and high-
resolution spectroscopy was shown [182]. The field evolved quickly, reflecting the large
interest in using DFB-QCLs for various applications. Only a few years later several
groups worldwide have demonstrated a number of spectroscopic techniques employing
DFB-QCLs [183].

DFB-QCLs are very useful spectroscopic sources but their main disadvantage is
their limited tuning capability. They owe their success to their small size, the ruggedi-
zed single-mode emission and the mode-hop free tuning capability. A thermal tuning of
~10cm™ - 20 cm™ can be achieved using one single device when slow temperature tun-
ing is applied [36]. However, fast temperature tuning by the injection current through

Joule heating is lower and is limited to ~ 2 — 3cm™ 1.

To achieve broader tuning
ranges using DFB-QCLs, another proposed solution is the fabrication of a DFB-QCL
Array [184]. In Ref. [185], the authors report a monolithic array of 32 DFB lasers whose
wavelengths span a range of 220 cm~!. Combining the DFB-array in a MOPA config-
uration helps to boost the output power of these devices. Peak output powers of 2.7 to
10 W were demonstrated recently on an array of MOPA-QCLs covering the wavelength
range 9.2-9.8 um [186]. Nevertheless, the drawbacks of this approach are the difficulties
arising from the various performances of the lasers in the array (single-mode selection,
variability in threshold, slope-efficiency, output-power), resulting in a lower yield, and
the spatial separation of the emitted beams not originating from a single QCL emit-
ter, requiring beam combining to be useful in potential applications. Another way to
increase the limited tuning range of DFBs is the use of sampled gratings. At a wave-
length of 4.8 nm, a two-section, sampled grating, DFB-QCLs can be electrically tuned
over 120 cm™! [187].

Using a grating-coupled external-cavity (EC)-QCL overcomes the limited tuneabil-
ity of DFB-QCLs. It comes at an additional price of supplementary components and
a more complex handling. The first EC-QCL was demonstrated in 2001 [188] at cryo-
genic temperature by Luo et al.. Shortly after, in 2002, Totschnig et al. from the
University of Technology of Vienna, Austria, reported an EC-QCL operating in pulsed
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mode at room temperature at a wavelength of 10.4 pm [189]. In the same year, Luo
et al. achieved single-mode operation over a broader tuning range, obtaining a grat-
ing tuning of 120 nm (54cm™!) at 84K at a wavelength of 5.1 pm [190]. Combining
temperature and grating tuning, they could extend the tuning range to 91 cm™!. The
suitability of this system for spectroscopic applications was also demonstrated in the
same paper as measurements of a water absorption line at 5.083 nm were presented.
Further studies were done by the same group to improve the performance and under-
standing of EC-QCLs, and measurements of temperature fine-phase tuned EC-QCL
were presented [191]. The invention of the bound-to-continuum design (see sec.2) com-
bined a large gain with a broad spectrum, making the QCL an ideal gain medium.
EC-QCLs using this active region could be tuned over 150cm™ in pulsed mode at

room temperature [115].

4.2 Theory

4.2.1 External-cavity setups

Adding a grating-coupled EC-system is a widely used technique to alter a free running
semiconductor laser into a tunable single mode source. An EC-system is made of
three main elements, the gain element, in our case the QCL chip, the collimating
lens and the grating which acts as a wavelength filter element within the system [192].
The two most common grating coupled EC-systems for semiconductor lasers are the
Littman-Metcalf [193] and the Littrow configuration. Both setups have been used and
studied in conjunction with a QCL as a gain medium [194].

Fig. 4.2 shows different realizations of the Littrow configuration . The main advan-

tages of this configuration compared with the Littman-Metcalf configuration are the

a b
e <)
J BE- EC- J
Lens Lens Lens

Fig. 4.2: EC-QCL configurations. a Littrow configuration. The first order diffracted
beam is back coupled into the laser, the zeroth order beam is outcoupled through a
mirror. b Littrow back-extraction setup. ¢ Modified Littrow front extraction setup to
prevent the walk-off of the outcoupled beam [195]
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increased feedback of the setup and the easier alignment of the optical components.
The first-order diffracted beam is back coupled into the laser, whereas the zeroth order
beam is collected through an additional mirror. Coarse tuning is achieved through ro-
tation of the grating G. The back-extraction setup shown in Fig. 4.2 b) shows a popular
modification of the standard Littrow configuration [175, 196-198]. Instead of collecting
the zeroth order beam of the grating, an additional lens is added to the setup at the back
facet of the gain medium. This allows for a complete separation of the mechanically
moving parts and the outcoupled beam. Furthermore, employing this configuration,
we could show that the output power in this configuration is increased by a factor >
10[175]. The increased output power form 1.5 mW to 20mW in continuous-wave was
attributed to the low zeroth-order output coupling efficiency (5 %) of our grating. Even
though this configuration suffers under slightly lower tuning ranges, see section 4.2.5
for theory and 4.4 for measurements, the benefit of the stable beam in conjunction with
an increased output power often outweighs this deficit, especially for highly alignment
sensitive spectroscopic setups. Broadband tuning records during this work were all
achieved using the standard configuration shown in Fig. 4.2 a), whereas the broadband
spectroscopy results in section 4.6 are achieved using the back-extraction configuration.
Other modified geometries, such as the one shown in 4.2 ¢), prevent the walk-off of the

outcoupled beam [195].

4.2.2 Lens and grating

Of paramount importance for good EC-QCL tuning is the employed lens and a good
grating. The results of the single stack and heterogeneous-stack EC-QCL were all
preformed using a germanium /0.6 lens with a diameter of 24mm [175, 177]. The
lens is coated with a broadband AR coating covering 3to12pum. Fig.4.3a shows the
back-extraction setup using the large germanium lens. To increase the feedback and
the versatility of the system, another more compact EC-setup was developed, which
was used for the multi-stack EC-QCL measurements [178] To shrink the dimensions
of the EC, the main factor to change is the lens focal length. We therefore switched
to aspheric molded lenses from LightPath Technologies with a clear aperture of only
4.0mm. The IR glass used is BD-2, a GeygSb5Segq compound. Further advantage of
the chalcogenide glass compared to germanium are lower coefficient of linear thermal
expansion and the decreased change of refractive index as a function of temperature
(g—;ﬁ). Furthermore the BD-2 glass can be operated up to 130 °C, whereas germanium
suffers from increased absorption loss with increasing temperature, especially relevant
above 40 °C. The lens features a numerical aperture of NA=0.85 with an effective focal

length of 1.87 mm. The lens has a 7-11 pm broadband anti-reflection coating. The
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a Back-extraction setup Compact EC-design

24 mm GE-lens

Fig. 4.3: a Back-extraction setup used in the broadband spectroscopic measurements.
The front- and back-extraction lens are both Ge /0.8 lenses of 24 mm diameter. b
Redesign of the external cavity setup for the very broadband tuning of the five color
active region. The miniaturization of the setup was necessary to limit constraints of
tuning capability due to simple geometric reasons. The redesign features a very small
yet high NA lens and a very small grating.

gratings used in the original the single-stack and heterogeneous-stack EC-QCLs are all
50 x 50mm?2. To shrink the EC-QCL and taking advantage of the small Lightpath
lens, we used specially fabricated gratings of 12.5 x 12.5 mm? ordered from Lightpath.
Fig.4.3b shows the redesigned EC-QCL setup with featuring the new lens and smaller
grating.

The grating in the EC-setup acts as an wavelength filter. The bandwidth of the
grating is can be estimated by [199]

A Adcosf

A= —— = ——
|m|N a

(4.1)
where N is the number of illuminated grating lines, A is the wavelength and m is
the diffraction order. Since a shorter focal-length results in much lesser grating lines
illuminated, the filter efficiency of the smaller EC-setup is strongly decreased. In the

case of the short focal length lens, the collimated beam diameter is only ~ 1.6 mm.
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4.2.3 External-cavity quantum cascade laser rate-equations
Homogeneous gain region

Compared with the rate-equations shown in section 2.1.1 for a quantum cascade laser,
the rate equation for an EC-QCL have to take into account the external resonator and
several factors must be considered. Firstly, we have to introduce two distinctive optical
flux densities, representing the total photon flux per unit active region width (cm™'s™1)
in the chip Fabry-Pérot (FP) modes (Sgp) and EC modes (Sgc). Secondly, we must
account for the longer round trip time of the EC-photons. We therefore multiply their
speed by pgév, where p.,, = 1+ L/nl is the ratio of the optical path lengths of
the chip and the EC, [ is the length of the chip, n its refractive index and L is the
length from the front facet to the grating. Thirdly, one must include different total
loss terms for the chip modes af?, and the EC modes afS;. Fourthly, the gain cross
section per period (cm™!) of the EC modes depends on the gain profile. gpp is the gain
cross section per period of the FP-chip modes at the peak of the gain curve gc()\peak)7
whereas gp reflects the gain cross section per period g.(X) at the wavelength A within
the gain curve of the QCL.
The rate equations for an EC-QCL are[12]:

dn J n

Ttg =2 Tj — [Srpgrp + Secgrc] (ng —no) (4.2)

dn n no — nptherm

T: =-3_2 2 4 [Srpgrp + Secgrc] (ng —na) (4.3)

T32 T2

ds c n

djp = E((Np grp(ns —ny) —afl)Spp +BFPé) (4.4)
dSgc 1 c EC ng

= — | (V. - — . 4.
at poon (( » 9uc(ng —ng) — oyt ) Spe + Brc Tos (4.5)

where ng and n, are the upper and lower sheet densities per period (cm~2), 75 and 75

are the total lifetimes of states 3 and 2, 735 is the non radiative relaxation time from

level 3 to level 2, n%hcrm is the thermal population of level 2 and S is the fraction of

spontaneous light emitted into the lasing mode. The total chip losses af& are the sum
of the waveguide losses and the mirror losses of the anti-reflection coated chip. The
losses of the EC are given by afo(i = Oyt ﬁlnm, where a,, are the waveguide
losses and Ry g are the back facet mirror reflectance and the EC reflectance. Ryg
is defined as Rpc = (r; + nT1Ty\/Rg)?, with r; being the amplitude reflectance of
the front facet, T} 5 is the front facet and lens transmittance, n is the coupling of the

reflected wave into the waveguide mode, and R is the grating reflectance. As the gain
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cross section, which is a function of wavelength for those equations, we use the gain

cross section multiplied by the lineshape function, which was introduced in eq. 2.5.

The free running QCL will lase on the center modes at the peak of the gain curve
9e(Apeak). The relative tuning of the free running wavelength is defined by AN/,
where A\, = (Apax T Amin)/2 and Apin/max is the shortest respectively the largest

achievable wavelength using one chip in the EC-setup.

The coarse tuning range of the external cavity laser can be obtained by studying
the steady state solutions of 4.4 and 4.5. Since the FP and EC-modes share the same
active gain media, they share the same electronic populations n3 and n,. Neglecting
the spontaneous emission into the lasing mode, the only possible steady state solution
with Sge # 0 is (N, gpc(ng —ng) — a¥S) = 0. This is only possible as long as as the

condition

EC
o
9EC > % (4.6)
grp Aot

is fulfilled.

To increase the tuning range, it is therefore necessary to increase the gain gpc with
respect to gpp. This can be achieved by broadening the gain curve. Another aspect
influencing the tuning range can be controlled through the deposition of coatings on
the laser facet. By depositing a high-reflectance coating on the back facet and an
anti-reflectance coating on the front facet of the chip, it is possible to increase the

relative losses of the FP-chip modes compared to the losses of the EC-modes.

Therefore another key element of an EC-setup is the quality of the anti-reflection
(AR) coating deposited on the front facet of the QCL to suppress chip modes while
increasing the feedback to the QCL. A major problem of the first EC-QCLs was the
missing anti-reflection coating on the front facet. The mid-IR range requires the depo-
sition of a relatively thick substrates to form a quarter wave layer. Thermal cycling of
these devices resulted often in flaking off of the AR coating due to different thermal ex-
pansions of the AR coating and the substrate. Room-temperature operation of QCLs
made it possible to develop very efficient AR coatings, increasing tremendously the
performance of EC-QCLs. Additionally, the development of the buried-heterostruc-
ture [132] helped to improve the efficiency of the AR coatings. The lower residual
reflectivity of the AR-coated facets of the buried-heterostructure geometry compared

to ridge waveguides is attributed to reduced edge effects during vacuum deposition.
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Heterogeneous gain region

Since the gain spectrum of a heterogeneous quantum cascade structure is inhomoge-
neously broadened, it behaves differently from usual structures such as the bound-to-
continuum design. In particular, laser action at the grating selected wavelength, only
clamps the gain at this particular wavelength at its threshold value and not the en-
tire gain curve as in the case of homogeneous broadening. The condition ggc/grp >
atEOCt / oafft seen in Eq. 4.6 still holds, but it only gives the wavelength range over which
single-mode tuning is possible at threshold. In order to investigate theoretically the

behavior above threshold we resorted to a rate equation model [12].

Let us consider a heterogeneous QCL composed of N substacks, where substack
contains IV, ; gain stages emitting at wavelength A;. The rate equations are similar
to eq.2.10-2.13 which were introduced for a heterogeneous-cascade QCL without an
EC. The main difference is the inclusion of the EC optical field. Furthermore, since
we are only interested in steady-state solutions in single mode-operation, we did not
include chip FP modes in the equations. To describe transient behavior, these modes
can be included as described earlier in the text. Lasing of parasitic chip FP modes
occurs when the condition Gy;(A) = app(A) is fulfilled. For simplicity, we neglected the
spontaneous emission. The evolution of upper and lower states sheet carrier densities
per stage in substack i, n3 ; and ny ;, and the photon flux density Sg at the grating
selected wavelength A are described by 2N + 1 coupled equations:

dng; J ngz;

K = E - E - SECgc,i()‘EC> (nS,i - "2,1‘) (4.7)
dng ; UER UPR

4t 9t 4t S (N R . 4.8

dt Taz.i To + ECgc,z( EC) <n3,2 n2,1,) ( )
dSEC (&

“at — n|GMQrc) —apc|Skc (4.9)
where i = 1,..., N, g, ;()) is the gain cross section per stage, Sgc is the total photon
flux per unit width, and

N
GMO\):ZN i gc,i(A> (n3,i*”2,z‘) (4.10)
i—1

is the total modal gain summed over all the substacks.
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4.2.4 External cavity quantum cascade laser pulsed and continuous-wave
operation

Even though high performance continuous-wave operation of QQCLs at room temper-
ature with multi-watt output power and wall-plug efficiency in excess of 10% has
become available, operating an EC-QCL in pulsed mode still offers several advantages
and is suitable for many applications, as it effectively lowers the requirements on the

gain medium and allows more flexibility in setting the total system thermal dissipation.

To understand the dynamic behavior of the spectral features of an EC-QCL at the
beginning of each pulse, it is possible to study the set of rate equations presented in
section4.2.3. The dynamic behavior has been studied at the beginning of EC-tuning
employing a bound-to-continuum quantum cascade laser operating in pulsed mode
by Maulini et. al in[115]. Those findings were at a later date verified by Hinkov et
al in[200]. Mode competition arises at the beginning of each pulse if an EC-QCL is
operated in pulsed mode. This is due to the different round trip times of the FP-chip
modes (30ps for a 1.5mm long device) and the EC-modes (570ps for a 8cm long
free-space segment). At the beginning of the pulse, the shorter round trip time of the
FP cavity enables a faster growth of the chip modes. The EC-mode takes over later
because of the increased round trip time. First the chip FP-modes start to lase and
the photon flux increases. The population inversion An = ns — n, decreases because
of stimulated emission until the net modal gain G = g.An — app is zero. At this
moment Spp saturates and is stable. Sgc continuous to grow because its net gain is
still positive if the condition4.6 is fulfilled. The additional photon flux Sk further
reduces the population inversion until the gain cannot compensate the losses of the
FP-chip modes any longer. Thus they eventually vanish, and only the EC modes are
present. The measurements and the simulations both show single mode operation after

~ 10ns for a 8cm long external cavity configuration.

Pulse chirp arising from Joule heating is a negative side effect of driving an EC-QCL
in pulsed mode. Pulse chirp limits the spectral resolution of spectroscopic measure-
ments, therefore a good understanding of this phenomenon can help to estimate and
limit this effect. Fig.4.4 shows spectral measurements of an EC-QCL operated in
pulsed mode with a repetition rate of 198 kHz and a pulse width of 200 ns. The QCL
is mounted epi-down on a diamond submount to decrease the thermal resistance of
the chip to reduce pulse chirp to a minimum. The thermal resistance of this device is
4.3K/W [177]. The linewidth of the EC-QCL pulse increases with increasing current.
Close to threshold (320mA) it is 0.5cm™" and peaks at 1.1ecm™! at 600 mA and stays
about constant up to 990 mA. The linewidth of the EC-QCL stabilizes itself when it
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Fig. 4.4: Measurement of the linewidth variations arising from Joule heating of an
EC-QCL in pulsed mode operation. All the measurements were taken at a repetition
rate of 198 kHz and measured using an FTIR Nicolet 800. Reprint from [113].

reaches the linewidth given by filter function of the grating.

From the previous discussions of the mode-evolution in EC-QCLs and of pulse chirp,
it becomes obvious that an EC-QCL that operates in continuous-wave will neither suffer
from the limited SMSR ratio observed in pulsed mode EC-QCLs nor from pulse chirp.
This has been confirmed experimentally by measuring instrument-limited SMSRs of
30dB and an upper limit to the instantaneous laser linewidth to 5 MHz (2x10~4 cm™1)
by heterodyne beating of an EC-QCL and a single-mode FP QCL [201]. Those two
features promise very high-resolution and very low detection limits for spectroscopic

applications using continuous-wave EC-QCLs.

Using an EC-QCL pulsed at 33kHz with a 50 % duty cycle by coarse wavelength
scans, Wysocki et al. demonstrated a spectroscopic measurements of broadband ab-
sorbing species [195]. Quartz enhanced photoacoustic spectrum of a gas mixture con-
taining 7.2% ethanol and 0.24% H,0O in N, was measured. They estimated their
actual resolution of the system to be ~ 1.2cm™!. This is in good agreement with our

own measurements.
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4.2.5 External-cavity quantum cascade laser tuning analysis

The rate equation analysis gives us important insight into the limiting tuning achievable
in an EC-configuration. Eq.4.6 suggests that to increase the tuning range there are
several important factors to consider. First of all, one needs to increase the gain at
the lasing wavelength of the external cavity ggc with respect to the gain at the peak
wavelength gpp. Methods to achieve this in QQCLs has been discussed extensively in
sec 2.2. Second of all, one needs to minimize the ratio between the total FP chip losses
and the total EC-losses (Zi‘g ). The total losses of the FP chip or the EC-setup are

tot

given by

EC,FP 1 1
T = —1 - 4.11
Xyot ayy + 2L n |:R1/ECR2:| ) ( )
anCt = Qg t+ ocll%/lc (4.12)
afyy = g +afy, (4.13)

where avy, are the waveguide losses, L is the length of the chip, R; 5 is the front and

back-reflection of the FP chip. Rpgq is the total external-cavity reflection given by
2

Rgpc = [7"1 + 1T TL\/RG()\)\/n(A)] , where 7 is the amplitude reflection coefficient

of the front facet, T, T, are the intensity transmittance coefficients of the front facet

and the lens. Ry is the wavelength dependent grating reflection coefficient and 7 is

the coupling efficiency at wavelength A.

FP
Taking the total derivative of the ratio et
Xtot

(anCt> _ off —aff dev. & 1 QBC _ _Fwg + okt FP
FP | = 3 d%uwg Fp Y zdans
ot (g +akl) Qg T Opp (g +abF)

(4.14)

another important factor is starting to show up for good external-cavity tuning, namely
low waveguide losses. It is not only that the waveguide losses have a direct influence
on the tuning through the first term in Eq.4.14, it is also that a lower waveguide
loss increases the effect of lowering the EC losses and increasing the FP losses. The
waveguide losses also have a direct influence on the possible useful length of the FP
chips. Increasing the chip length directly decreases the tuning range, however a low

waveguide losses (~2cm™) decreases this influence dramatically.

Another interesting question to ask is, whether a high-reflection (HR) on the back
facet of the FP chip helps to increase the tuning range. You could argue that the effect
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Fig. 4.5: Comparison of EC-QCL with and without HR coating on the back facet. a
Schematic illustration of the effect of an HR coating on the total mirror losses in the
case of a FP chip and in the case of the external-cavity. b Simulation of the ratio
of the chip mirror losses versus the EC mirror losses as a function of front and back
reflection of the FP chip.

of the coating on the FP chip losses and the EC losses are equal. Interestingly this is
not the case and it helps indeed. The effect on the mirror losses are more pronounced

€ in comparison with the total mirror

on the total mirror losses of the EC-setup aE
losses of the FP chip aFP As shown on Fig.4.5a Ry is bigger compared with the
reflectance of the FP chip before applying the HR coating. Therefore, changing the
reflectance of the back-facet with an HR coating has a positive effect on the tuning range
due to the logarithmic dependence on the mirror losses. Fig.4.5b shows a simulation

EBC
of the expected ratio of = FP , with 77, =0.98 and Rg = 0.95. Studying this plot it

is clear that a EC-setup Wthh allows for an HR-coating at the back facet will yield
better tuning performance. Indeed, in all our studies comparing the tuning ranges of
an EC back-extraction setup with a conventional front extraction setup employing an

HR-coated chip resulted in larger tuning ranges of at least 4 % of for the later.

4.3 Room-temperature continuous-wave operation of an

external-cavity quantum cascade laser

In 2007 we realized a continuous-wave EC-QCL at room-temperature (20°C) [175].
Compared to earlier continuous-wave-results [201], one main advantage was the possi-
bility to run the EC at room-temperature. Running EC-QCL above the condensation
point of water has many advantages. If the laser needs to be cooled below this point,
the realization of an EC-QCL setup becomes more challenging. Peltier cooled QCLs

running at low temperatures without an additional resonator are in general put into a
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Fig. 4.6: Room-temperature continuous-wave operation of an EC-QCL, showing the
shortest and longest-wavelength single-mode spectra. Data published in [175]

air tight laser box to avoid condensation. However, in case of an EC-QCL, the whole
setup needs to be purged [199].

The active region of the gain element used in the setup is based on the bound-to-
continuum design. The design in A grown lattice matched on InP is as followed: 44/
17/9/53/11/52/12/47/13/42/15/39/16/34/18/31/21/28/25/27/32/27/36 /25 (ng=
1.2x10't em™2) where the InAlAs barriers are in bold print and InGaAs wells in ro-
man numerals. The active region was processed in a buried-heterostructure for better
heat-extraction and therefore enabling the continuous-wave-operation. Using a 1.5 mm
long, 8 pm wide laser a tuning range of 0.88 pm (126 crn'l) in continuous-wave oper-
ation was realized. The wavelength could be adjusted from 7.96 pm (1256 cm™) to
8.841m (1130cm™). This corresponds to a tuning of over 10.4% around the center
wavelength. Fig.4.6 shows the shortest- and longest-wavelength single-mode spectra
of the laser measured with a FTIR spectrometer.

The front facet reflectivity was decreased using a bilayer ZnSe/YF5; AR coating.
Using the threshold current measurements (see sec.3.4), we get a residual reflectiv-
ity of only Rar = 0.23% of the front facet. As discussed in the chapter3, the
combination of using a high and low index material for the coating allows for zero-
reflectivity at one wavelength. This low reflectivity is however also attributed to the
burier-heterostructure geometry which allows for a more homogeneous deposition of
the coating on the front-facet. The low residual reflectivity of the AR-coated facet
ensured the suppression of the chip modes. AR-coatings of this high quality enables
us to achieve gap-free tuning by grating rotation alone. The mode hops occur only on

the extended-cavity modes that are separated by 0.1cm™!
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By this, we have demonstrated that a EC-QCL setup mode hop free tuning should
theoretically be possible by modulating just two parameters, namely the length of the
EC, and the rotation angle of the grating. This is of importance as the mode-hop-free
tuning can be achieved at a constant current and would mean only small involuntary
change in the output power.

Furthermore, we developed the EC back-extraction setup discussed in section4.2.1.
Even though the tuning range of this setup was only 76 cm™' (compared to 126 cm™
in the front extraction setup), we were able to increase output power from 1.5 mW to
20mW. The reduced tuning range in continuous-wave operation was mainly attributed
to the less than optimal designed back-extraction setup for heat-extraction, limiting
the tuning range limit mainly due to gain starving. The tuning differences between

the two setup were less pronounced in pulsed operation.

4.4 Heterogeneous room-temperature continuous-wave operation

of an external-cavity quantum cascade laser

A first heterogeneous active region operating in pulsed mode was tuned successfully by
Maulini et al. over 265cm™! from 2.25 pm to 8.16 pm in 2006 [176]. This is a substantial
increase compared to the single stack active regions based on the bound-to-continuum
design which can be tuned over ~ 150 cm ™! in pulsed mode. However, the presented de-
vice was limited to low duty cycle pulsed operation because its high active region doping
and because of the simple ridge-processing and mounting used. In order to demon-
strate continuous-wave operation, we grew another epiwafer of the same active region
design, but with lower active region and waveguide doping. The two designs in A grown
lattice matched on InP are the following: Design A 8.2 pm: 43/18/7/55/9/53/11/48/
14/37/15/35/16/33/18/31/20/29/24/29/26/27/30/27 (n, = 1.0 x 101! cm~2); De-
sign B 9.3um: 39/22/8/60/9/59/10/52/13/43/14/38/15/36/16/34/19/33/23/32/
25/32/29/31 (ng = 1.0 x 10'! cm™2) where the InAlAs barriers are in bold print and
InGaAs wells in roman numerals. The wafer was processed in buried-heterostructure
and devices were mounted epi-side down on diamond submounts to minimize thermal
resistance [177].

A combination of HR and AR coatings was deposited on the facets of a 11.8 pm-wide,
3mm-long chip. From measured threshold current densities of the as-cleaved and the
AR coated front facet of the laser, a residual reflectivity of 0.245% was calculated.
Again, we attribute this lower residual reflectivity compared to ridge waveguides to
the buried-heterostructure geometry which reduces edges effects during vacuum depo-

sition.
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Fig. 4.7: Top: High resolution spectra at the extremes of tuning range of a continuous-
wave heterogeneous EC-QCL with two different active region types. The chip could
be tuned over 201cm™" (18 % of center frequency) with a SMSR >35 dB. Bottom:
continuous-wave output power of the same laser as a function of frequency for three
different sets of operation conditions. A tuning of 172cm™! with >20 mW of continuous-
wave output power at 18°C was demonstrated. Reprint from [177].

First, we explored the tuning properties of our device in pulsed operation (400ns,
99kHz) at 30 C and 1.6 A. We were able to tune the device from 9.87 pm (1013 cm™)
to 7.661m (1305cm™!). The operation spanning over 2.2pm (292cm™!) equals 25 %
of center wavelength, which is slightly greater than that for ridge waveguide of the
same active region. We attribute this to the lower waveguide losses and lower residual
reflectivity of the more uniform AR coating on the coupling facet and the superior
interface quality along the ridge, resulting in a smooth spectral gain shape as well.
From earlier experiments, we know that the FP modes, centered at 1080 cm™!, are only
present within the first 12-15 ns of the pulse [176] until mode competition has built
up. At the gain maximum (~1200 cm’l), we observed a peak power of 800 mW and a
threshold current density of 2.97 kA /cm?2, which is very close to the threshold current
value of the as-cleaved front facet without EC feedback. We conclude that the optical
feedback of the EC results in an effective reflectivity of 27 %.

We then tested our device in continuous-wave mode. We were able to tune from
9.6 pm (1045cm™) to 8.0pm (1246 cm™) while operating the device between 13 and
18°C (Fig.4.7b). This covers a tuning range of 1.6 pm (201 cm™), which is equal to
18 % of the center wavelength. The SMSR was more than 35 dB over the entire tuning
range. Bottom part of Fig. 4.7b shows the continuous-wave output power of the EC as
a function of lasing frequency. The output power was in excess of 20 mW over 162 cm™!

at 23 C and over 172cm™ at 18 °C. At the gain maximum, at a heat sink temperature
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of 15°C, we measured a continuous-wave output power of 135 mW.

4.5 External-cavity quantum cascade laser based on multiple sub-
stack active region

To cover an ever bigger wavelength range, we decided to incorporate more than 2
dissimilar substacks into the gain region. These results are presented in the paper
by Hugi et al.[178] and are part of the review paper [113]. Increasing the number of
dissimilar active region designs to more than two is becoming increasingly difficult,
due to cross-absorption. Therefore a powerful simulation tool is necessary that can
predict the loss of each active region to minimize cross-absorption. To design the active
region consisting of 5 different dissimilar substacks in Ref[178], we used a simulation
software developed in our group based on a density matrix model extended to the
whole structure, which also includes second order gain and loss mechanism between all
subband pairs [147, 148]. It computes the total scattering rate of each state as a sum
of longitudinal optical phonon, alloyed disorder, ion, interface roughness and photon
scattering rates. This allows us to simulate each cascade individually, and extract the
Bloch gain at each simulated point in the I-V curve.

Fig. 4.8a shows a inherently broadband bound-to-continuum design featuring a
small period length L p emitting at a wavelength of A=11.5pm. The laser transition
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Fig. 4.8: Broadband design to avoid cross absorption. a Conduction band diagram
of a short bound-to-continuum under an applied bias of 60kV/cm. The wavelength
is 11.5 pm designed to avoid cross-absorption at higher energies. b Simulation of the
absorption of the longest respectively shortest wavelength stack in a five stack active
region. The long wavelength (Iwl) stack is optimized to have low absorption up to
high energies, whereas the short wavelength (swl) stack is optimized to avoid cross-
absorption at low energies.
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Fig. 4.9: Short bound-to-continuum design. a Simulated electroluminescent spectra
under different applied bias. Due to the relatively large applied fields on these struc-
tures, the 87 and 8-6 transition are clearly distinguishable in the simulations. b
Simulated net gain including resonant absorption losses of individual cascades. All
cascades are simulated at approximately the same current density of 6.5kAcm™. The
total modal net gain, is the sum of all gains of the cascades times the modal overlap.
Reprint [178].

occurs between a single upper state (7) and a set of delocalized states (6-4). This is the
substack emitting at the longest wavelength in the five stack configuration. Therefore
it is necessary to avoid cross-absorption with the short-wavelength stack which features
gain to energies as high as 200 meV. The energy difference Egg=160 meV to Eg5=196 is
smaller than the short wavelength energy. The population of state 6, 5 and 4 are already
significant with respect to state 8 to contribute to the absorption. To realize a mostly
transparent stack up to 200 meV emitting at a wavelength of 11.5 um, the first exited
state 8 is pushed away from the active region into the injector. The goal is to minimize
the optical dipole matrix elements zgg, zg5 and zg,. Possible cross-absorption between
state 9 and lower laser states 5 and 4 are already in the high energy region > 220 meV.
To decrease the possible contribution of state 6 to 9, the energy difference E;¢=68 meV
should be further increased. Furthermore, all our designs have a A; ; ~162meV to
avoid thermal backfilling.

Fig. 4.8b shows the simulated absorption on a log scale of the two most extreme
wavelength stacks at an injection current density of 6.5kA /cm™2 of the five stack gain
region. The low energy absorption of the short wavelength stack is pushed away from
the gain of the long wavelength stack, whereas the long wavelength stack avoids cross-
absorption with the short wavelength stack at higher energies.

Fig. 4.9a shows the simulated luminescence spectra at different bias of the design
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shown in Fig. 4.8a. The different transitions extending up to an energy to 180 meV are
distinguishable individually. This broad gain is also consequence of the rather large

alignment bias on these structures due to the short period length L p.

In the grown total gain region, we use 5 distinctive cascade designs to form the ac-
tive region. Their gains peak at the wavelengths of 7.3 pm, 8.5 pm, 9.4 pm, 10.4 pm and
11.5pm. The different designs in A grown lattice matched on an low doped InP sub-
strate are as followed: 7.3pm: 40/15/10/48/12/47/13/42/15/32/17/30/18/28/23/
26/34/24 (ng=1.52x10' cm™2), 8.5 um: 40/18/8/53/10/48/11/43/14/36/17/33/24/
31/34/29 (ng=1.65x10'! cm2), 9.4m: 40/19/8/56/10/51/11/42/13/32/15/32/20/
31/29/30 (ng=1.28x10'! ¢cm2), 10.4pm: 38/21/7/59/8/53/9/42/12/38/13/37/17/
34/24/32 (ng=1.28x10'"! cm2), 11.5pm: 38/21/5/60/6/55/7/45/10/39/11/38/17/
37/24/35 (ng=1.35x10'" cm™?), where InAlAs barriers are in bold print and InGaAs
wells in roman numerals. The substack emitting at 8.5 pm wavelength was later grown
as a single active region in [202]. The high-power and broadband nature of the single
substack was confirmed with these measurements. Tuning of the spontaneous emis-
sion of almost 100 cm™! was shown while still exhibiting extraordinary continuous wave

output power of 450 mW and wall-plug efficiencies in pulsed of 11.5% at 300 K.

Fig. 4.9b shows the simulated net gain of each cascade and the total modal net gain
of the active region. The total modal net gain, which includes resonant absorption
losses, is calculated by multiplying all gains of the cascades emitting at A; with their
appropriate modal overlap I';. All cascades were simulated at approximately the same
current density of 6.5 kAcm™ without any optical field. Additionally each individual
cascade should peak its gain at the same current density. We ensured this by adjusting

the doping of each active region individually.

We use a symmetric active region design for the arrangement of the cascades.
Fig.4.10a shows the waveguide modes of wavelength X\; and illustrates the symmetric
arrangement of the cascades. The short wavelength cascades are in the center, whereas
the longer wavelength cascades are placed symmetrically around the center with in-
creasing wavelength. The confinement in the waveguide of the shorter wavelength
photons is higher compared to the lower energy photons. This leads to an increase in
net modal gain of our structure. Due to the symmetric arrangement we achieve a big-

S, tri Non- tri .
[pYmmetic o, §h pNOnTSymmetric - This structure therefore

ger total modal overlap >
exhibits a larger total modal gain Gy; = > I';g;. Additionally this placement of the
cascades helps to reduce the cross-absorption present within the active region regard-
less the careful design, since the high-energy photons are centered and the overlap with

the low energy cascades is reduced.

Fig. 4.10b shows the measured luminescence spectra at 300K of a 300 pm long and
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Fig. 4.10: a Modal intensity profile and symmetric cascade arrangement. Reprint [178].
b Luminescence measurement of a 300 pmx20 pm wide ridge. The traces are corrected
for the spectral response of the detector. The FWHM is 480 cm™ at the rollover current
of 511mA and 500cm™ at 117mA.

20 pm wide buried-heterostructure ridge at a temperature of 300 K. The light is col-
lected from the side of the sample through the InP substrate as illustrated in the inset.
We measure a FWHM of 60meV (480 cm™!) at the rollover current of 8 kA /cm™2.

The growth and processing of the sample is optimized for pulsed operation. The
active region is grown in a molecular beam epitaxy reactor lattice matched on a low
doped (1—2x10'7 cm™3) InP substrate. The active region consists of 1 x 10 (7.3 pm),
2 x 5(8.5pm), 2 x 6 (9.4pm), 2 x 9 (10.4um), 2 x 12 (11.5um) cascades. With a
total of 74 stages, the thermal run-away effect will prevent this chip from continuous
wave operation at room-temperature. Subsequently an InP top cladding, composed of
a highly doped 850 nm (7 x 1018 cm™3) thick and lowly doped 4pm (2 x 106 cm~3)
thick layer, is grown in a MOVPE reactor. The epilayer is then further processed in a
buried heterostructure fashion [177]. The chips are then cleaved, mounted and soldered
epi-up on copper submounts.

Fig.4.11a shows the light-current-voltage characteristics of a typical 3 mm long de-
vice as cleaved for different temperatures. Peak output powers (doubled per facet) of
1.2 W at 273 K are measured. Fig.4.11b shows the emission spectra of a high-reflection
(HR) coated 21.5 pm wide and 3 mm long laser at room-temperature. The chip emits
radiation covering the wavelength range from 893cm™ (A = 11.2pm) to 1250cm™?!
(A = 8 pum) with a small gap highlighted in yellow from 1081 cm™ to 1117 cm™.
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Fig. 4.11: Broadband laser characteristic. a As cleaved light-current-voltage character-
istic of a typical 3mm long and 20 pm wide ridge at different temperatures. The power
collected on one facet is doubled to account for the power of the back facet. b Laser
spectra taken at currents of 2.3A, 3.4 A, 5.1 A and 6.15A at 273K (50kHz, 100ns).
Reprint [178].
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Fig. 4.12: Anti-reflection coating for broadband tuning in an external-cavity configu-
ration. a Light-current-voltage characteristics of an as cleaved (red) and HR and AR
coated (green) broadband 5-stack QCL. The light-current-voltage characteristic of the
HR and AR coated chip in an external-cavity configuration at 15°C is shown in solid
blue. A peak output power of more than 1 W is measured. b Anti-reflection coating
measurement on a reference sample using the FTIR. The deposited v-coating shows a
reflection of <10% over the whole tuning range. Reprints from [178].



94 BroapBaND EC-QCL

A very low reflection AR coating is important to guarantee a large tuning range.
Therefore the QCL which was later used in EC-tuning experiments, the light, current
and voltage characteristics were measured carefully before coating, after HR coating
and after the deposition of the AR-coating. Fig.4.12a shows the light and voltage
versus current characteristics of the as cleaved QCL as well as HR coated on the back
and AR coated on the front facet QCL. The peak optical output power of the as
cleaved laser is 420 mW, with a threshold current density of 3.94kAcm™. The AR
coating is a bi-layer dielectric coating composed of YF3 and ZnSe. We designed the
AR coating to have its minimal reflectance at 1023 cm™'. The threshold current density
of the HR/AR coated chip increases to 5.78 kAcm™2. The peak optical output power

nevertheless increases to 600 mW due to the increase in the slope efficiency.

The performance of the AR coating can be estimated in the two ways presented in
the chapter 3 covering the coatings. Either through the use use of the different current
densities or using the FTIR (see sec. 3.4). The waveguide losses measured by the change
of the threshold current density p = 0.796 using Eq. 3.27 results in «a,,, = 5.82 cm2.
The threshold current density changed by a factor of p , p = 1.68 before and after AR
coating, therefore we deduce by using Eq. 3.29 a reflectivity of the deposited AR coating
to be Rop = 2.7%. This measurement however does not give us any information
about the efficiency of the deposited AR coating as function of wavelength. To further
characterize the deposited coating, we measured the reflectance of the coating using
transmittance measurements of the FTIR on a reference sample. Fig.4.12b shows a
reflectance measurements of an AR coated reference sample deposited at a later date
under the same conditions. Even though the deposited AR coating is only composed
of 2 layers and is optimized for zero reflectivity at a certain wavelength, the deposited

coating features < 10 % reflectance over the whole bandwidth of interest.

For the EC-tuning experiments, we used the redesigned setup described in the previ-
ous sec. 4.2.1. The chip was operated in pulsed mode with 15 ns pulse width and 1 MHz
repetition rate. The heat sink temperature was maintained at 15°C. Fig.4.13 shows
the tuning of the EC-QCL with its corresponding peak optical power at 1.5% duty
cycle at 15°C. Furthermore, the drive current of the QCL is indicated for each mea-
surement step in Fig.4.13. The EC-QCL could be tuned over AX = 3.8 um (432cm™)
from 11.4pm (877cm™) to 7.6 pm (1316 cm™!). This corresponds to a relative tuning
of AN/Ag =40 % around the center wavelength. This corresponds to an improvement
of 188 % and 63 % compared to the tuning of 150 cm™" of a single stack and 265cm™"
of a heterogeneous cascade presented in [115] and [176].

At 1.5% duty cycle (15ns, 1 MHz), the peak optical power measured at 8.47 pm
(1180 cm™) is 1 W, with an average output power of 15.1 mW. The peak optical output
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Fig. 4.13: a Tuning behavior with corresponding peak optical output power of the
EC-QCL at various wavelengths. Measurements were taken at 15°C at a duty cycle of
1.5% (15ns, 1 MHz) at different currents. b Magnification of the spectra for linewidth
comparison of the EC-QCL at 1080 cm™ and 1180cm™. Reprints from [178].

power never drops below 290 mW over the whole spectral tuning range. Similar tuning
(438cm™!) and peak optical power (1 W) were measured at 1% duty cycle (100ns,
100kHz).

Fig.4.13b shows two magnification of the spectra measured at 1180cm™! as well
as 1080cm™. The linewidth of the EC-QCL varies between 2cm™ and <0.12cm™,
limited by the resolution of the instrument. Pulse chirp can be excluded as the reason
for the linewidth variations due to the short pulse time (15ns), furthermore this would
manifest itself in similar broadening at both wavelengths. We attribute this increase
in linewidth to the limited resolving power of our grating given by Eq.4.1. The limited
filter efficiency of our grating and the presence of stationary points in the gain curve of
the QCL are responsible for the variations of linewidth observed over the tuning curve.
Measurements with a different collimating lens, which results in a larger beam waist,
exhibit lower linewidth variations. The lower illustration of Fig. 4.13 hows 4 distinctive

modes, all spaced by FP mode spacing of ~0.5cm™!.

4.6 Broadband external-cavity quantum cascade laser absorption
spectroscopy
In the course of this work, we performed some simple proof-of-principle absorption

spectroscopy measurements using the heterogeneous-active region discussed in sec-

tion4.4. The measurement was done with the help of Joachim Mohn, Bela Tuzson,



96 BroapBaND EC-QCL

Lukas Emmenegger from the EMPA, whom I am very grateful for their help. This
work was done in collaboration with BLOCK engineering.

The detection of chemical warfare agents in the 8-12pm range using laser spec-
troscopy is of great interest for many security applications. Using laser photoacoustic
spectroscopy with a CO4 laser tuned over 32 laser modes in the wavelength range of
9.6 pm to 10.2 pm, Pushkarkdy et al. showed detection thresholds of 1.2 ppb [203]. Ex-
tending the covered frequency range further and allowing a gap free tuning through
an EC-QCL would greatly enhance possible application scenarios. Since a lot of those
gases feature rather large absorption spectra, increasing the frequency coverage drasti-
cally helps reduce false positive alarms. The following gases are measured as accepted

stimulants for explosives detection:

1. Diisopropyl methanephosphonate (DIMP) - C;H; ;03P - Nerve gas precursor for

Sarin.

2. Dimethyl methyl phosphonate (DMMP) - C3HgO3P - An accepted never gas

simulant.

3. Tri-ethyl phosphate (TEP) - CgH;504P - An accepted nerve gas simulant.

In Fig.4.14 the setup which was used for the spectroscopy measurements is illus-
trated. The laser is run in pulsed mode (200 kHz repetition rate, 100 ns pulse width) at
20 °C with an average output power of 10.84 mW. For the spectroscopic measurements,
the laser beam was over modulated with a burst period of 1ms and a duty cycle of
50%. This was done to be frequency compatible with the pyroelectric detector LME
316. The output beam of the EC-QCL passes first a beam splitter. Beam 1 is either
directed into an FTIR Nicolet 800 or into a pyroelectric detector for power measure-
ment. To switch between the FTIR and the pyroelectric detector, a removable mirror,
mounted on a magnetic stage was used. The pyroelectric detector is calibrated using
the movable Ophir power meter at the beginning of the experiment. Beam 2 passes
passes through a parabolic mirror before passing through the gas cell with an effective
path length of 2.5m . The laser intensity that passes through the gas cell is measured
using a MCT detector and a Signal Recovery 7280 DSP Lock-In Amplifier.

The measurement procedure was the following:

1. The gas cell is purged with Ny.
2. A reference scan of N, is taken.

3. The gases to measure (DIMP, TEP, DMMP) are filled in the gas cell.


http://www.blockeng.com
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Fig. 4.14: EC-QCL Setup Back-Extraction setup. a Schematic setup illustration. We
employed a back-extraction EC-configuration to avoid walking of the beam. b Picture
of the actual setup implementation.

4. An absorbance scan is taken.

The ratio of the scan with the measurement gas to the N, scan gives the trans-
mittance measurements. The EC-QCL gas absorption measurements are compared
to measurements of the same gas using an FTIR, an Ansyco with 9.8 m optical path

length and a resolution of 16cm™.

The gas is generated by simply injecting a cer-
tain amount of liquid in a bag. The measurement of the concentration of the gases is
done using an flame ionization detector measurement. The flame ionization detector
is calibrated with propane (C3Hg) and for all gases a response factor of 1 is assumed.
Those measurements are not precise, due to the unknown response factor of the gases.
Furthermore, the gases are transported from EMPA to the ETH Ziirich in bags. DIMP
is transported in a 22.51 volume Teflon bag, whereas TEP and DMMP both are trans-
ported in specially ordered aluminum bags of 81 volume. TEP and DMMP were found
to be unstable in Teflon bags. Concentration controls with a time slot of 24 h showed

that especially the TEP concentration clearly decreased (80%). We suspected that
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Fig. 4.15: Back-extraction EC-QCL characterization. a EC-QCL laser spectrum at
the center of the gain curve featuring a FWHM of 0.5cm™!. Inset closeup of the single
mode laser spectrum. b LIV at the center of the gain curve at 2% duty cycle (200 ns,
100kHz) at 20°C. Inset: Output power over the whole tuning range.

hydrolysis is the reason for the decreased concentration and spend more time to purge
the bags with N, prior to filling it with the gas. Also, we observed a strong tempera-
ture dependence of the concentration of the gases, especially DMMP. Nevertheless, the
measurements give a rough estimate of the concentration. The measured concentration
of the gases are: DIMP (100pn1/22.51) ~ 270 ppm, TEP (50 ul/8.51) ~ 45 ppm, DMMP
(50pn1/8.51) ~ 300 ppm (when heating the bag with heat gun, ~ 500 ppm),

Fig. 4.15a shows the EC-QCL laser spectrum at the center of the gain curve. The in-
set in Fig. 4.15a shows a zoom of the same spectrum in the region of interest. The laser
line-width is ~ 0.5cm™! arising from Joule-heating. This ultimately limits the resolu-
tion of this setup in pulsed mode. Tuning over 22.5 % using the back-extraction setup
was demonstrated, which is slightly less compared to the 25 % for the front-extraction
setup.

On Fig.4.15b the light-current-voltage measurement at a constant heat sink tem-
perature of 20 °C of the EC-QCL setup in the center of the gain curve is shown. We
observe a peak output power of over 810 mW, which corresponds to an average power
of 16.2mW. The inset of Fig.4.15b shows the peak and average output power of the
EC-QCL at 20°C over the whole tuning range without realigning the lens or the grat-
ing. The output power never drops below 200 mW peak power over the whole tuning
range.

Fig.4.16a,b and ¢ show the measured scans of DIMP, TEP and DMMP. The scans
are compared with the measured FTIR spectra with a resolution of 16 cm™. Due to the

better resolution of our setup of 0.5cm™!, the spectra measured with the EC-QCL are
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Fig. 4.16: Spectroscopy measurements comparing EC-QCL measurements with FTIR
measurements. a 270 ppm DIMP. b 45 ppm TEP. ¢ 500 ppm DMMP.

better resolved. There are some striking discrepancies of the spectra measured with the
EC-QCL and the FTIR at the outer scanning ranges for DIMP and DMMP. One reason
could be the increased contribution of the parasitic modes in a pulsed EC configuration
at the beginning of each pulse when the EC-mode builds up. Measurements showed
that those parasitic modes are found between 1080cm™ and 1140cm™. However,
the spectra of TEP seems to be very well reproduced over the whole tuning range.
Comparing the absorption spectra of the three substances, the spectra of TEP is much
less affected by those parasitic modes, since the absorption in this wavelength range is
about 4 times smaller compared with the peak absorption of of DIMP and DMMP. We
have not performed any time-resolved absorption spectra measurements, which should

have avoided the problem of the pulse build-up of the EC.
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4.7 External-cavity quantum cascade laser activities

The interest of spectroscopic groups to use EC-QCLs for gas probing grew with the
progress of the EC-QCL in terms of tuneability, output-power, reliability and op-
erating temperature. Trace gas sensing applications, like environmental monitoring,
emission measurements, remote sensing, applications in medicine and life sciences [204],
industrial process control, security and fundamental science, all profit from those tech-
nological advances in EC-QCL. Different techniques for absorption spectroscopy were
demonstrated using EC-QCLs [195, 205]. Pioneer work and development has been done
by the group of F.Tittel at Rice University [199].

EC-QCLs show excellent performances in applications using pure intensity mod-
ulation, either through current modulation or through an external AM-modulator.
Quartz-enhanced photoacoustic spectroscopy [58, 59, 206-209] shows very high sensi-
tivity (ppm to ppb). Compared to multi pass absorption spectroscopy, this technique
requires only a very small sample volume (<1 mm3), and the sensitivity is limited to
the thermal quartz tuning fork noise and is immune to environmental noise. Further-
more, it is specially appropriate for applications using a broadly tunable EC-QCL,
since it is intrinsically wavelength independent. To increase the sensitivity and resolu-
tion of the detection, it is possible to use a EC-QCL operated in continuous-wave and
use an external modulator. Using a quartz tuning fork as a mechanical chopper, and
a mode hop free EC-QCL setup, it is possible to achieve high resolution spectroscopy.
Scans of up to 2.5cm™ with a resolution of < 0.001cm™ (30 MHz) were demonstrated
within the tuning range of the EC-QCL [195].

EC-QCLs are especially adapt for spectroscopic applications requiring a broad tune-
ability. An example among many is the use of the EC-QCL as a local oscillator for
heterodyne detection [210]. With a tuning of 100 cm™!, high-resolution broadband ther-
mal infrared heterodyne spectro-radiometry was shown recently [211]. There are also
applications which profit from wavelength restrictions. Using external cavity quantum
cascade laser-based Faraday rotation spectroscopy, detection limits of as low as 0.38
parts per billion by volume are reached [212]. The advantage to use a high-resolution
EC-QCL is, that it allows targeting the optimum Qg/5(3/2) molecular transition at
1875.81cm™! of the NO fundamental band.

Applications relying on direct wavelength modulation, greatly profit from fast tun-
ing EC-QCLs. It enables for example the monitoring of turbulent gas systems and
helps to reduce 1/f noise. Therefore, industries and research groups keep decreasing
the size of the EC-QCL to increase the tuning speed [213].

Further characterization techniques of EC-QCLs employing near-infrared frequency
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combs underline the continued interest of these devices[214]. This technique is espe-
cially interesting as it allows for a real-time (20ns) monitoring of the EC-QCL. Fre-
quency noise and linewidth characterization of EC-QCLs reveal different FWHM of
EC-QCL linewidths of 15 MHz (50 ms), 4 MHz (1.3ms) and 1 MHz (10us) depending
on the integration time. The frequency-noise power spectral density was found to be
similar tough slightly higher than in DFB-QCLs. This increase is attributed to the
additional acoustic noise of the external-resonator.

The alternative broadband designs discussed in section 2.2, namely the continuum-
to-bound, the continuum-to-continuum and the dual-upper-state to multiple-lower-
state design, were also successfully employed in EC-QCL configurations. The continuum-
to-bound design could be tuned over 190cm™ at a wavelength of A=8 pm in pulsed
mode at 0°C. The continuum-to-continuum design was successfully tuned over 350 cm™!
in pulsed mode at a center wavelength of A=4.8 pm [215, 216]. A 1.5mm long laser
of our redo EV1470D discussed in section 2.2 of this structure could only be tuned
over 191cm™. We explain this discrepancy by the increased waveguide losses and
a rather bad (5%) residual reflectivity of our AR-coating. The dual-upper-state to
multiple-lower-state design was successfully tuned over 321 cm™ in pulsed and 248 cm™!
in continuous-wave operation at a center wavelength of A=4.8 um [217].

Furthermore, an Sb-free quantum cascade laser processed emitting in the 3-4 pm
range based on a classical bound-to-continuum design was also successfully tuned over
a wavelength range of 275cm™! reaching a wavelength as short as 3.15 pm [42].

The development and advancement of the EC-QCL attracted many research groups
attention [218—-225]. Thanks to the large industrial and commercial potential of such
sources, the industry shows continuous interest in such sources for commercial pur-
poses [196, 197, 203, 213, 226, 227].

4.8 Broadband QCL as white light source

This section is strictly speaking not concerned with external-cavity operation of broad-
band QCLs. It is however related to this chapter in the sense that it illustrates the
possibility to use the prior mentioned broadband QCL sources as a white light source.
The spectral separation of the light is done using an FTIR. Each spectroscopic ap-
plication in the mid-IR requires a specific source. Conventional FTIRs, for exam-
ple, use a glowbar emitting broadband radiation in the mid-IR. Sorokin et al. used
a mid-IR mode-locked solid-state laser emitting at 2.4pm based on Cr2t:ZnSe as a
high-brightness source for the FTIR [228]. They achieved a detection limit of 0.2 ppbv

of HF with only 1 second averaging, whereas the traditional tungsten glowbar would
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Fig. 4.17: Resolution limits of an FTIR. a The finite path difference is responsible
for a sinc profile in the acquired spectrum. b Resolution limit governed by the finite
aperture with of the FTIR light-source. Figures inspired by [5]

have taken hours to reach this limit. Furthermore, by using laser frequency combs as
the light source of Fourier transform spectroscopy, it is possible to record well-resolved
broadband absorption as well as dispersion spectra in a single experiment [96]. In this
section we present a heterogeneous broadband active region to be used as high bright-
ness and high-resolution source in an FTIR and examine their potential to replace the
glowbar. To illustrate this possibility, we benchmarked a broadband QCL operated in
pulsed mode with a FTIR under comparable conditions.

Those measurements were only possible with the help of several people which we
would like to acknowledge. The broadband QCL laser was delivered by Alpes Lasers,
special thanks goes to Dr. Stéphane Blaser. There was also a close collaboration with
the EMPA who provided us with a lot of knowledge about temperature and output
power stabilization of QCLs. Special thanks goes to Dr. Bela Tuzson and Dr. Lukas

Emmenegger.

4.8.1 FTIR resolution limits

The resolution limit in an FTIR is limited mainly by two factors. The first and most
obvious one is the finite path length of the moving mirrors. The acquired interferogram
of a classical Michelson interferometer of a single-mode laser, assuming 100 % optical
and beamsplitter efficiency, is given by [5]

I(z) = 1+ cos(227ra'0x) ’ (4.15)
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where x is the delay and o is the carrier wavenumber. Due to the finite path difference,
this interferogram has to be multiplied by a boxcar function of length 2L. The factor
2 originates form the symmetry of the acquired interferogram. In the spectral domain,
the multiplication of a boxcar corresponds to the convolution of a sinc, illustrated in
fig.4.17a, with its zero crossing at i This leads to the resolution limit of an FTIR
and a true linewidth profile with a FWM given by [5]

1
FWHM = 1.207—. 4.1
W 07~ (4.16)

The second effect is a geometric problem and concerns the finite entrance aperture size.
The interference pattern in an FTIR are generated by the interference of two plane
waves. To generate a plane wave, an indefinitely small light source, a point source,
must be placed in the focal point of the collimating optics. The finite aperture has
the effect that the collimated beam from the aperture diverges at a finite angle «.
This error will accumulate over the path in the interferogram by a factor of x cos(«).

Therefore the aperture must fulfill the condition

o, R
47

1> (4.17)

where §2,,, is the solid angle of the aperture and R = 2Lo is the resolving power. To
achieve high resolution spectra with an FTIR it is therefore important to aperture the
glowbar accordingly. As a consequence, the available intensity to perform the scan
decreases with increasing resolution.

By using a QCL as a white light source, some of those restrictions can be overcome.
The QCL has an intrinsic small aperture size for measurements with very high resolu-
tion (10 pm). The output power of a QCL is bigger than what can be achieved with a
glowbar, therefore a better signal-to-noise ratio should be possible. Another important
advantage is the possibility to modulate fast for advanced detection techniques. Fur-
thermore, the small size of the QCL makes small integration possible (MEMS-FTIRs).

4.8.2 Characterization

The goal of the measurement is to compare the performance of an FTIR using a glowbar
as a light source against a broadband QCL as a light source. As it was explained
beforehand, the aperture of the glowbar limits the resolution of the FTIR. The aperture
of the glowbar was set to 1 mm during the whole experiment. This aperture was
chosen, since it is a good aperture for the highest resolution scan performed during

this experiment for this specific wavelength. Therefore the chosen aperture for this
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measurement is orders of magnitude worse than the one of a QCL. The differences in
the measurement would become even more pronounced if the resolution of the scan
would be considerably increased.

The measured quantity is the signal-to-noise ratio (SNR) which compares the spec-

trum of a single scan S; with the spectrum of an averaged background scan S, .

Savg = N

(4.18)

) . (4.19)

All measurements are done under the same conditions. The scan speed of the FTIR

Savg - S’L
SNR,; (db) =10 x log | | —2——

avg

is set to 10kHz. The gain is set to 0, and a Mertz apodization function is chosen.

The laser is driven in an laser box developed by Aerodyne Research Inc. for highly
sensitive gas measurements employing QCLs. The laser temperature is set to 10 °C, the
cooling water is regulated to 15°C. The cooling water is not only used to extract the
heat generated by the Peltier, it is also used to control the temperature of the box. This
is achieved by cooling the lid of the box and stabilizing therefore the whole box to 15 °C.
The temperature of the laser is controlled by a Peltier, whose temperature is controlled
by a thermistor featuring a resistance of 10k(2. The thermistor allows for a better
temperature accuracy compared with the usually used PT100 sensors. Furthermore,
the small difference in water temperature and Peltier temperature assures that the
Peltier does not have to work too hard, which could potentially lead to variations in
the stabilization temperature. We estimate the final temperature to be accurate to
+ 1 mK.

The operation of the QCL in pulsed mode ensures that the whole spectrum is
covered by pulse chirp. Fig.4.18a shows the average output power measured using the
Aerodyne box. The repetition rate is set the 2 MHz, the pulse with to 22 ns (measured
to be 16 ns). There is an additional burst setting with 90 ps burst with and a repetition
rate of 10kHz. Therefore the peak output power of the device is about 240 mW. To
further characterize the output of the laser using this box, we measured the temporal
profile of the pulse using a fast room-temperature MCT detector. The output of the
laser is focused on the detector. The signal is amplified by 38dB using a SONOMA
Instruments 317 10 kHz-2.5 GHz amplifier. The time trace is taken with a Tektronik
Oscilloscope DP04034 featuring a bandwidth of 350 MHz (2.91ns). The measured time
trace is shown in fig. 4.18b. We measure a true pulse width of about 16 ns. The pulse

shape is looking good with no strong overshoot.
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Fig. 4.18: Characterization of the Aerodyne laser box. The laser is fabricated and
mounted at Alpes Lasers, the characterization is done at ETH. a Output power. b
Pulse shape.
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Fig. 4.20: SNR comparison between a glowbar and a broadband QCL in a FTIR. a
SNR of the glowbar. b SNR of the broadband QCL.

The best results in the SNR ration for the QCL are found when the FTIR acquisition
and the QCL are synchronized. The pulser voltage is set to 17V with 22 ns pulses at
a rep rate of 2 MHz. This synchronization is illustrated in fig.4.19. The QCL output
is switched off through the TTL signal of the FTIR. When the TTL signal is set to
one before a scan, we program the FTIR to wait for 1sec for the laser output power
to stabilize. After the scan, the FTIR TTL is set to 0 for 100 us before the next scan
is started.

The measurements with the laser show a better SNR for all tested resolutions. At a
resolution of 5cm™!, the gain is about 5-10dB. The best results were however achieved
at the highest measured resolution, at 0.5cm™. The results of 90 scans are shown in
fig.4.20a and b. The left side shows the measured SNR with a glowbar. The right side
shows the measured SNR of the QCL. The SNR is about 15dB lower compared with
the glowbar over the emission wavelength of the QCL (350 cm™!).

Those measurements illustrate the possible SNR gain when using a QCL as a white-
light source. The spectral coverage of the glowbar is naturally much broader than what
is attainable with a QCL. The lower spectral coverage however can have some advan-
tage in linear spectroscopy applications. In a spectroscopic application, not only the
total power is of essence, but often the detector must be operated in a linear regime. By
concentrating on the spectral region of interest with a QCL, the saturation power on
the detector with unwanted optical frequencies is reduced. A very broadband glowbar
has a narrow peak in at the centerburst of the FTIR. A narrower source has the power
distributed over a bigger portion of the interferogram therefore the integrated power

at the wavelength of interest is going to be bigger.
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Fig. 4.21: Water absorption spectra measured using an FTIR using as a light source a
conventional glowbar and a broadband QCL driven in continuous-wave operation.

The center wavelength of these devices is about 7pm. Therefore the radiation is
absorbed by atmospheric water lines. We used this to compare a atmospheric water
spectrum recorded with a conventional glowbar to a laser run in continuous-wave. For
this prove of principle measurement, the temperature stabilization and current-driver
(Lightwave LDX-3232) were not optimized for low noise. The background scans and
sample scans were each time averaged a 100 times. The resolution was set to 0.6 cm™,
in order to omit to resolve the individual lines of the laser modes. The glowbar was set
to an aperture of 1 mm. For both scans the DTGS detector was used. Fig.4.21 shows
the measured spectra. As it can be seen, the two spectra look alike, proving that a

QCL can indeed be used as a glowbar replacement.






Chapter 5

Frequency-comb operation of QCLs

This chapter is dedicated to the findings of frequency-comb operation of QCLs. The
chapter is structured as followed. First, it will give an introduction to the subject of
optical frequency combs and QCL comb operation. Afterwards, the chapter continuous
by describing fundamental mode-locking followed by a introduction to the concept of a
frequency-comb featuring a frequency-modulated like output. The next section treats
state-of the art mid-IR mode-locked sources. It continues with a short description of
semiconductor mode-locked sources. These two sections on mid-IR combs and semi-
conductor comb sources help to put the developed broadband QCL comb in context.
The next section treats Kerr-combs, a novel technique to generate optical frequency
combs. Nowadays, these Kerr-combs also penetrate into the mid-IR region. It goes on
by describing possible characterization methods of frequency-comb outputs, introduc-
ing the intermode beat spectroscopy. Finally, the chapter finishes with the data and
findings of the frequency-comb operation of broadband QCLs. It presents a broad-
band and compact semiconductor frequency comb generator in the mid-IR, where the
modes of a continuous wave free-running broadband QCL are phase-locked featuring
a frequency-modulated like output. The main results presented in this section are
published in [229].

Due to the nature of the intermode beat spectroscopy setup, there is possible confu-
sion between RF-frequencies measured by the spectrum analyzer and optical frequen-
cies. To clearly distinguish these two frequencies throughout the text the following
convention is used: v indicates frequencies measured in the electrical domain, meaning
readout frequencies of the spectrum analyzer, whereas w and f stands for frequencies

. . . . . . w
in the optical domain including wavenumber. The variables v,., and f,.., = 5= are

strictly speaking the same. Depending on the context in the text, either one is chosen.
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5.1 Introduction

5.1.1 Optical frequency combs

The maturing technique in the last two decades of optical frequency combs resulted
in an enormous unfolding of an application space. This has ultimately led to the
Nobel Prize in Physics in 2005 to Theodor W. Hénsch and John L. Hall for ”for their
contributions to the development of laser-based precision spectroscopy, including the
optical frequency comb technique®[230].

The optical frequency-combs opened new avenues for many fields such as funda-
mental time metrology, spectroscopy and frequency synthesis. Due to the popularity
of the research, several review articles on optical-frequency combs producing femto-
second laser pulses exist, for example by Diddams et al. and Sibbett et al. to name
two [231, 232]. In particular, spectroscopy by means of optical frequency combs sur-
passed the precision and speed of Fourier spectrometers. Such a new spectroscopy
technique is specially relevant for the mid-IR range where lie the fundamental roto-
vibrational bands of most light molecules. Most mid-IR comb sources are based on
down conversion of near-IR mode-locked ultrafast lasers using non-linear crystals (see
sec.5.4). Another comb generation mechanism is used in micro cavity based combs.
The equidistant modes are formed from a continuous wave pumping an ultra-high Q
micro resonator (see sec.5.6). Nevertheless, these combs depend on a chain of optical
components. Therefore to widen the spectroscopy applications of such mid-IR combs,
a more direct and compact generation scheme, using electrical injection, is preferable.
There is still a lack of a compact mode-locked semiconductor laser source in the mid-IR
region. Being the dominant semiconductor laser source in the mid-IR region, the QCL
is the ideal light source to fulfill those requirements.

Optical frequency combs [70] act as rulers in the frequency domain. Their optical
output frequency is composed of equally distant comb lines, therefore each frequency
can be described as f(m) = f.., +mf,.p, where the f, ., is the repetition frequency
and f.,., is the carrier-envelope offset frequency. As it was discussed in section 2.4,
the GVD in a laser cavity is responsible to form a spectrum of unequally spaced comb
lines. Therefore to form those equally distant comb lines, it is necessary to overcome the
natural dispersion arising in a laser cavity by an appropriate phase-locking mechanism.

The common intuitive picture to illustrate how such frequency combs are gener-
ated is done by studying the emission of short mode-locked pulses in a laser-cavity.
Fig.5.1a shows the E-field and the intensity of a fundamentally mode-locked laser.
The round-trip time 7" of the optical pulse in the cavity is given by the cavity length L

and the mean group velocity v,. It reads as T' = %}—L Since the group velocity and the
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Fig. 5.1: Mode-locked laser output. a E-field and intensity of a mode-locked laser. b
Optical spectrum and phase of a mode-locked laser.

phase velocity are not equal, there is a phase angle difference of .., = AT, . 27f,
from pulse to pulse, called the carrier-envelope offset phase, with f; being the carrier
frequency. The carrier-envelope offset frequency and the carrier-envelope offset phase

are linked by ¢ ., = 271-%.

Regardless of a nonzer;eZarrier—envelope offset, the envelope-function of the E-field
is periodic in time in a mode-locked laser. The envelope function of the E-field therefore
fulfills the condition A(t —T) = A(t). In case the envelope-function of the E-field is
periodic in time, the E-field of the laser output can be analyzed as a supermode with
carrier angular frequency w, and envelope function A(t). This means the E-field can
be expressed as a sum of Fourier-components

B(t) = Re {A(t)ei~t} = | (Z A, 27 (fucotn frep)t+on | c.c.) N ERD)
n
where A,, are the complex Fourier components of A(t). Therefore, the spectrum of a
periodic pulsed output is formed through a spectrum of equally spaced comb lines.

Their equally distant comb-lines allow for an extremely accurate frequency compar-
isons with a direct link between the microwave and optical spectral ranges. This link
is seen by investigating eq. 5.1. The optical frequency in the THz range is linked to the
RF-domain by f,,+ = fceo + 7 frep- The integer n is large and both f.., and f,.,
are in the MHz-GHz domain.

5.1.2 Prior work on QCL comb operation

Nowadays the QCL covers the entire mid-IR spectral range and features output powers

of several watt in continuous-wave at room temperature. Broad gain (see sec.2 and 4)
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can be engineered through quantum design and by cascading dissimilar substacks.
But due to the fast laser dynamics in a QCL, comb-operation of QCLs is different to
traditional mode-locking of diode lasers.

When operated in continuous wave, quantum cascade lasers with a Fabry-Pérot
cavity usually switch from single-mode to multi-mode operation when driven above
a critical current. The multi-mode operation is accompanied by the observation of
an intermode beat, which is the radio-frequency spectrum of the intensity near the
round-trip frequency, v,.;. The mechanism driving this behavior have been attributed
to spatial hole burning and Risken-Nummedal-Graham-Haken [233] instability and are
specific to the QCL due to the fast gain recovery process. The gain recovery in QCLs
(7 ~ 0.3 ps) is orders of magnitudes faster than the round trip time in the cavity (7., =
66 ps for a 3mm long device). This prohibits the formation of stable pulses, since the
wings of the pulse see higher gain than the peak of the pulse, resulting in a lengthening
of the pulse, making stable fundamental mode-locking hard to reach. Work has been
done trying to generate pulsed emission from a QCL. Wang et al. engineered a QCL
featuring a diagonal design to increase the upper state lifetime [234]. Pulsed emission
was achieved when modulating a short-section at the cavity round trip time [235].
Nevertheless, the results were sobering. The device could be mode-locked close to
threshold over a short dynamic range. Additionally, the bandwidth of the locking was
limited (15 cm™! at 77K). Also, the pulse shape in the limited locking range already
showed extended wings, originating from the fast laser dynamics. Furthermore, the
device did not operate CW at room-temperature. The conclusion is, that fundamental
mode-locking is incompatible with todays high-power, high-temperature continuous

wave QCLs and a more appropriate locking mechanism must be found.

5.2 Fundamental mode-locking

As it was explained beforehand, the intuitive picture to form a frequency-comb is
by producing a laser output featuring short coherent pulses, usually ps to fs long.
The goal of this section is to give a short overview of common and well-established
frequency-comb sources producing high-energy pulsed output.

The formation of the short pulses is a resonant process. While the pulse circulates
in the cavity it becomes shorter with each round-trip to the limit of pulse broadening
processes (gain, dispersion, ..) inherent in the laser cavity. The longitudinal modes
in the cavity are thus frequency-locked and interfere coherently to form those ultra
short pulses. Active mode-locked laser results were achieved by active loss modulation

in the cavity already in the year 1964 [236]. Passive frequency locking however does
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Fig. 5.2: Fast a and slow b saturable absorber. There is a short net-gain window
smaller than the pulse width available to successively shorten the pulse.

not require an active stabilization. Passive frequency locking is usually realized by the
incorporation of a saturable absorber. The loss of a saturable absorber depends on the
intensity I of the light [162]

(5.2)

The parameter oy is the low-intensity absorption coefficient and I is the saturation
intensity at which the absorption is at -3dB from its original value. The locking mech-
anism employing a saturable absorber is a well understood and analyzed process [237—
239]. The first continuous-wave mode-locked (as opposed to Q-switched) dye-laser used
a slow saturable absorber [240]. It was however not understood in the beginning, how
a slow saturable absorber can produce such short pulses. Therefore, the first theory
treated the effect of a fast saturable absorber. In this case, illustrated in fig. 5.2a, the
losses are lowered below the gain when the pulse hits the saturable absorber, which
leads to a net gain for a short period of time. To understand the working principle of
a slow saturable absorber, the dynamics of the gain medium needs to be taken into
account, as shown in fig.5.2b. One can show that it is possible to generate pulses
much shorter than the recovery time of the saturable absorber. The edge of the laser
pulse decreases the loss of the saturable absorber. Due to gain depletion, the net-gain
window remains short, leading to the formation of the pulses. This intuitive picture
furthermore illustrates the problem if the gain-recovery is faster than the round-trip
time, as is the case in the QCL. The recovery time of the gain g illustrated in the dotted
green line in fig. 5.2b is fast compared to the round-trip time, leading to a positive net
gain after the pulse has passed. The solution will not be stable, since the wing of the

pulse will already see this net gain. It should be noted, that a slow saturable absorber
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can also be used without any gain saturation effects, as it occurs in soliton-mode locked
lasers [241].

A milestone in mode-locking of lasers was the realization of the first mode-locked
Ti:sapphire (Ti:Al,Og3) laser using Kerr-mode locking (KML) [242]. Further advances
in mode-locking were achieved by the introduction of the semiconductor saturable ab-
sorber mirrors (SESAM) and the saturable Bragg reflectors (SBR) [243, 244]. Ti:sap-
phire lasers featuring a wide gain-bandwidth and ultra short pulses lead to high-peak
powers. Todays solid state lasers achieve high average power of 141 W (gain medium
Yb:LuyO3) [245]. The peak power of todays mode-locked solid state laser is in the or-
der of 10°-10% W. Those high peak powers are a key ingredient for frequency comb
generation in the mid-IR region through non-linear mixing processes. Another impor-
tant breakthrough for pulse compression and octave spanning comb generation was the
use of highly nonlinear optical fibers for pulse compression [246]. Self-referenced octave

spanning combs employing the f-2f method become therefore possible [247-249].

5.3 Frequency-modulation mode-locking

One has to be however careful with the direct link between a frequency-comb and a
mode-locked laser emitting pulses. As it was pointed out beforehand, the emission of
coherent pulsed laser light is a sufficient condition for a laser to be considered as a
frequency-comb. The inverse is however not generally true. Not every frequency-comb
has to emit a train of pulses. An example are microcavity frequency combs. Even
though microcavity-based frequency combs have shown ”true“ comb operation with
millihertz stability, their output is sometimes nearly unmodulated in time [250, 251].

Strictly speaking, the only requirement for an optical frequency-comb is the equidis-
tant comb lines, and not the emission of high energy pulses. Therefore, in the time
domain, the requirement is the periodicity of the waveform at the round-trip frequency,
not the generation of high intensity pulses. Looking at the definition of a perfectly
frequency-modulated (FM) signal, we get

E(t) = Eq cos (27 f .t + mcos (27 frept)) (5.3)
where m = ff—A is the modulation index and f, is the peak frequency deviation. The
rep
bandwidth of the signal is approximately 2fA .
The simulation of such a perfectly FM-signal is shown in fig.5.3a. Since a FM-
modulated signal is periodic in the time domain, it can be expressed as a sum of

equidistant comb lines in the frequency domain. Expressing the time-domain signal as
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Fig. 5.3: Frequency comb laser output with perfect FM-phase and amplitude relations.

a sum of equally distant comb lines, one obtains [252]

E(t)= By Y. Jy(m)cos (2 (fo+nfrep)t—InlZ), (5.4)

where J,,(m) is the n-th Bessel-function. The amplitude and phase configuration of a
perfectly FM-signal is shown in fig. 5.3b. Even though a FM-signal contains an infinite
amount of sidebands, most of the signal is found in the bandwidth of 2fA .

Again, the carrier frequency can be expressed as f. = fceo + 1fyep,. Therefore,
all requirements to be an optical frequency comb is also fulfilled by an optical signal
with a FM output. All the definitions of the carrier-envelope offset frequency and
its associated carrier-envelope frequency shift are still valid. The slip of the phase

compared with the envelope is however hidden, since the envelope is constant.

The laser is "FM locked* if the output of a laser is composed of a frequency-
modulated optical wave [76, 253]. If there is an appropriate coupling between longitu-
dinal modes in the laser cavity, it is possible that an FM-supermode [76] with a certain
phase and amplitude distribution quenches the other modes. The resulting spectrum
has equally spaced comb lines with a fixed phase relationship. It should be noted how-
ever, that the output of such a FM-supermode is not a perfect FM-signal, since it would
require the exact amplitude and phase configuration given by Bessel functions shown
in eq.5.4. Therefore, even for an FM-like signal output of a laser, there is still some
residual variation on the intensity at the round-trip frequency of the laser arising form
the coherent superposition of all the modes. We call this residual beating intermode
beat. This helps to clearly distinguish the difference with the strong beatnote which is
observed for a mode-locked laser when all phasors add up to form high-energy pulses.

A locking mechanism which results in different phase and amplitude configuration
that can lead to FM-like outputs is the locking of the beat frequencies between adjacent
modes rather than the locking of the frequency of the modes themselves [253]. Suppose
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the equally spaced modes generated by four-wave mixing processes. Reprint form [229].

the laser oscillates at three frequencies wq o g with intensity I; as illustrated in fig. 5.4a.
Due to four-wave mixing resulting form third-order nonlinear effects (see sec.2.6),
the two frequencies w; and wy spaced by the beat frequency Aw;5 generate a third
frequency w;. This oscillation at frec/luency wé pulls the mode 3 to oscillate at the
same frequency, resulting in ws = wy. This locking occurs if the difference of the
mode generated by four-wave mixing and the original mode is small and the four-wave
mixing signal generated is strong enough. In other words, the GVD of the modes must
be small enough and the X(3) in the medium large. This leads to an equally spaced
comb of modes with one common beat frequency Aws3 = Awq5. Depending on the
relative phase of the different phases, the locking can be of type AM or FM. As shown
in fig. 5.4b in the case of a laser featuring N-modes, the result will be a proliferation

of modes due to degenerate and non-degenerate four-wave mixing processes.

There have been several papers discussing and proving the possibility to actively
force such a locking by introducing an intracavity phase modulator in a He-Ne and
Nd:YAG laser system [77, 254]. Furthermore, Tiemeijer et al. demonstrated passive
FM-mode locking in a InGaAsP semiconductor laser [252]. The cause of the locking are
nonlinear interactions arising form spectral hole burning in the laser cavity. This pro-
cess occurs at the picoseconds time-scale, therefore the bandwidth of the FWM-signal
is large enough to couple the modes. In their conclusion the authors note that "FM
supermode operation will be obtained for any sufficiently well-behaved semiconductor
laser [252]. The locking mechanism between beat frequencies is also similar to what

occurs in microcavity resonators [255].
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The prospect to achieve a frequency-comb output with a frequency-modulated like
output in a QCL is very tempting. In fact, since the intensity of a perfectly frequency-
modulated laser is constant, the power envelope of such a beam would not be perturbed
by the fast gain-recovery of the quantum cascade laser while the spectrum of such a
laser would also be composed of equally spaced and discrete spectral lines. Further-
more, as in radio, a frequency-modulated signal may have better immunity against
noise compared to an amplitude-modulated signal. In addition, a constant output
power can be more preferable for linear spectroscopy applications in order to avoid

additional complexities caused by nonlinear interactions.

5.4 Mid-infrared comb sources

Due to the large possible application space, the generation of optical frequency combs
in the mid-IR region has seen a lot of improvement up to today. Schliesser et al.
recently published a review article covering mid-IR frequency combs [95].

There is a lot of ongoing work trying to widen the penetration of solid-state combs
in the mid-IR region [256]. One material system showing good performance at larger
wavelength is based on Cr?t dopant in combination with a II-VI compound, specifi-
cally ZnS and ZnSe [257]. Cr?t shows the broadest bandwidth of all solid state laser
materials. Therefore, these laser systems feature broad bandwidth (2-3pm). They
operate in continuous-wave at room-temperature. In single frequency operation, they
reach multi-watt output powers [258] and tuning-ranges from 1.8 pm to 3.1pm have
been shown [259]. Mode-locking was achieved using different saturable absorber tech-
niques [260-262]. Due to the large gain bandwidth of Cr?*, these laser systems achieve
pulse widths as short as 95 fs [261]. The output power these mode-locked lasers is in the
order of tens of mW up to 200 mW [263]. Also noteworthy are lasers based on Ho:YLF,
which reach 1.6 W of output power at 2.06 pm [264]. Although nowadays operated in
Q-switched configuration at room-temperature, Fe>™ doped ZnS, ZnSe and ZnTe could
bring solid-state mode-locked lasers up to wavelength ranges of 3.5-5.5 pm [265, 266].
Other possible generation schemes are through supercontinuum generation in nonlin-
ear fibers [267, 268] and fiber-laser comb sources emit wavelength at around 2 pm using
Er and Tm-doped fibers [269, 270].

Up to today, the direct generation of mode-locked optical-frequency combs is lim-
ited to about 3 pm. Therefore, mid-IR comb sources penetrating longer wavelength are
usually based on the down conversion of near-infrared comb sources by using non-linear
optical crystals. The two main generation mechanisms are either through difference-

frequency generation (DFG) or optical parametric oscillations (OPO). DFG is illus-
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Fig. 5.5: a Mid-IR comb generation through difference-frequency generation (DFG) on
a nonlinear crystal. b Mid-IR comb generation using the divide-and-conquer approach
in a optical-parametric oscillator (OPO). Figure adapted from [95].

trated in fig. 5.5a. The signal source consists of a frequency-comb of equally distant
comb lines fgonal = feeo + M frep IS superimposed with a continuous-wave pump laser
emitting radiation at foump
source does not have to be a single-mode source and can also be a frequency comb

on a second-order nonlinear crystal [91, 271]. The pump

source [272]. Due to nonlinear interaction (see sec.2.6.2), a difference frequency is gen-
erated given by figier = fpump — [signal- Instead of using two different sources as the
pump and signal in the setup, another possibility is to use the broadband nature of
the comb and effectively generate mid-IR radiation by mixing different teeth of of one
comb, resulting in f; g;c,. = (n—m)f,.c}, [273, 274] The periodically-poled lithium nio-
bate (PPLN) is a good candidate as nonlinear crystal for frequencies up to ~ 5pm.
Usual power per mode is tens of nW with a spectral spanning about 500cm™! [95].
At higher wavelength, other nonlinear materials must be used. For example GaSe,
with which frequency combs up to 17 pum have been produced. The reached band-
width is about 300 cm™ with 50nW per mode [95]. The first time-domain mid-IR fre-
quency comb spectrometer developed by Keilmann et al. employed GaSe emitting at
10 pm [100]. Both mid-IR combs were generated through the mixing of individual comb
lines of a Ti:Sapphire mode-locked laser. Recently, Keilmann et al. demonstrated a
mid-IR comb based on DFG with 700 cm™! available bandwidth [275]. The mid-IR out-
put was generated by focusing the output of a Er fiber laser and a supercontinuum
pulse generated in a nonlinear optical fiber using the same fiber laser on a GaSe crystal.
This comb could be tuned from 600-2500 cm™, that is form 4-17 pm, with about 1 nW
per mode.

In an OPO, the non-linear crystal is placed within a cavity. The generated signal
is resonant with this cavity and can overcome the threshold for parametric oscillation.
Fig.5.5b shows the case in which also the idler is resonant with the cavity. This

OPO configuration helps to increase the efficiency of the generated idler and signal.
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Frequency combs having a maximum bandwidth of 0.3 pm which are tunable from
2.8-4.8 pm featuring an output power of 1.5 W were realized in this way by Adler et
al. using a PPLN crystal [276]. Also noteworthy is the recent development of the so
called ”divide-and-conquer® method [263, 277-279]. The method is to merge the idler
and signal comb in the OPO into one comb, therefore the signal and idler are at half
the pump center frequency. In[277] the researchers used a PPLN crystal pumped by
a Ti:Sapphire laser. The generated comb emits at 1.55num. The spectral coverage
was further pushed into the mid-IR by using an Er-doped fiber as a pump source
emitting at 1.56 pm [278]. This produced a comb spanning 2.5-3.8 pm with an output
power of 60 mW. To penetrate larger wavelengths, the PPLN was exchanged with an
GaAs crystal [263]. The pump laser was a Cr2t:ZnSe laser emitting at 2.45 pm. The
resulting spectra coverage is 1 pm at 4.9 pm. Recently, an octave-spanning comb using
this method using a TM-fiber laser as a pump source on a GaAs nonlinear element was
demonstrated [279]. The comb emits radiation from 2.6-6.1 pm featuring an average
power of 37mW. It becomes clear, that these techniques naturally profit form the

advance of fiber and solid-state combs featuring emission at 2-3 pm.

5.5 Mode-locked semiconductor lasers

Mode-locking semiconductor laser is very interesting for several applications which re-
quires dense and low-power integration [280, 281]. The generated equal frequency grid
of a mode-locked laser can for example be used as an effective source for a wavelength-
division multiplexed system.[282] With ever increasing demands on bandwidth in data-
communication applications and system designs, research how to efficiently generate
integrated mode-lock semiconductor lasers continuous [283]. Apart form quantum-well
lasers, lasers based on quantum-dot gain are also successfully mode-locked [284]. These
sources are very promising, due to their potential large attainable bandwidth. Mode-
locked operation in [285] reached a bandwidth of about AX = 14 nm, which corresponds
to a spectral coverage at a center wavelength of 1.26 pm of % =1.1%. The maximum
reached average power is 45 mW. Looking at possible attainable bandwidths from state-
of the art quantum-dot external-cavity diode lasers, which reach tunings of ~ 200 nm
at 1.2 pm, spectral coverages of 15% seems plausible [286]. Broad wavelength tuning
of 136 nm of a mode-locked quantum-dot laser in an external-cavity configuration was
also recently shown [287].

Alternatively of incorporating the saturable absorber monolithically into the semi-
conductor laser-cavity, external cavity configurations employing an external saturable

absorber in a vertical-external-cavity surface-emitting-laser (VECSEL) configuration
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show up to today the broadest results. Optically pumped systems reach bandwidths
of AX =20nm at a center wavelength of A = 1.037 nm, giving a spectral coverage of
% = 2% [288]. Average powers of up to 1 W for such configurations are reported [289].

5.6 Kerr-combs

Kerr-combs feature a novel way of generating an optical frequency comb output.
The optical comb spectrum is generated by pumping an ultra-high quality-factor
whispering-gallery mode microresonator with a single-mode continuous-wave source [255,
290]. The small size of the microresonator allows for the development of a compact
frequency comb generator, with a possible frequency coverage of the entire mid-IR fre-
quency range. Through third-order nonlinar interactions in the microresonator, a comb
of equally spaced frequencies is generated. Two pump photons at frequency f,,,,, are
absorbed and generate two equally spaced photons (idler and signal) fulfilling the en-
ergy conservation A fgonal + A f idgler = 20 fpump, Where h is the Planck-constant. This
effect is cascaded resulting in a wide frequency-comb spectrum. The process is similar
as the locking of the beat frequencies in frequency-modulated mode-locking discussed
in section 5.3. The full dynamics of the Kerr-comb generation are however complicated.
The understanding of those dynamics is essential to generate low-noise combs and to
evaluate other suitable material systems to extend the wavelength coverage [291, 292].

A milestones in microresonator combs is the realization of octave spanning combs
generated in fused-silica and silicon-nitride microresonators [293, 294]. In [293] the gen-
erated comb spans from 0.99 to 2.17 pum. Furthermore the comb could be continuously
tuned by more than the FSR, a key ingredient for high-resolution spectroscopic appli-
cations. Another milestone is the full stabilization of such combs by controlling the
frequency and power of the pump laser [250].

Apart from silica, Kerr-combs were demonstrated in several different material sys-
tems, including CaF,,[295, 296], and SizN, resonators [297, 298]. Other work demon-
strated that the coupling waveguide and the microresonator can be realized monolith-
ically [299]. The work of Braje et al. furthermore illustrated the possibility to use a
highly-nonlinear fiber cavity as the nonlinear medium [300]. All this work on different
material systems clearly illustrates the universality of the presented frequency-comb
generator. To expand Kerr combs in the mid-IR region it comes down to finding the
right material system in the mid-IR range to fabricate a high-Q cavity. To fabricate
a compact mid-IR Kerr-comb a suitable pump source can be found in single-mode
continuous-wave high-power QCLs [39].

A suitable material to generate an optical frequency comb in the mid-IR in a crys-
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talline microresonator was found in MgF, [301]. The material system shows the desired
anomalous GVD in the mid-IR rage. It features a wide transparency window up to
about 7pm. Furthermore, the sign of the temperature coefficient of the refractive index
(g—;ﬁ) and the thermal expansion coefficient are positive, allowing thermal self-locking.
As a pump source, a tunable OPO (2.4-2.5um) was used. Using different microres-
onator sizes, repetition rates of 10-110 GHz were produced. The emission wavelength
was 2.45 nm, featuring a bandwidth of 200nm. This corresponds to a spectral cover-
age of % = 8%. High power per mode are measured and ranges from pW/mode to
mW/mode. In order to extend the comb center wavelength deeper into the mid-IR
region, the coupling fiber (high losses) must be replaced and the pump-source must be
adapted.

5.7 Characterization

5.7.1 FTIR and second-order autocorrelation

The only requirement for an optical-frequency comb is the equidistant spacing of all
modes. This should be possible by simply measuring a high resolution spectrum of
the laser. The spectrum of a QCL is usually measured through a Fourier-transform

interferometer. The interferogram obtained through a Michelson interferometer
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Fig. 5.6: a Background-free intensity autocorrelation setup. The input pulse is split
into two separate pulses, one of which is delayed by 7. The two pulses are then spa-
tially overlapped on a nonlinear-medium, in this example a second-harmonic-generation
crystal. b Fringe-resolved autocorrelation setup. Figures adapted from [302].
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Fig. 5.7: Simulated fringe-resolved interferometric autocorrelation trace of a a mode-
locked laser emitting a train of pulses and (inset: spectra) b a laser featuring a perfectly
FM-output (inset: spectra).

does not reveal any phase information of the sampled field E(t). The Fourier transform

of said function only gives information about the spectrum
|E(w)]? = F (I(7)). (5.6)

The requirements of the resolution to characterize an optical frequency comb however
makes this method inapt. Already the measurement of an unlocked multi-mode QCL
would require a resolution of several tens of MHz. This corresponds to a delay length
of several meters for the FTIR.

Therefore, the assessment of the coherence properties of a mode locked laser is
usually performed by an autocorrelation measurement on a non-linear crystal to reveal
the time structure of the optical pulse [303-305]. The setup is shown in Fig. 5.6 a. The

normalized measured intensity autocorrelation is

I 1)t —r)de

A (r) = [ 2@)dt

(5.7)

where [ is the intensity of the pulse. This technique is however not applicable to char-
acterize QCLs in the mid-IR due absence of high-energy pulses. It is possible to use
a two-photon quantum-well infrared photodetector (QWIP) Michelson-interferometer
configuration, as it was done in[233]. The setup is illustrated in fig. 5.6b. If we write
the E-field as E(t)e?**? the measured quantity of a two-photon QWIP in a Michelson-
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Fig. 5.8: a 2-photon QWIP measurements from a buried heterostructure QCL (A =
8pm). The inset shows the measure intermode beat at the round-trip frequency.
Reprinted figure 16 with permission from Gordon et al., Phys. Rev. A, 77, 053804
2008. © 2008 by the American Physical Society. b Intermode beat spectroscopy setup.
Reprint from [229]

interferometer configuration is the interferometric autocorrelation

I(r) = / TIB( e+ Bl dr (58

For a mode-locked laser emitting a train of pulses, the ratio between the background
at 7 > T, where 7 is the delay and T is the width of the pulse is given by
1(0) 8

— =, 5.9

I(r>T) 1 (59)
A simulation of a mode-locked laser featuring a mode-spacing of 0.5cm™ is shown in
fig. 5.7a. The 8:1 ratio is clearly visible. The inset shows the spectrum of the simulated
laser.

This ratio however changes for a laser running in continuous-wave with randomly

varying phases to

1(0) 8
oD~ 2 (5.10)

This is the same ratio one would expect from an incoherent source.


http://pra.aps.org/abstract/PRA/v77/i5/e053804
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The strong intermode beat featuring linewidths in the kHz were first thought to be
a clear signature of mode-locking and pulsed emission of QCLs [306]. When it became
possible to characterize those QCLs further by measuring an autocorrelation trace due
to the advancement of the 2-photon QWIP, the results showed that the device was not
emitting single pulses, since the measured ratio was never the required 8:1, proving
that the devices never emitted single pulses. However, looking at the interferometric
autocorrelation traces published by Gordon et al. in [233], it is striking that the traces
seem feature very particular patterns. One such trace of a buried-heterostructure QCL
emitting radiation at A\ = 8 pm is shown in fig. 5.8a. The ratio is neither 8:1 nor 8:2,
but closer to 8:3. Furthermore, there are some clear signatures at half the round-trip
time.

Since we are expecting a phase-relationship similar to an FM-output in a QCL,
it is also interesting to simulate the interferometric autocorrelation trace of a perfect
FM-signal. This is shown in fig.5.7b. As it can be seen, the ground-line of a perfect
FM-signal has a ratio of 8:3, similar to a single-mode laser with associated phase-jumps.
Furthermore, there are important structures during the whole interferogram, especially

at half-round trip time featuring peak values of 8:3.5.

5.7.2 Intermode beat spectroscopy

This section gives detailed description of the intermode beat spectroscopy. The inter-
mode beat spectroscopy setup is shown in fig. 5.8b. The laser light is collimated through
an anti-reflection coated ZnSe lens. The light passes through an anti-reflection coated
quarter-wave plate to reduce effect of feedback originating from reflections from opti-
cal components. The light passes through an Fourier transform infrared spectrometer
from Bruker (IFS 66/S) and is focused through an anti-reflection coated ZnSe lens on
a quantum well infrared photodetector cooled to liquid nitrogen temperature. The
Fourier transform infrared spectrometer is run in step scan. At each sampling step we
record the RF spectrum at the round-trip frequency of the laser. At the same time,
we record the intensity component of the interferogram through the bias current of the
quantum well infrared photodetector.

The QWIP characteristics are as followed. The dewar features a broadband-AR
coated ZnSe window. The device size is 80 x 113 pm and mounted at 45° resulting in
an effective optical area of 80 x 80 pym. The device accepts horizontally polarized light.
Fig. 5.9a shows the transmission and fit at room-temperature of a single-pass. Fig.5.9b
shows the I-V in the dark at liquid nitrogen temperature. Our device response is up to
about 12 GHz nearly flat. Nowadays, employing sophisticated processing and mount-

ing, QWIPs reach impressive maximum response frequencies of up to 100 GHz [307].
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Fig. 5.9: QWIP characteristics. a Transmission measurements and fit at room-
temperature of a single-pass. b I-V in the dark at liquid nitrogen temperature. Data
is provided by H.C. Liu.

Intermode beat interferogram analysis

To gain an insight on the respective phases and coherence properties of the modes, we
present an interferometric technique where the autocorrelation of the intermode beat

is measured using a Michelson interferometer. The quantity measured

I(v,7) = |F{|B(t) + E(t + 1) (5.11)
Int(t,r)

is the absolute value of the Fourier component of the intensity on the detector at
frequency v over a chosen resolution-bandwidth of the spectrum analyzer. JF stands
for the Fourier transform which is applied to the time dependent intensity. I(0, 7) is the
normal intensity interferogram measured in a Fourier transform infrared spectrometer.
In contrast to the intensity interferogram, the intermode beat interferogram, I(v,.,, 7),
is a function of both amplitude and phase of the modes, as it is going to be shown
later by the mathematical treatment. The normal intensity interferogram measured
in a Fourier transform infrared spectrometer is I(0,t). Furthermore, in analogy with

Fourier spectroscopy, the Fourier transform
TWpprw) = F(I(Wpy, 7)) (5.12)

will yield the intermode beat spectrum, which roughly indicates the spectral regions

contributing to the intermode beat.
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Intermode beat spectroscopy model

This section will give a mathematical treatment of the acquired intermode beat inter-
ferogram. The goal is to write the acquired intermode beat interferogram in matrix

form.

An optical frequency comb can be written as a sum of equidistant modes with
amplitude a;, and phase @;,. The optical frequency spacing in mode-locked lasers is

Aw = 27f,..,- The carrier wave is given by wg. The resulting field is therefore

E(t) _ Zakei(W0+kA“’)t+¢k. (5.13)
k

The delayed field is given by

E(t o 7_) _ Z alei(WO*’ZAW)(t*T)JF‘PZ . (514)
2

Assuming a 50:50 beamsplitter, the total intensity after the beam has traveled through

the interferometer is

2

= B+ EC—) (B0 + B}

Int(e,m) =[50 + 35— )]

_1 {E(t)E*(t) +B(t— T E*(t— 1) + B(t)E*(t — ) + E*(£) E(t — T)} .

A= B=

(5.15)

Now we will combine Eq. (5.13), (5.14) and (5.15). For clarity, we will analyze term A
and B separately.

A=EGt)E*(t)+ E(t—71)E*(t — 1)
=33 apayelt-RACHP ] LSS g gy eilllR) Awlt-T) 42
k1 k1

_ Z Z apa;elll-RACtHEI—DL)] 4 Z Z apa, iR AwtH(@1—@y)|o=il(1-k) AwT]
ko1 ko1

= ap.a,elU=RACtH(P—Pr)] [1 4 o—ill-k)AwT|
R { }

(5.16)

This can be rewritten by grouping the terms with m = |l — k| as a sum over mode pairs
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m=[— k[112].
A= Z Z Qs eUMAWtH( Py, —Py)] {1 + e*’L‘[mAUJT]} .

Zzakak+m ifmAwt] {1 +efz[mAwT]}(ei(qf'kurmf-@k)).
k. m

Now we restrict the sum to positive values of m and group the terms k,m and k +

(5.17)

Im/, —[m|.

A= Z Z apag, ,etlmavt {1 +et mA‘*’T]} (ei(¢k+m’¢k)) +c.c. (5.18)

m=>0

Now we will look at term B of Eq. 5.15.

B=E{t)E*(t—T)+c.c.

= ZZ apeilworl Aw)t+di] o o-illworkAw)(t=—T)+®x] | ¢ ¢,
k (5.19)

=2(wq,k,7)
—_ .
— E E akalei[(lfk:)Awt+(w0+k:Aw)‘r +H( P —Py)] +ec.c.,
k

where we have introduced he term Q2(wq, k, 7) = (wg + kAw)T. Again we can sum over

mode pairs of m=1—k

B = Z Zakak+mei[mAwt+Q(W07ka7)+(¢k+m_¢k)] +c.c. (5.20)

k. m

And again we will sum over positive values of m and group k, m and k + |m|, —|m]|

— imAwt+2(wg,k,7)+H(P —P
Biz Z ALy, © [ (wo T)HPrrm k)l
k m>0

F Qg el T AWEH (w0 Rt )~ (P =) (5.21)

+c.c.
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Now we need to write out the complex conjugate term and regroup the expression

_ L Awt+02 Sk, T)+H(P —D
B= Z Z akak+mellm wtt+2(wo, ke, T)H Pl —Pr)]
k m=>0

+ akak_*_mei[mAwth(wo Jk+m, T)H( P —Pr)]

+ akak+mefi[mAwt+Q(wo B, T)H P — P

. (5.22)

+ akak+mefl[mAWt79<WD:k+mv7)+(¢k+'m7¢k’)]

B= Z Z akak+meimAwt (ei()(wo,k,‘r) + e—i.Q(wO,k+m,7')) e Prym—Pr)
k m>0
+c.c.
We can now insert A of Eq. (5.18) and B of (5.22) in (5.15).
1
Int(t, T) =1 (A+ B)
=Y G et AR PP (5.23)

k m=>0

x (1+e*imAwT+e’iQ(wO,k,T>+e*iQ(UJ0,k+m,T>> +e.c.

In eq. 5.11, a Fourier transform is performed by the spectrum analyzer on the
measured intensity Int(t, 7). For the intermode beat spectroscopy we are mainly
interested in the frequency components v where we observe the characteristic beating
between different pairs of modes. The intermode beat spectroscopy can in principle be
performed between any pairs of modes. The most obvious choice is of course at the

round-trip frequency v,.., with m = 1. The final result for I(v,,, 7) is therefore:
|F o, {Int (¢, 7)}| = [Int(t, 7,m = 1)|

1 X )
_|= Z akak+1e7’AWte7’(¢k+17¢k>
4 k

% (1 +e7iAw‘r+eiQ(wO,k,‘r)+efi(2(w0,k+1,‘r)> +CC.‘ ( )
5.24

1 . .
—|ZgtAwt E W Prs1—Pk)
46 3 akak+1e

—_—

—iAwT 12(wq,k,T) —i12(wq,k+1,7)
X (l +e +e 0 +e 0 +c.c.
¥y L2 Wy w,

Taking a closer look at eq.5.24 we get for each pair of modes a sum of 4 complex
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Fig. 5.10: Intermode beat spectroscopy measurement complex plane analysis.

vectors ¥, with amplitude 1 whose phase depend on the delay 7 and the relative phase
difference @, ,; — ®;. This is illustrated in fig.5.10. We can therefore rewrite the

equation to
|F,, {Int(t, )}

1 . ’ )
= ZelA‘”t Z g 1| W0k, wo, Aw, T)|e PP R:w0, AW el Praa=Pr) 4 ¢
k

(5.25)

Those results allow us to draw some conclusions on the intermode beat interfero-
gram. First of all, the intermode beat interferogram is insensitive to a translation of
the input signal, since

|, {Int (t, )} =|F,, {Int(t+ At, 7)}]

Vit

1 . . . )
_ ZezAwtezAwAt Zakak#»llwtot(k? W, Aw, T)le*“P(kaWOaAWvT)el((I"kJrl*‘Pk:) +e.c.
k

1 . . .
_ ZezAwt Zaka‘k+1|]’ptot(k7 wo, Aw, 7_)|efup(k,wo,Aw,‘r‘)ez((sﬁk+1f‘1’k)+AwAt) Fe.c.
k

(5.26)

The intermode beat interferogram is only sensitive to relative phase differences be-
tween the modes (®y.1 — Py ). Therefore, adding a constant term originating from a
translation in time to this relative phase difference will not alter the intermode beat

interferogram. Second, the intermode beat interferogram is insensitive to mirroring
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of the input signal, ‘3“1,“ {Int(t, -r)}‘ = ’?VM {Int (—t, T)}’ Furthermore, since the
intermode beat interferogram is only sensitive to the difference in phases between ad-
jacent modes, the difference in phases must be in the interval of —7 < (P, —Py,) < 7.
It would however be premature to state that every amplitude and phase configuration
will lead to a different characteristic intermode beat interferogram. Further studies are
necessary to investigate on this point.

To further simplify the notation, eq.5.26 can be expressed in matrix notation. Since
we are only interested in the absolute value of the Fourier-component at the round-trip

frequency v,.;, we are only interested in the amplitude of eq.5.25. The rows of matrix

Tty
() are the different discrete delays 7, separated by A7, which is nothing else than
the sampling spacing of the FTIR. The matrix of course also depends on the starting

point of the first sample 7.

1 N
‘yurt {I'n.t(‘r)}\ = Z (‘(P‘rsé""lp‘rsé)
PP P e!(2m 1)
s s s i(B3y—Py)
withp, =720 P22 P g | ©
‘7);51 ?252 Pl e Prni1—Pn)

(1+efiAw(‘rb,+uA‘r)+eiﬂ(w0,j,TS+uAT)+efifl(w0»j+l,Ts+uA7'))

(5.27)

TS —
?ij = Q5.1

We have developed several MATLAB programs to simulate the intermode beat inter-
ferogram. Simulating the intermode beat interferogram using the set of equations 5.27
is until now by far the fastest solution. It allows to simulate entire real world intermode

beat interferograms on medium sized computers in a short time.

Discussion on intermode beat interferograms and spectroscopy

This section covers two simulation of optical frequency combs with different phase con-
figurations (fundamentally mode-locked and FM-mode locked) and one simulation of a
laser with random-varying phases. This will help to illustrate the insight you can get in
the phase and the coherence properties of the laser by doing an intermode beat interfer-
ogram. To have comparable results between simulation and measurements of intermode
beat interferograms, we need to clarify a point considering the acquisition of the inter-
mode beat interferogram. We use a photoconductive QWIP for our measurement and
o« |E|? o Int. The

signal is then fed onto a spectrum analyzer measuring a power dissipated over a 50 (2

the photocurrent is proportional to the intensity of the light I po¢,
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resistor P = RIghoto' The same conventions as for the development of the intermode

beat spectroscopy model in the previous section 5.7.2 are taken, I stands for a

photo
photo-current, E for the electrical field, Int is the optical intensity and P stands for
the measured electrical power dissipated over the 502 resistor. When acquiring the
intermode beat interferogram, the spectrum analyzer measures the electrical power in
dBm. This measured power does not corresponds to the optical intensity, but has a
square dependence on it P o Int?. In a conventional FTIR, the measured intensity
interferogram is directly proportional to the measured DC-photocurrent I of the
detector. Therefore, the Fourier-transform of of said interferogram gives the spectral
distribution of the optical intensity. The intensity interferogram does not have this
ambiguity one needs to be aware of when taking the intermode beat interferogram.
When acquiring the intermode beat interferogram using the QWIP, we usually acquire
the intensity interferogram by measuring the DC-current of the photodetector.
Depending on the case, the intermode beat measurements are either presented as
they were measured in the spectrum analyzer or are corrected for this quadratic behav-
ior. If the measurement are left uncorrected, the simulations are adapted to take this
quadratic dependence of the measured power P into account. To clearly distinguish

the two scenarios, we label axes of the graphs strictly in the following manner:

o If we plot the power dissipated on the resistor of the spectrum analyzer, meaning

we do not correct the data we label the axis with: Power.

o If the intermode beat interferogram and spectrum and interferogram are cor-

rected to be proportional to the light intensity label the axis with: Intensity.

The intensity interferogram is not affected by this labeling, as it does not need to be
treated specially.

Pulsed mode-locked laser Fig.5.11a shows the simulation of a fundamentally
mode-locked laser with 0.25cm™ mode spacing. The intermode beat interferogram
of such a laser features a maximum at zero delay. In order to confirm the simulated
intermode beat interferogram of a fundamentally mode-locked laser, we performed the
intermode beat spectroscopy on a fundamentally mode-locked fiber laser from TOP-
TICA. Fig.5.11b shows the measured intermode beat interferogram. The intermode
beat interferogram shows a maximum at zero path difference, as expected from a fun-
damentally mode-locked laser. Furthermore, the overall shape agrees well with the
simulated one.

As it was already noted beforehand, in analogy with Fourier spectroscopy, the

Fourier transform will yield the intermode beat spectrum, which roughly indicates the
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Fig. 5.11: Intermode beat interferogram of a fundamentally mode-locked laser. a
Simulation of a laser with 0.25cm™ mode spacing. Inset: Zoom at zero delay. b
Measurement of fundamentally mode-locked fiber laser of TOPTICA. Data published
in [229).

spectral regions contributing to the intermode beat. To further elaborate this, let us
try to connect the intermode beat interferogram to the DC-interferogram in the case
of a fundamentally mode-locked laser. For this, we set the relative phases to a constant
of all modes in eq. 5.24. The term which is modulating the interferogram, is the sum
of ¥y +Wy + W3 +¥,. We will rewrite the terms and separate the slowly moving parts
from the fast moving parts. We get

‘ptot =1+ efiAwr + ei(wOJrkAw)T +efi(w0+(k+1)Aw)T (5.28)

_ (1 + efiAwT) + (ei(w0+kAw)T + efi(w0+kAw)‘refiAwT) . (529)

The intermode beat interferogram is modulated with e *4“7, When 7 = % = Ao
then e 2% = ¢7%" = _1 and eq.5.29 is 0. This is observed in the simulation of

fig. 5.11a when the intermode beat interferogram is 0 at 2cm delay.

Lets consider the case where 7 is small compared to the round-trip time 7" = % .

When 7 is small, eq. 5.29 simplifies to
Uy (T K T/2) =24+ 2cos ([wg + kAw] 7). (5.30)

The resulting normalized intermode beat interferogram is therefore

2 g @k cos ([wy + kAwW]T)

(5.31)
23, ARl

1
I(Vrt’T): §+

To compare the intermode beat interferogram with the intensity interferogram, let us
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Fig. 5.12: Intermode beat interferogram and spectrum of a fundamentally mode-locked
laser TOPTICA femto-second laser source corrected for the quadratic response. a
Intermode beat interferogram. b Intermode beat spectrum. Data published in [229].

rewrite the normalized intensity interferogram. We set m = 0 in eq. 5.23 for the same
multi mode laser composed of equidistant modes with individual amplitudes a;. The
normalized intensity interferogram is therefore

1 2, a? cos ([wy + kAw] T)

10,7) = 5 + T . (5.32)

Comparing eq.5.32 with eq.5.31 illustrates the close resemblance between the inter-
mode beat interferogram and the intensity interferogram for small 7. The main differ-
ence is that the superposition of cosine waves is weighted by the product of neighboring
modes field amplitudes ayay ., instead of the intensity of the single-mode.

To illustrate this close correspondence, we corrected the intermode beat interfero-
gram shown in fig. 5.11b for the quadratic response of the spectrum analyzer response
and plotted it alongside with the intensity interferogram in fig. 5.12a. Fig.5.12b shows
the corresponding intermode beat and intensity spectra.

Eq.5.31 also illustrates that the intermode beat spectrum can be used to identify
the modes which contribute to the beating at the round trip frequency. A very sharp
intermode beat could arise from a beating of a small fraction of modes, whereas the rest
of the spectrum is not coherently coupled. Comparing the intermode beat spectrum
to the intensity spectrum gives an answer to this question.

This argument of the intermode beat spectroscopy is valid even if the laser output
is only lightly modulated, as it is the case for a laser featuring a FM-like output. In
the case of a laser featuring a FM-like output, the output only modulates at low values

compared to the total intensity. One could therefore argue, that only a small portion
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Fig. 5.13: Intermode beat interferogram FM-output. a Simulation of a laser with
0.25cm™ mode spacing featuring a perfect FM-amplitude and phase configuration.
b Generated photocurrent in a optical beam-splitter discriminator. ¢ Characteristic
discriminator efficiency as function of delay. Graph inspired by [308].

of the modes contribute to the intermode beat. Therefore, taking an intermode beat
spectrum and comparing it to the laser spectrum gives a clear answer if the observed
intermode beat is really originating from a coherent sum of modes originating from the
whole laser spectrum.

One limitation one has to be aware of when using the intermode beat interferogram
is the resolution bandwidth of the spectrum analyzer. The results on the coherence

properties of the analyzed laser are limited by the chosen resolution bandwidth.

FM mode-locked laser Fig.5.13a shows the simulation of an intermode beat inter-
ferogram of a laser with a perfect FM-amplitude and phase configuration. As it can be
seen, the observed intermode beat interferogram is qualitatively totally different form
the one of a fundamentally mode-locked laser. First of all, at zero-delay difference, the
intermode beat interferogram is zero. This is due to the fact that for a FM-signal the
output power is constant.

Not at zero delay, the Michelson-interferometer can be thought as an optical-
discriminator for a FM signal. The use of a optical discriminator using a beam-splitter
discriminator is well explained by Kaminow [308]. One way to look at it is by consid-
ering the phase relations of a FM-signal. If the arm is not at zero-delay difference, the
difference in path length between the two arms will alter the perfect FM-phase relation

of the recombined signal, resulting in a beating at the round-trip frequency.
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We will analyze the use of an FTIR as an optical discriminator by studying the
output of an FTIR when the input is an optical FM-signal. We do this by looking at a
signal which is frequency modulated at a fixed mirror displacement 7 from zero delay.
First, consider a single-mode laser with an optical carrier frequency wy. The FTIR
output of a monochromatic wave is a cosine wave. Adapting eq.4.15, the normalized
output of an FTIR signal for a monochromatic wave at carrier angular frequency w
is given by

I(r) = 1.1 cos(wqgT), (5.33)
2 2
where 7 is the time delay. This is illustrated in units of w7 in the top part of fig. 5.13b.
The period of oscillation is therefore 27r. The E-field of a FM-signal is given by

E(t) = Eq cos (wot +m cos (27v,.cpt)) (5.34)

wA
where m =
27 frep

neous optical angular carrier frequency wy with a maximum angular frequency excur-

. This frequency modulated optical signal will alter the instanta-

sion of wa. At a constant delay 7, this has the effect of moving on the horizontal
axis in the top part of fig.5.13b by a maximum amount of wa 7. This in turn alters

the output intensity of the FTIR at the round-trip frequency v This amplitude

Tep”

modulation at the frequency v at the delay 7 can be measured with a spectrum

rep

analyzer.

As illustrated in fig. 5.13b, to get a maximum amplitude of the AM-output, the
signal of the delay 7 should be chosen to be

woT = g + nm. (5.35)

Furthermore, the excursion of the FM-signal in the discriminator is proportional to
Tw, . Therefore, to prohibit wash out this excursion should not be bigger than

WAT < g (5.36)

. The region without wash out is is indicated in yellow in the top part of fig. 5.13b.

It is possible to extract the modulation depth of the perfect FM-source using the
intermode beat spectroscopy. Looking at the characteristic pattern around zero delay
of a FM-source in fig.5.13c, we define the separation of the two peaks where the
discriminator is the strongest as 2Ad. Looking at eq. 5.36, the maximum discriminator

efficiency is at the limit where wa 7 = 5. The maximum angular frequency excursion
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is therefore given by

C

T
= =—— 5.37
wa 2 d’ ( )
and the signal bandwidth in wavenumber is therefore
Bandwidth = 2wa [cm™!] = L (5.38)
2Ad

In order to increase the optical discriminator efficiency by a factor of two, it is possible
to realize a balanced optical discriminator setup as suggested in [308].

The response of the discriminator is shown in the lower part of fig. 5.13b. As it can
be seen, due to the periodic reappearance of maxima in eq.5.35 at a frequency of n,
the measured intermode beat interferogram at v,., has a strong frequency component
at twice the carrier frequency wg. The generated intermode beat interferogram of a
FM-signal has a carrier wave of 2wq. This is illustrated in fig. 5.13b. Since the phase
change is only m, the generated signal at point p; and p, are almost equal. The same
goes for p3 and py. This results in a frequency doubling of the carrier wave. This is
however only the case for a perfectly non distorted discriminator. Since the discrimi-
nator is a cosine wave, there are harmonics which are generated, and the spectrum of
the intermode beat interferogram features all possible combinations of the carrier wave
frequencies. To illustrate this behavior further, we conducted some simulations on a
FM-signal and compared it to the intermode beat spectra of the TOPTICA femto-
second laser source. The top of fig.5.14a shows the intermode beat spectrum and
intensity spectrum of a perfect FM-signal over the whole sampling bandwidth of the
simulation. The strongest signal is found around twice the optical carrier wave 2w,..
The intermode beat spectrum signal is the weakest around the optical carrier wave w,.
(though not zero). To illustrate this, the bottom of fig.5.14a shows the normalized
intermode beat spectrum and the intensity spectrum around the fundamental optical
carrier frequency w.. Comparing these results to the intermode beat spectrum of the
TOPTICA femto-second laser source shown in fig. 5.14b, the difference is well visible.

There are no harmonic components generated for a fundamentally mode-locked laser.

Intermode beat interferogram of an unlocked laser with varying phases
Fig. 5.15a and b show the simulation of an intermode beat interferogram of an unlocked
laser with random varying phases. This corresponds to the case in which the resolution
bandwidth of the spectrum analyzer is too low to measure the dispersion of the modes.
Even when choosing modes that have amplitudes given by a frequency-modulated laser,

assuming phases that would experience random diffusion on a short time compared to
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the integration time. The interferogram is also qualitatively completely different from

the one observed for a fundamentally mode-locked laser and a FM mode-locked laser.

5.8 Frequency-comb operation of broadband quantum cascade lasers

The strong third order nonlinearity X(S) (see sec.2.5) in a QCL in combination with
the low GVD in a broadband QCL (see sec.2.4) leads to a efficient locking of the beat
frequencies. This combination of four-wave mixing based mode proliferations with
quantum cascade laser based gain leads to a phase relation similar to the one of a
FM-laser. The section presents the findings of a QCL comb based on a heterogeneous
active region composed of 3 substacks. The laser chips are delivered by Alpes Lasers.
The comb center carrier wavelength is at 7 pm. We identify a narrow drive current
range where intermode beat linewidths as narrow as f < 10 Hz are measured. We find
comb bandwidths of % = 4.4% with < 200 Hz intermode stability. Furthermore, the
intermode beat can be pulled by RF-injection over a frequency range of 65 kHz.

The total output power of the device as a function of current at -20 °C is shown in
fig. 5.16a. To illustrate the potential of this laser chip when mounted for efficient heat
extraction, fig.5.16b shows the LIV characteristics in continuous-wave operation of a
HR-back coated 4.5 mm long device which is mounted epi-side down on a diamond-

submount. The temperature is controlled by a thermistor close the chip. Output
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Fig. 5.16: LIVs and intermode beat. a Light intensity - current - voltage characteristic
at -20°C. The laser is delivered by Alpes Lasers. The measurements are carried out
at ETH. Data published in[229]. b Light intensity - current - voltage at different
temperatures of an epi-down mounted QCL on a diamond-submount. The laser chip
is delivered by Alpes Lasers. Th epi-down mounting and characterization is done at
ETH. ¢ Narrow intermode beat, with a full-width at half-maximum of < 10Hz at the
onset of the multi-mode emission. The resolution bandwidth of the spectrum analyzer
is set to 10 Hz.
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Fig. 5.17: High resolution (0.0026 Cm'l) Fourier transform infrared spectrometer spec-
tra and measured mode spacing at a current of 740 mA at -20°C. Reprint from [229]

powers of 40 mW in continuous-wave operation at 50 °C are reached. The characteris-
tic temperature (Jyy, = Joexp(T'/Ty)) of the laser is Ty = 168 K for pulsed operation.
For continuous-wave operation, T = 110 K for the epi-side up mounted laser, whereas
To = 135K for the epi-side down mounted device.

The laser spectra displayed in fig.5.17a were measured using a high-resolution
Fourier transform infrared spectrometer and show a single set of longitudinal modes ex-
tending over 1.1 um, with no measurable dispersion within the resolution (0.0026 cm™,
78 MHz) of the spectrometer over the whole dynamic range. All instabilities related to
multiple transverse modes can be completely neglected. Fig.5.17b shows a section of
the measured high-resolution spectra. It illustrates the regular peaks of the modes.

The device switches to multi-mode operation at I = 460 mA, shortly above thresh-

old (I, = 400mA). The spectrum, which is initially spread over Aw = 40cm™1,

1 at the maximum current. To investigate

broadens progressively to Aw = 230 cm™
to what extent the modes are coupled, we first measure the intermode beat using the
fast quantum-well infrared photodetector, see fig. 5.9. Uncoupled modes (such as those
originating from two free-running lasers driven in a similar way to our device) would
generate a spectrum with a 5-10 MHz linewidth[309]. In contrast, as shown infig.5.17c,
such a measurement performed just above the onset of multi-mode operation shows a
linewidth with a full-width at half-maximum of only Arv = 8.8 Hz. For this current,

the spectrum is already Aw ~ 15cm™! wide and contains 60 modes. This very narrow
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Fig. 5.18: Narrow intermode beat measurements. a At twice the round-trip frequency.
b At the round-trip frequency. The data was acquired over 1 hour with max hold on
to illustrate the drift.

intermode beat is observed over the current range I ~ 460-480 mA. At higher tem-
peratures (13°C), this regime is more dominant and the comb spans up to 60 cm™ !
(240 modes) with an intermode beat linewidth of 200 Hz.

Even though our detector has a cut-off frequency of about 12 GHz, we were able
to measure the intermode beat at the first harmonic of the intermode beat. Fig.5.18a
shows the measurement. The filter-type for this measurement was set to FFT, which
allowed us to measure down to a RBW of 5Hz. The sweep-time is 0.8s. The high
quality of the intermode beat spectrum is also observed at twice the round-trip fre-
quency. We measure a FWHM of only 5Hz, which is again limited by the RBW of
our instrument. We can however not make any safe statement comparing the average
power with the measured power at 15 GHz, due to the cut-off of the detector.

Those narrow intermode beat measurements reflect also the stability of our setup.
The width of the measured intermode beat strongly depends on the integration time
and setup alignment. The QCL-comb is very sensitive to any optical feedback, current
noise and slow temperature drifts. Fig.5.18b shows a measurement taken to illustrate
this point. The spectrum analyzer detector was set to max-hold. The acquisition time
was set to &~ 1h. The narrow intermode beat actually drifts by about 43kHz due to
feedback and temperature drifts in this specific measurement.

At a current of > 480 mA, the intermode beat abruptly becomes wider to Av ~
48 kHz. When the current is increased to 500mA, the spectrum spans ~ 100cm™!
and the intermode beat widens to Av < 250kHz. Above 510 mA, the single narrow
intermode beat splits into two distinct broadened peaks spaced by 14 MHz. A selected
set of spectra indicating the power per mode (between 1 mW and 3pW) is displayed
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Fig. 5.19: Intermode beat measurements and corresponding laser spectra at different
currents at -20 °C. Data published in [229].

on the right side of fig.5.19. The figure illustrates the progressive broadening of the
laser bandwidth with the accompanied increase of the intermode beat linewidth from
the kHz to the MHz regime. The abrupt change in intermode beat linewidth from the
Hz to the kHz regime is also reflected in the amplitude noise spectra shown in 5.20.
The noise is measured by focusing the QCL output directly on the QWIP. The noise
floor is measured while operating the quantum cascade laser below threshold. In the
narrow intermode beat regime of a few hundred Hz, we do not observe any additional
amplitude noise compared to the measured noise floor. This is illustrated in fig. 5.20a.
However, as shown in fig. 5.20b, the abrupt change of the intermode beat linewidth to
tens of kHz is accompanied by a sudden increase in the amplitude noise. The additional
phase noise translates into amplitude noise. The gradual shift from the kHz intermode
beat regime to the MHz regime at higher injection currents is also reflected in the
amplitude noise spectra. At higher currents, the amplitude noise in the kHz region is

lower whereas the MHz region clearly has stronger noise components.

To get further insight into the respective phases and coherence properties of the
modes, we performed the intermode beat spectroscopy as it was discussed in sec. 5.7.2.
Fig.5.21a shows two successive scans of the intermode beat interferogram I(v,.,T)
acquired with a resolution-bandwidth of 100 kHz at the round-trip frequency, measured
at 90 min interval at an injection current of 490 mA. They are compared to the zero

frequency component I(0, 7). Random varying phases would generate an intermode
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Fig. 5.20: Amplitude noise of the broadband quantum cascade laser at different
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linewidths in the Hz range. b Amplitude noise for injection currents with increased
intermode beat linewidths (kHz-MHz). Data published in [229]

beat interferogram I(v,.,7) roughly proportional to the zero frequency component
around zero time delay (see fig. 5.15). In contrast, the measured signal I(v,.., T) shows
long-term stability with a minimum at zero time delay, proving a well-defined phase
relation between the modes. In addition to this, the device is not fundamentally
mode-locked producing single pulses, since the measurement and the simulation for a
conventional mode-locked laser shown in fig. 5.11 also show a maximum at zero-delay
difference.

The phase relation cannot be easily inferred from the measurement of I(v,., T)
however. To help its interpretation, we compare it to the one predicted for a purely
frequency-modulated signal in fig. 5.21b. The phases are such that the amplitude mod-
ulation of the signal is strongly damped at the zero path difference, for 7 = 0, as it
would be for a frequency-modulated laser. In general, the comparison clearly empha-
sizes the frequency modulation characteristics of the output of the laser, as expected
by the short lifetime of the excited state. A minimum of the intermode beat is always
observed for 7 = 0 over all injected currents, proving that the device never produces

single pulses. The intensity of the modulation of the laser output is never greater than
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2%, indicating a mostly constant amplitude.

The inset of fig. 5.21b furthermore shows the position of the measured maximum
of the intermode beat interferogram. The maximum is found at a delay of Ad =
0.017cm. Using eq. 5.38, we can estimate the signal excursion assuming a perfectly
FM-output. We get a maximum frequency excursion in wavenumber of w, = 15cm™
which corresponds to a total signal bandwidth of approximately 30 cm™. The spectral
coverage at this current of 480 mA is about 40 cm™. The spectrum at 480 mA injection
current and the calculated signal bandwidth is compared in fig.5.21c. We do not
expect those two bandwidths to be exactly equal, as the output does not have a perfect
FM amplitude and phase configuration. When increasing the current of the QCL, the
FWHM of the intermode beat becomes wider. But also the amplitude of the intermode
beat increases, indicating stronger modulation. Even though the spectrum of the laser
broadens, the measured frequency-excursion assuming a perfect FM-output decreases.
At 490 mA, the measured bandwidth is 25cm™. At 500mA, the measured FM-signal

excursion decreases to 18.6cm™t.

We attribute this to the increased phase noise, the
increased intermode beat and the altered amplitude configuration that comes along
when increasing the current.

The intermode beat spectrum J(v,.,,w) and the intensity spectrum 7(0,w) are
compared in fig. 5.22a, showing that the entire laser spectrum is contributing to the
intermode beat. Regardless of the kHz intermode beat linewidth we have a comb-like
spectrum, since the mode spacing does not fluctuate more than the chosen resolution
bandwidth of the spectrum analyzer over the whole laser spectrum.

To further confirm the frequency-modulated nature of the laser, we put a sheet

of polyethylene that features a wavelength dependent absorption between the laser
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and the detector. This sheet acts as an optical discriminator that can convert the
frequency modulation of the laser output to an amplitude modulation signal. This is
illustrated in fig. 5.22b. As expected from a frequency-modulated signal, we find that
the amplitude of the intermode beat at the detector increases. This amplification factor
was measured to be 10-18. Fig.5.23a shows the 16 dBm increase we measure on the
spectrum analyzer when the device operates in the kHz intermode beat regime. Only
the part of the modes which contribute to the narrow kHz regime intermode beat are
amplified. This confirms that locking has a strong FM-component. The modes which
generate the noise-floor at -105dBm featuring a width of about 60 MHz at -130 dBm
are not amplified but attenuated. This infers either that the modes are unlocked or
there is a weak coupling between the modes which is of the AM-type. Fig.5.23b shows
the measured intermode beat in the Hz regime when employing the discriminator. We
measure a SNR of 50dB.

The measurement of the whole RF spectrum around v,., as a function of delay =
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yields important information on the mechanisms that destabilize the comb. Fig.5.24a
shows an example of an acquired intermode beat interferogram over the whole span of
the spectrum analyzer at a current of 480 mA with a resolution-bandwidth of 100 kHz.
The noise floor already visible in fig.5.23a features a qualitatively different intermode
beat interferogram than the intermode beat at v,.,. It has a maximum at 7'/2, which
is a feature of counter-propagating pulses, as in a harmonically mode-locked laser. The
intermode beat spectrum J (v, w) of fig.5.24a is shown in fig. 5.24b. The intermode beat
spectrum reveals that only a small portion (~ 2 cm’l) of the modes actually contribute

to the noise-floor. The modes are located at the center of the laser spectrum.

Another example of an intermode beat spectroscopy of the whole RF spectrum
is shown in fig.5.24c at a high current (I = 679 mA) where the intermode beat has
now two peaks and a wide RF spectrum. The different behaviour of the peak at
v="7.4587GHz and at v=7.4840 GHz are evident from the interferogram shown in
fig. 5.24c; the Fourier transform shown in fig. 5.24d of this characteristics shows that
the oscillation at v =7.4840 GHz involves mostly peaks at the centre of the spectrum
(around w=1,430cm™') while the oscillation at v =7.4587 GHz locks modes over a

wide frequency range from w=1,500cm™ to w=1,360cm™.

The intermode beat spectroscopy in the case where the intermode has a FWHM
of a few hundred hertz is a bit more challenging, due to the fact that the comb is

very sensitive to any optical feedback. This is especially problematic in the case of
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the intermode beat spectroscopy setup, due to the perfectly collimated beam and the
moving mirror altering the feedback mechanism drastically during a scan. Regardless
of that, we were able to measure an intermode beat interferogram with a delay of
lcm. The full intermode beat interferogram is shown in fig. 5.25a. The span is of
the spectrum analyzer could be reduced from 100 MHz from previous intermode beat
interferograms to 200kHz in the Hz case. It was not possible to decrease the span
further, due to the temperature drifts. Furthermore, the RBW is decreased to 5kHz,
giving a better SNR ratio in the span. Fig.5.25b shows a single spectrum analyzer
scan at the sampling position 12 of the intermode beat interferogram. Fig.5.25¢ shows
the intensity interferogram together with the intermode beat interferogram. As it can
be seen, the FM-nature with the minimum at zero delay is also present, proving that
the device is not fundamentally mode-locked.

The spectrum of the laser emitting in the Hz range for this case is shown in fig. 5.26a.
As it can be seen, the spectrum covers roughly 20cm™'. In this case, there is a strong
single peak present in the spectrum. The intermode beat spectrum over the whole
bandwidth w is shown in fig.5.26b. The strong nonlinear response of the optical
discriminator is visible and the spectrum resembles strongly the one of a perfectly
FM-signal shown in fig.5.14a. To calculate these intermode beat spectra, all inter-
mode beat interferogram were corrected for the quadratic response. Fig.5.26c shows

the intermode beat spectrum at the fundamental carrier frequency. As it can be
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seen, the width of the intermode beat spectrum also covers the 20cm™, the shape
is however different compared to the spectrum. As it was discussed beforehand, the
intermode beat spectrum is given by the Fourier-transform of eq.5.31. The intermode
beat interferogram is proportional to the product of the neighbouring field intensi-
ties apag,q (cos(wg + Aw)) 7. As we already noted, the spectrum has a single very
strong peak. Due to the multiplication with weak neighbouring peaks, the spectrum
is strongly altered and shows this flatter spectrum. Fig.5.26d shows a zoom of the
intermode beat spectrum at 2413cm™. Simulations show that the intermode beat
interferogram at twice the carrier frequency would probably gain another factor of
roughly 5 compared to the signal at 2413 cm™!, see fig. 5.14a. However, we can not see
this frequency in our intermode beat spectrum due to sampling decisions which were

taken at the point of the measurement.

To further characterize the comb, a heterodyne beat experiment between a comb-
line and a single-mode distributed feedback quantum cascade laser was realized. The
setup is illustrated in fig. 5.27a. Fig. 5.27b shows the spectra of the single-mode quan-
tum cascade laser alongside the comb spectra covering 60 cm ™! featuring an inter-mode
beat linewidth of < 200 Hz.

Fig. 5.28a shows the corresponding heterodyne beat signal between the QCL comb
and the single-mode DFB QCL. A narrow linewidth of 1.3 MHz is measured, which
simply reflects the temperature and current stability of our setup. The increased
phase-noise reflected by the kHz intermode beat directly translates into a broader
linewidth of about 20 MHz in comb-like spectra.

The measurements show that the low GVD, as well as the existence of non-linearities,
tend to lock the modes together. This locking can also be enhanced through RF-
injection. Such injection locking has been already successfully applied to terahertz
quantum cascade laser, enabling the demonstration of pulsed mode-locking operation.
In our experiment, 11 dBm of RF power is injected via a bias-tee close to the round-trip
frequency of 7.5 GHz with an estimated injection loss of -34.5 dB. The direct current is
set to 494 mA. While sweeping the RF frequency we measure the heterodyne beat of one
comb-like line and the single-mode quantum cascade laser, as illustrated in fig. 5.29a.
Fig. 5.29a shows the change in the heterodyne beat position and proves that we are able
to actively change the mode-spacing. The inter-mode beat with RF-injection around
resonance is shown in fig. 5.29b. Unlike previous attempts [310], it shows the expected
collapse of the inter-mode beat at the round-trip frequency to the resolution of the spec-
trum analyzer. The round-trip frequency can be pulled over more than 65kHz. There
are approximately 167 modes between the peak of the laser and the mode beating with

the single-mode quantum cascade laser. Changing the round-trip frequency by 65 kHz
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comb and DFB single-mode QCL. Data published in [229].
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Fig. 5.28: Heterodyne beat experiment. a Heterodyne beat signal between the QCL
comb and the single-mode DFB QCL. b Heterodyne and intermode beat position
measurement while changing the injection current off the broadband quantum cascade
laser. Data published in [229].
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sweeping across the resonance of the cavity round-trip, the heterodyne signal can be
shifted in frequency by 11 MHz. b Measured intermode beat at three different charac-
teristic injection frequencies at resonance. Data published in [229].

should therefore result in a change of 167 x 65kHz = 10.9 MHz in the heterodyne beat
signal, which agrees with the measured 11 MHz. It should be noted, that the carrier fre-
quency offset can be adjusted by the injected direct current, as illustrated in fig. 5.28b.
Since the distributed-feedback quantum-cascade-laser emission wavelength is kept con-
stant, the tuning coefficient of Avy (mA) =295 MHz/mA in the heterodyne beat is a
direct measurement of the possibility of setting the carrier envelope offset frequency.
However, changing the injection current also slightly alters the repetition frequency.
Therefore we also record the intermode beat during this current change. We measure
an intermode beat tuning of 70.9 kHz/mA. This leads to a maximum frequency shift of
the heterodyne signal of Avy(mA)<70.9kHz/mA x 400 =28.4 MHz/mA, where 400
is the number of comb lines in the case the comb-like spectra covers 100cm™. This
shows that the shift of the heterodyne beat signal is due to the change in the carrier
frequency offset. Furthermore, the mode-spacing can be set through the RF-injection.
Therefore it is possible to fully stabilize quantum cascade laser frequency combs [247].
However, as the RF injected power is increased to 26.6 dBm, the inter-mode beat in-
terferogram resembles that of a fundamentally mode-locked laser, and, unlike at 11
dBm injection, the inter-mode beat spectrum clearly shows that only a small fraction
of 18% of the modes contribute to the injection locked inter-mode beat. Fig.5.30a
shows the intermode beat under RF-injection with increasing RF-power. The locking
of the comb can be enhanced when injecting a 10 dBm RF-signal. Further increasing

the power shows a clear transient region. To further elaborate this transient region
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we performed an intermode beat spectroscopy at the two points of interest, at 10dBm
shown in fig.5.30b and at 26.6dBm shown in fig.5.30c. The insets of both figures
show the measured intermode beat interferograms. At 10dBm RF-injection power
the frequency-modulated nature of the laser output is preserved, since the intermode
beat interferogram shows a minimum at zero path difference. On the other hand, at
26.6 dBm RF-injection power, the intermode beat interferogram starts to resemble the
one of a fundamentally mode-locked laser. But when comparing the intermode beat
spectra to the intensity spectra for the two cases in fig. 5.30b and c, it becomes obvious

that not all laser modes are locked at high RF-injection power.



Chapter 6

Conclusions and perspectives

The presented work concentrates on the study and development of broadband QCLs.
This includes design, simulation, fabrication and coating of such devices for different
applications. One of those applications is the use of broadband QCLs in an external-
cavity configuration. The design of a single-stack bound-to-continuum design oper-
ated in continuous-wave at room-temperature is first presented. Tuning of 126 cm™" is
achieved, corresponding to a tuning of % = 10.4 % around the center wavelength of
8.4pm. In a modified back-extraction external-cavity setup we measured an optical
power of 20mW. This result was further improved by tuning a dual-stack continuous-
wave QCL over 200 cm™, featuring an optical output power of up to 140 mW at the
gain center. The achieved tuning around the center-wavelength could be improved to
% =18 % at a center wavelength of 8.7 pm. This active region was also used to per-
form absorption spectroscopy of three different gases relevant for security applications.
We demonstrated broadband spectroscopy over 280 cm™ in pulsed operation using one
single gain element. Next, a five-stack active region is presented emitting radiation
between 7.6-11.4 pm. We achieved a record tuning of 438 cm™'. This corresponds to a
tuning of % = 40 %. The measured peak output power was up to 1 W. Furthermore
we demonstrated the usefulness of broadband QCLs as white-light sources. We replace
the conventional glowbar in an FTIR with a broadband QCL run in pulsed-mode.
Under similar conditions, we measure superior SNR of 15dB compared to the glowbar.

The last chapter demonstrates a mid-IR optical frequency comb generator based
on a QCL. We present a mid-IR QCL free-running optical frequency comb covering
60 cm™ corresponding to 308 nm in wavelength. The center wavenumber is 1430 cm ™1,
corresponding to 7 pm in wavelength. The total wavelength coverage is therefore

% = 4.4%. To characterize the laser further, we introduce the novel concept of
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the intermode beat spectroscopy. We identify that the phase signature of the comb
strongly resembles that of a frequency-modulated signal and is stable over time. The
locking mechanism responsible for the formation of the frequency comb is found to
be four-wave mixing. Key physical properties of materials used in quantum cascade
lasers in frequency combs are therefore strong third-order optical nonlinearities and
a low GVD. The effect of these optical nonlinearities and the GVD is discussed in
chapter 2. Altogether, this system offers remarkable freedom of design, because it
allows control over the electronic transitions, gain flatness, optical nonlinearities and
dispersion through band structure engineering. The large bandwidth, in combination
with independent control over the carrier frequency offset and the mode spacing, opens
the way to metrological and sensing applications.

The field of QCLs, in particular broadband QCLs, is a very thrilling one, with a
bright future ahead. After almost 20 years have passed since the invention of the QCL,
the research is still strong. The demonstration of an optical frequency-comb QCL is
particularly interesting for future research and applications. The prospect of realizing
an all-solid state dual-comb spectrometer based on two QCL combs is very intrigu-
ing. One can dream of small and robust, field deployable broadband chemical sensors,
capable of acquiring the entire spectrum nearly instantaneous. On the research side,
there is a lot of work to be done to further understand the system. Investigation of the
role of the GVD and its sign is necessary. Simulations of these QCL combs featuring
a frequency-modulated like output are still needed to better understand the system.
The bandwidth of mid-infrared quantum-cascade-laser frequency combs should be im-
proved. A detailed understanding of the phase-locking mechanism and by appropriately
engineering the GVD using waveguide and facet coatings will help to realize this. In the
future, the mid-infrared quantum-cascade-laser frequency comb could become standard

technology for broadband, compact, all-solid-state mid-infrared spectrometers.
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