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Abstract

The invention of the laser source in 1960 has led to a wide range of applications showing
a widespread impact in every aspect of our today life, including for example hospital, fac-
tory or simply at home. In particular, recent developments originating from the compact,
highly efficient and common semiconductor lasers that are simply supplied by an electrical
current. The diode coherent light sources are characterized by the fact that their constituent
semiconductor materials define their emitted wavelength, or colour for visible light. For the
long-wavelength range, i.e. in the mid-infrared spectra, lead-salt semiconductor crystals are
the standard material used. Another approach that differs in a fundamental way from the
diode laser one, consists to engineer the emission wavelength by a multiple quantum wells
design achieved through nanoscale layer alternation of two different semiconductor mate-
rials. Demonstrated in 1994, this type of optical emitter called intersubband, unipolar or
quantum cascade laser is the subject of this work. The names are coming from the cascade
design of the unipolar optical gain media engineered in a way so that an electron (matter)
is injected and recycled in a periodic multiple quantum wells stack and produce as much
photons (light) as the repeated stacks in the structure. The laser transition in one of the
stacks is achieved in the called active region, i.e. where the electron population inversion
occurs, ensures by the electron reduce lifetime on the lower radiative state. Two of different
scattering relaxation mechanisms for electronic lifetime reduction are presented, the optical
phonon resonance and the tunneling trough superlattice. A correlation between the doping,
i.e. the amount of electrons in the reservoir following the active regions in a stack, and the
performance of quantum cascade lasers is also exposed.

An important chapter in the history of information in modern society consists to the de-
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velopment of telecommunication based on optical fibre and semiconductor laser technolo-
gies. One of the essential building blocks for the lightwave communication progress was the
first continuous-wave room-temperature laser diode operation in the near-infrared spectrum
demonstrated in 1970. Since then, the advance of other semiconductor laser sources with dif-
ferent light spectra to expand this technology for suitable nowadays applications is strongly
related to their room-temperature continuous-wave operation. As for example, the recently
developed blue laser diode in 1996 dedicated to the information storage and processing sys-
tems (compact audio disks, video disks, optical data disks, laser printers, laser bar code
scanners, etc.). This report contains the achievement of a distributed feedback quantum
cascade laser operating at room temperature in continuous-wave operation. This result is
based on the specific laser device fabrication with an embedded active region associated to a
flip chip mounting to increase the Joule heating dissipation induced by the driving current.
The light feedback in the laser cavity is ensured by the addition of a grating close to the
laser gain media that acting as a filter for a single-frequency emission.

For a free-running laser, the single-frequency emission is not strictly a monochromatic Dirac
delta function. It is limited by the noise associated to quantum processes leading to a certain
fundamental spectral linewidth, first derived by Schawlow and Townes. This phenomenon
can be interpreted by the presence of the spontaneous emission in the laser modes that
perturbing the existing phase with random phases in the laser cavity. It was then later
introduced by Henry that the optical gain and refractive index change related to the carrier
density variation could increase the Shawlow-Townes linewidth. Note that the optical gain
is related to the refractive index, and vice-versa (Kramers-Kronig dispersion relations). This
linewidth enhancement factor is called Henry factor or alpha factor. Unlike a semiconductor
diode laser, an intersubband laser shows a low Henry factor and is in that respect closer to
a gas laser characteristic based on discrete atomic transitions. The quantum cascade laser
alpha-factor is specific to the narrow and essentially symmetric gain spectrum associated to
its lasing transition occurring between parallel subbands, or nearly parallel when restricted
by the nonparabolicity. The direct measurement of the low Henry factor by heterodyning of

an amplitude-modulated quantum cascade is performed in this study.



iii

Although the employment of this single frequency laser is suited to free space optical com-
munication while two atmosphere transmission windows in mid-infrared exist, the interest of
this source is mainly sensing oriented. The fundamental vibrational and rotational molecule
modes of material occur in the mid-infrared region and similar to a fingerprint can be used as
an identification by the direct precise atomic absorption of the discrete light coming trough a
distributed feedback laser. Note that the appearance of semiconductor lasers made a revolu-
tion in spectroscopy, especially for Raman and photoacoustic technics, this later is especially

used to increase the sensitivity of direct detection.



Résumé

L’invention des sources lasers en 1960 a conduit a un bon nombre d’applications qui ont
un impact répandu dans tous les aspects de notre votre vie actuelle, citons notamment
I’exemple des hopitaux, de I'industrie ou simplement dans notre lieu de vie. Les derniers
développements sont en particulier issus des compacts, tres efficace et populaires lasers semi-
conducteurs qui sont simplement alimentés par un courant électrique. Les sources diodes
cohérentes sont caractérisées par le fait que la matiere semiconductrice qui les qui compose
définie leur longueur d’onde d’émission, ou dite couleur pour la lumiere visible. Pour les
grandes longueurs d’onde, i.e. dans le spectre infrarouge, les cristaux semiconducteurs a
base de sel de plomb constituent le matériau standard utilisé. Une autre possibilité, qui se
différencie fondamentalement de celle des diodes lasers, consiste a recourir a l'ingénierie
pour définir la longueur d’onde d’émission par le design de multiples puits quantiques
obtenus grace a ’alternation de couches nanométriques de deux matériaux semiconducteurs
différents. Démontré en 1994, ce type de d’émetteur optique appelé laser a cascade quan-
tique, intersousbande ou unipolaire constitue le sujet de ce travail. Ces appellations sont
inhérentes au design en cascade du milieu dans lequel le gain optique unipolaire est réalisé
de telle maniere qu'un électron (matiere) est injecté et recyclé dans une répétition priodique
de plusieurs puits quantiques ou il produit autant de photons (lumiere) que de répétitions
dans la structure. La transition laser dans une des répétitions se produit dans la zone dite
active, i.e. I’endroit ol I'invesion de population se manifeste, assurée par la faible durée de
vie de I’électron sur I’état final de la transition radiative. Deux des différents mécanismes
de relaxation par diffusion afin de réduire le temps de vie électronique seront présentés, la

relaxation par résonnance avec un phonon optique et 'effet tunnel dans un super-réseaux.

v



Une corrélation entre le dopage, i.e. le nombre d’électrons présents dans le réservoir suivant
la zone active d’une répétition, et les performances des lasers a cascade quantique est aussi
décrits.

Un chapitre important de I'histoire de l'information dans la société moderne repose sur le
développement des télécommunications a base des technologies que sont la fibre optique et
le laser semiconducteur. Un des piliers essentiels relatant du progres de la communication
lumineuse a été le premier fonctionnement d’une diode laser en mode continu a température
ambiante dans le spectre du proche infrarouge démontré en 1970. Depuis lors, I'avancée
des autres sources lasers semiconductrices émettant dans les différent spectres lumineux afin
d’étendre cette technologie aux applications souhaitables actuellement est éminemment lié a
leur opération en continu a température ambiante. Comme exemple, le développement récent
d’une diode laser bleue en 1996 dédiée pour le stockage de I'information et les systemes de
traitement (disque compact audio, disque vidéo, disque optique informatique, imprimante
laser, scanner a code barres laser, etc.). Cet ouvrage comporte la réalisation d’un laser
a cascade quantique a contre-réaction répartie opérant a température ambiante en mode
continu. Ce résultat est basé sur la fabrication spécifique de 1’élément laser comprenant
une région active intégrée allié au montage a puce retournée pour augmenter la dissipation
de Veffet Joule suscité par le courant de pilotage. La contre-réaction de la lumiere dans la
cavité laser est garantie par 1’addition d'un réseau proche de la zone de gain du laser qui
agit comme un filtre pour une émission a fréquence unique.

Pour un laser non stabilisé, I’émission a fréquence unique n’est pas rigoureusement une
fonction delta de Dirac monochromatique. Elle est limitée par le bruit associé aux processus
quantiques qui produit un élargissement spectral fondamental, établi en premier lieu par
Shawlow and Townes. Ce phénomene peut tre interprété comme la présence de I’émission
spontanée dans les modes lasers, perturbant la phase existante dans la cavité laser par
des phases aléatoires. Introduit ultérieurement par Henry, le changement de gain optique
et d’indice de réfraction induit par la variation de la densité de porteur peut augmenter
I’élargissement de la largeur de ligne de Shawlow-Towns. A noter que le gain optique est en

relation avec 'indice de réfraction et vice-versa (relations de Kramers-Kronig). Ce facteur
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d’élargissement est appelé le facteur de Henry ou facteur alpha. Contrairement a la diode
laser semiconductrice, le laser intersousbande possede un faible facteur de Henry et est a ce
titre proche des caractéristiques d’'un laser a gaz basées sur une transition atomique discrete.
Le facteur alpha d’un laser a cascade quantique est représentatif de son gain spectral étroit et
est essentiellement symétrique relatif a sa transition laser qui s’établit entre les sousbandes
paralleles, ou quasi paralleles lorsqu’elles sont régies par la non-parabolicité. La mesure
directe par détection hétérodyne du faible facteur de Henry d’un laser a cascade quantique
modulé en amplitude est réalis ée dans cette étude.

Bien que I’emploi de ce laser a fréquence unique est approprié pour la communication optique
dans l’air libre puisque deux fenétres de transmission dans l'atmosphere se situent dans le
moyen infrarouge, l'intérét évident de cette source se situe dans le domaine des senseurs. Les
modes fondamentaux de vibration et de translation moléculaire d’'un matériau ont lieu dans
la région du moyen infrarouge et semblable a une empreinte digitale peuvent étre utilisés pour
Iidentification par I’absorption atomique précise directe par de la lumiere discrete provenant
d’un laser a contre réaction répartie. Il est a noté que 'apparition des lasers semiconducteurs
ont suscité une révolution dans la spectroscopie, spécialement pour les techniques Raman et
photo-acoustique, cette derniere étant spécifiquement utilisée pour augmenter la sensibilité

de la détection direct.



Contents

Abstract

Résumé

List of figures

List of acronyms used throughout this work

1 Introduction

Motivation . . . . . . . . e
Intersubband transition . . . . . . . . .. ..
QC laser design and materials . . . . . .. ... 0oL
State-of-the-art in 2005 . . . . . . . . . . ...

2

1.1
1.2
1.3
1.4

1.5

1.4.1
1.4.2

CW operation . . . . . . . . . .. . .
Linewidth enhancement factor measurement . . . . . . . . . . .. ..

Organization of the thesis . . . . . .. .. .. ... ... ... ... .....

Theory of intersubband processes

2.1 Schrodinger equation: electronic states . . . . . .. ... ...
2.2  Electron-phonon relaxation . . . . . . . .. .. ... ... ...
2.3 Electron-photon interaction . . . . . ... .. ... 0oL

24

2.5

2.3.1
2.3.2

Spontaneous emission, absorption and optical gain. . . . . . .. . ..
Linewidth enhancement factor ov. . . . . . . . . . . .. .. ... ...

Carrier transport . . . . . . . ...

24.1
24.2

Rate equations: threshold current . . . . . . . .. ... ... .. ...
Photon-assisted tunnelling transition: maximum operating current . .

Direct intensity modulation . . . . . . . ... ... 0oL

2.5.1
2.5.2
2.5.3
254

Rate equations: frequency response . . . . . . . . ... . ... ....
FM added to AM . . . . . . . . .. ...
Electromagnetic field equation: o added FM to AM response . . . . .
Simple thermal model: thermal FM . . . . . ... ... ... ... ..

vil

iv

ix

xi

N © © Tt N = -



CONTENTS viii

3 Two-phonon resonance QC lasers emitting around 9.1 ym 30
3.1 Two-phonon resonance design . . . . . . . . .. ... 31
3.2 Growth . . . . . . 32
3.3 Luminescence spectra . . . . . . . . . ... 33
3.4 Design optimization . . . . . . . ..o 35

3.4.1 Alloy disorder and interface roughness . . . . . . .. ... ... ... 35
3.4.2 Doping concentration . . . . . . . ..o 40
3.4.3 Drift of performance due to the growth condition . . . ... ... .. 48

4 Distributed feedback QC lasers 49
4.1 Mode selectivity and temperature tuning . . . . . . ... ... 49
4.2 Fabrication . . . . . . . .. 51
4.3 DFB-QC lasers emitting around 9.2 gm . . . . . . . ... ... 52

4.3.1 Narrow stripe performances . . . . . . . .. .. ... ... .. 52
4.3.2 Buried heterostructure fabrication . . . . . . . ... ... ... 53
4.3.3 BH QC laser performances . . . . . . . ... . ... ... ....... 57
4.4 DFB-QC lasers emitting around 5.4 ym based on a bound-to-continuum active
TEZIOML .« . o v v o e e 63
4.5 Upper limit linewidth measurement . . . . . . . . . . ... ... ... .... 67

5 Direct intensity modulation of QC lasers 70

5.1 High-frequency generation . . . . . . . .. ... ... 71
5.1.1 Calibration with a photovoltaic detector . . . . . ... ... ... .. 73
5.1.2 Laser high-frequency packaging . . . .. ... .. ... ... ..... 75

5.2 MCT detector . . . . . . . . . . 7
5.2.1 Large bandwidth detecor . . . . . . . .. .. ... ... ... . .... 7
5.2.2 Calibration of the modulation . . . . .. .. ... ... ........ 78

5.3 Up-conversion to a Si detector . . . . . . . . . .. ... ... ... ... 80

6 Direct measurement of the linewidth enhancement factor of QC lasers 83
6.1 Setup. . . . . . e 84
6.2 Measurements . . . . . ... L L 86
6.3 Spectral analysis . . . . .. .. L 89

7 Conclusions 94

Acknowledgements 96

Bibliography 98

Published work 108



List of Figures

1.1
1.2
1.3

2.1
2.2
2.3
24
2.5

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

3.9

3.10

3.11
3.12

4.1
4.2
4.3
4.4

4.5
4.6

4.7
4.8

Interband versus intersubband transitions . . . . . . .. .. ... 0oL 5
Cascade principle . . . . . . . L 9
State of the art in 2005 . . . . . . . .. 12
Kramers-Kroning relations with carrier variation . . . . . . ... .. ... ... ... 19
Three level system in the active region . . . . . . . . . . . .. ... ... ... ..., 21
Frequency response by small-signal analysis . . . . ... ... ... .......... 24
FM induced by a AM . . . . . . . . 26
Thermal chirping . . . . . . . .. .. 28
Schematic band diagram of a two phonon design for 9.1 pym emission . . . . . . . .. 31
TEM image of a QCL active region . . . . . . . . . . .. ... .. 32
Electroluminescence spectra . . . . . . . .. L L 34
Schematic band diagram of a graded and an abrupt interface design . . . . .. . .. 35
STM image of the active region of graded and abrupt interface design . . . . . . .. 37
Aluminium concentration in barrier derived from averaged line profiles . . . . . . . . 38
Luminescence spectra of graded and abrupt interface devices . . . .. ... ... .. 39
Current-voltage and current-optical peak power characteristics for four different dop-

ing concentrations . . . . . . . ... L Lo e e e 41
The threshold current density Jrpy and the maximum current density Jypgr as a

function of sheet densities . . . . . . . . . . ... 42
Peak power vs current of lasers operated at 363 K for four different doping concen-

tration. . . . . oL L e e 44
Temperature dependence of threshold current density for different doping densities . 46
Electroluminescence spectra for different doping concentrations . . . . . . ... . .. 47
SEM picture of a DFB-QC laser . . . . . . . . . . . . ... ... 52
L-T and I-V curves of a 15 pym wide and 3 mm long QC laser in CW mode at -40 C . 53
Standard processing compared to buried heterostructure configuration . . . . . . . . 54
Computed temperature contours around the active lasing region of the buried het-

erostructure QC laser at room temperature . . .. ... ... ... ... ....... 55
Current-voltage characteristic of non lasing buried structures . . . . ... ... ... o7
Voltage and optical power vs current of a 1.5mm-long uncoated DFB laser operated

in CWmode . . . . . . . . e e e 58
Series of high resolution CW spectra of the 1.5mm-long uncoated DFB device . .. 59
Threshold current as a function of heat sink temperature . . . . .. ... ... ... 61

1X



LIST OF FIGURES X
4.9 Subthreshold CW luminescence spectra . . . . . . . . . . . ... .. 62
4.10 Schematic conduction band diagram of bond-to-continuum structure at 5 ym . . . . 63
4.11 LIV and spectra of a 1.5 mm-long and 18 ym-wide DFB laser in CW mode . . . . . 65
4.12 Schematic drawing of the optical heterodyne setup . . . . . .. ... ... ... ... 68
4.13 RF spectrum of heterodyne beating . . . . . ... .. ... oL 69
5.1 Circuit diagram of the experimental high-frequency setup . . . . . . ... ... ... 71
5.2  Frequency response of the photovoltaic detector by heterodyning, with direct inten-

sity modulation experiment and the deduced frequency generation system . . . . . . 73
5.3 High-frequency laser housing and electrical RLC model . . . . . . .. ... ... ... 75
5.4  Frequency response of direct intensity modulation experiment at 5.4 and 9.1 ym 7
5.5 The calibration of the amplitude modulation indexm . . . ... ... ... ..... 79
5.6 Schematic of the experiment of the upconversion detection on a Si detector . . . . . 80
5.7 Comparison of the frequency response of the MCT and the upconversion system

based on a Sidetector . . . . . . . . ... 81
6.1 Setup for measuring the linewidth enhancement factor o . . . . . . . . . . . .. ... 84
6.2 Spectra with identical modulation index of m=0.4 . . . . . ... ... ... ... .. 86
6.3 FM amount predictions . . . . . . . . .. 88
6.4 Normalized amplitude for the central line and first sidebands observed in the power

spectraup to 990 MHz . . . . . . . . .. 89
6.5 Ratio of the sideband peaks by the center line in function of /m . . . . . . . . . .. 91
6.6 Linewidth enhancement factor. . . . . . . . . . . . .. ... ... .. ... ... ... 92



LIST OF FIGURES

xi

List of acronyms used throughout this work

AM
APD
BH
DFB
DTGS
CW
FM

FP
FTIR
FWHM
MBE
MCT
MIR
ML
MOCVD
MOVPE
NDR
PBS
PECVD
QW
QC
QCL
SEM
SMSR
STM
TEM

Om

Aot

= Q

Jth
jndr

Amplitude modulation

Avalanche photodiode

Buried heterostructure

Distributed feedback

Deuterated triglycine sulphate
Continuous-wave

Frequency modulation

Fabry-Perot

Fourier Transform Infrared Spectrometer
Full Width at Half Maximum
Molecular Beam Epitaxy
Mercury-cadmium-telluride
Mid-infrared

Multilayer

Metalorganic chemical vapor deposition
Metalorganic vapour-phase epitaxy
Negative Differential Resistance
Polarizing beamsplitter
Plasma-enhanced chemical vapor deposition
Quantum Well

Quantum Cascade

Quantum Cascade Laser

Scanning electron microscopy
Sidemode suppression ratio
Scanning tunneling microscope
Transmission Electronic Microscope
Henry factor

Mirror losses

Total losses

Waveguide losses

Gain coefficient

Overlap factor

Current density

Threshold current density
Maximum current density



Chapter 1

Introduction

1.1 Motivation

The mid-infrared region of the electromagnetic spectrum, covering the wavelength range from
3 to 20 pm, is sometimes referred as underdeveloped because of its lack of convenient coherent
optical sources. For comparison, in the visible (400 to 800 nm) or the near-infrared spectral
range (800 nm to 3 pm), interband semiconductor lasers are now produced very economically
with room temperature continuous wave (CW) output powers of tens of milliwatts. These
devices have become key components in CD and DVD players or in fiber-optic communication
systems, respectively.

Nevertheless, there is a strong interest to develop sources in the mid-infrared range because
molecules exhibit strong fundamental vibrational and rotational absorption bands in this
region. The identification and quantification of particular molecular species has led to a wide
range of useful spectroscopic application fields such as medical diagnostics, environmental
sensing, process control or drug/explosive/contaminants detection.

In the range of 3 to 30 um, available emitter technology based on leadsalt semiconductors was
limited in optical power and CW operation temperature [1]. Most other existing technologies
are so far limited to wavelengths below 4 um for instance. There are type I or II tunable
antimony-based quantum-well diode lasers, based on an interband cascade principle [2, 3]

or no cascade design [4] and two types of parametric frequency conversion of near-IR lasers



using a non linear crystal (optical parametric oscillator and difference frequency generation
based sources). On the other hand, Gas lasers, such as the COs laser which has emission
wavelength bands around 9.6 and 10.6 pum, can be used in CW operation with several
hundreds of watts but for discrete spectral lines only.

In contrast to diode lasers, the quantum cascade (QC) laser - an intersubband semiconductor
laser - can be tailored within a wide wavelength emission range of 3.4 to 24 um and is not
limited in operation temperature (details in following Sections). This type of laser is now able
to operate single-mode in CW at room temperature with high output powers (>50 mW) and
narrow linewidths (few megahertz without stabilization). Since trace gas detection systems
are characterized by their sensitivity, selectivity, fast response time and compactness, such
performances of QC lasers are especially attractive. Up to now, systems using QC lasers,
in particular by F.K. Tittel and colleagues, have been used to detect gas concentrations in
the parts-per-billion range [5]. The CW operation and high optical power operation are
also suitable for other application fields, such as counter-measures or free-space optical data
transmission communication systems exploiting atmospherical windows between 3-5 pym and
8-12pum.

In the following section, a brief introduction to intersubband transitions and QC laser engi-
neering and performances is presented. The last section is devoted to the structure of the
manuscript and will describe the different parts of the technological work that was carried

out at the University of Neuchatel.

1.2 Intersubband transition

After a brief introduction to interband lasers and their functioning, intersubband transitions
in heterostructures are described and advantages of lasers based on this type of transition
are discussed.

The suggestion that semiconductors could be used as laser material appears in the early
1960s. This early work resulted in the demonstration of laser action across gallium arsenide

(GaAs) p-n homojunctions by current injection at a temperature of 77K. In this laser, emitted



photons are produced by electron-hole recombination across the semiconductor bandgap.
Because of the two types of carriers and the resulting rectifying behavior, these lasers are
also called diode lasers. Toward the end of the 1960s, double heterostructure laser diodes
were developed [6]. They consist of a semiconductor with a narrow energy bandgap which
is sandwiched between two layers with a wider energy bandgap semiconductor to form a
quantum well. Thanks to the quantum well, this structure exhibits a lower threshold-current
density compared to bulk semiconductor lasers, mainly due to the confinement of photons and
the reduced inverted volume of charge carriers. The confinement creates new subbands inside
the energy bands and carriers occupy discrete energy levels in the quantum well as shown
in Fig. 1.1 a). The corresponding energy subbands have dispersion relations with opposite
curvature (two -dimensional system, kinetic energy of free electron A?k?/2m*). As a result,
the gain spectrum is broad and asymmetric, limited by the step-like shape of the joint density
of states and the population distribution given by the Fermi-Dirac statistics. The optical
photon (radiative transition), relative to the bandgap separation, has a much larger energy
than the energy of the phonon (non-radiative transitions). Due to the dominant radiative
relaxation, the upper subband lifetime is quite long, namely about 1 ns. Nevertheless,
the Auger recombination, a non-radiative transition which occurs between impurity states,
becomes important when the temperature increases. An increase of this influence is observed
for narrow bandgap material (Auger process is typically significant at around 50 degrees for
1.5 pm devices, 70 degrees at 1.3 um, and > 120 degrees for devices operating at 0.9 pym or
less).

With the appearance of heterostructures, a new type of transition appears, namely the
transition which occurs between the energy states in the same subband; it is also called
intersubband transition. In contrast to interband transitions, different features are associated
to this transition as illustrated in Fig. 1.1 b). The dispersion curves corresponding to the
different energy states are nearly parallel, affected only by a small nonparabolicity (effective
mass is a function of energy). The comparable curvatures lead to an atomic-like shape
of the joint density of states (delta-like function when the broadening is neglected) and

a relatively narrow and symmetric gain spectrum (Gain is described in Chapter 2). The



dominant non-radiative process in intersubband transitions is the phonon scattering which
has maximal efficiency for an energy separation between states corresponding to the phonon
energy (resonance), but which occurs also between larger separations (lifetime is described
in Chapter 2). This efficiency decreases the value of the upper state lifetime strongly to
values on the order of 1 ps.

For emission wavelengths of A> 4 um, a laser based on intersubband transitions offers some
advantages compared to an interband source. The operating temperature of the device can
be increased since the phonon process is less sensitive to temperature than Auger effect (in
spite of electron and hole comparable effective masses that reduce the Auger recombina-
tion, continuous operation of interband lead-salt lasers has not exceeded 223 K at 5 um
[1]). The emission wavelength can be chosen in a larger range by adjusting the thickness
of the quantum well and thus the spacing of the states in the subband (not fixed by the
bandgap energy). Only one type of carriers (unipolar) is involved in an intersubband transi-
tion, which means a higher device reliability (no damage due to electron-hole recombination
at the facets). Lasing action in indirect-gap material is allowed because the bandgap does
not influence transitions between subbands (semiconductors based on indirect-gap materials
have a nearly zero radiative interband transition rate due to the complex interaction that
involves at the same time both a phonon and a photon at a low phonon density). Addition-
ally, a higher frequency modulation in the order of 100 GHz is theoretically possible without
relaxation oscillation due to the shorter upper state lifetime (details in Chapter 2). Further-
more, a zero value of the linewidth enhancement factor is expected due to the symmetric
shape of the gain spectrum (details in Chapter 2). As a result, the spectral linewidth is
as narrow as predicted by the Shawlow-Townes formula and no chirp occurs for frequency
modulation. Whether this statement is really true, will be one of the main questions of this

thesis; it will be discussed in detail in the last chapter of the manuscript.
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Figure 1.1: Real space band diagram, dispersion of the electronic subbands in k-space

and joint density of state for a) interband and b) intersubband transitions.

1.3 QC laser design and materials

In 1972, the first proposal of light amplification using intersubband transitions has been
published by R. F. Kazarinov and R. A. Suris [7, 8]. The design in this proposal is based
on a strongly biased superlattice where the light emission is generated between two states
in adjacent wells by a photon assisted tunneling process.

During the 1980s and in the early 1990s, the subject of intersubband transitions has seen
intense theoretical [9, 10, 11, 12, 13, 14, 15] and experimental (absorption [16], in particular
luminescence [17, 18]), activities.

In 1994, the first laser based on intersuband transitions, called quantum cascade (QC) laser,
has been demonstrated by J. Faist and coworkers in the group of F. Capasso at Bell Labora-
tories [19]. The conduction band diagram of such a QC laser under a strong applied electric

field is reported in Fig. 1.2. The structure consists of a repetition of one basic stage, called



period. A period is composed by a gain region, where the photon assisted tunnelling tran-
sition occurs, and an injection/relaxation region, where the electron distribution is cooled
down by a non-radiative phonon process, from where they are reinjected in the next period by
resonant tunnelling. The population inversion, necessary to obtain stimulated emission and
laser action, does not naturally occur in a subband and has to be engineered. A necessary
condition of the population inversion is a longer non-radiative relaxation time in the upper
than in the lower lasing state. In this design, this is ensured by an increase of the upper
lasing state lifetime via a diagonal transition where the spatial overlap of the wavefunctions
is decreased. In parallel, the lower state lifetime is shortened by efficient resonant phonon
relaxation. This is achieved by the presence of a state below the lower lasing state with an
energy spacing which corresponds to the phonon energy. The use of an injection/relaxation
region is new in comparison with the first proposal. The latter helps for both the relaxation
(prevention of backfilling of electrons into the lower radiative state) and the injection. More-
over, the injection/relaxation region is doped, acting as an electron reservoir and preventing
the formation of space-charge domains. The cascaded geometry is an important feature of
the structure, since the electron - which is recycled in the following periods - can in principle
emit a number of photons corresponding to the number of periods in the structure. As a
result, high power QC lasers can be obtained due to the high internal quantum efficiency.
In contrast, the applied voltage is also proportional to the number of periods and a trade-
off between electrical power consumption and high optical power emission has to be found.
The successful achievement of quantum cascade laser heterostructures is tightly related to
a sophisticated growth technique based on molecular beam epitaxy (MBE) developed by A.
Y. Cho at Bell laboratories[20]. This technique is based on the reaction of thermal atomic
beams, generated from heated effusion cells, on a heated crystalline surface in ultra high
vacuum environment (<107!° mbar). The thin single-crystal epitaxial layer deposition leads
to controlled heterostucture interfaces (less than one monolayer interfacial roughness).

After the demonstration of the QC laser based on a diagonal transition (also called 3
quantum-well design), design engineering of QC lasers showed an impressive development.

Devices based on a population inversion induced by a superlattice [21](multi-QW), a chirped



supperlattice [22], a vertical transition [23] (2 QW), and non-parabolicity [24] (1 QW) have
been demonstrated. In 2001, a new design has been presented, called two-phonon resonance
design [25] (4 QW). The specificity of this structure is its optimization for high temperature
operation with the introduction of two states separated each by an optical phonon energy be-
low the lower state of the laser transition (more details in Chapter 3). This double resonance
strongly reduced the lower state population and the thermal backfilling. Another solution
was to replace the ladder of two states by a miniband [26](more details in Chapter 4). This
so-called bound-to-continuum approach offers the advantage of a broad gain emission.
Until now, QC laser structures based on heterostructures composed in InGaAs/InAlAs ma-
terials and grown on an InP substrate were discussed. With these materials, laser emission at
wavelengths between 3.4 [27] and 24 pm [28] has been reported. Performances of long wave-
length lasers are limited by losses due to free carrier absorption that increase quadratically
with the wavelength. At the shorter wavelength side, the limitation comes from the elec-
tron escape to the continuum by tunnelling through the barriers. In order to obtain shorter
wavelength emission (A < 6 pm), the conduction band discontinuity must be increased by
the use of strain-compensated materials (0.52 — 0.71 eV for 1 percent compressive/tensile
strained material) where the compressive strain in the InGaAs is compensated by the tensile
strain in the AllnAs.

QC lasers based on other III-V compounds with different band discontinuity were also inves-
tigated. In 1998, laser action in the GaAs/AlGaAs material system has been demonstrated
by C. Sirtori and coworkers [29]. This demonstration has shown both the independence of
the QC laser concept from the material system used and the possibility to fabricate devices in
one of the most advanced semiconductor materials. The wavelength emission range of lasers
based on these materials is currently limited between 7.2 [30] and 23 pm [31] with lower
performances than for InGaAs/AlGaAs based devices. However, due to its mature growth
technology, the first demonstration of terahertz (THz) emission of a quantum cascade laser
by A. Tredicucci and colleagues in collaboration with University of Cambridge in 2001 was
based on GaAs/AlGaAs material [32]. As a result, the wavelength emission range of QC

lasers is now extended to the far-infrared region, between 67 pum (4.4 THz) for the first laser



demonstration to ~ 190 pum [33] according to recent developments. These devices operate
at cryogenic temperatures. This remarkable demonstration has shown that QC lasers can
even operate for transition energies lower than the phonon energy.

Lasing operation has also been demonstrated in InAs/AISb material system [34] in 2003.
This material is especially interesting for its large band discontinuity (2.1 eV) and its ability
to emit at short wavelengths. Recently, operation at a wavelength of 3.1 um up to 230 K
[35] has been reported. In 2004, lasers based on InGaAs/AlAsSb material have also been
realized [36]. The band offset of 1.6 eV is also well suited for short emission wavelengths.
Room temperature operation at wavelengths of 3.9 um [37] have been reported as well.

In this context, and based on the demonstration of intersubband absorption at 1.4 pm [38],
a laser based on AlGaN/GaN material might further extend the short wavelength limit of
QC structures. However, the growth of this material is very challenging due to the lack of
lattice matched substrates and the fact that QC structures are very sensitive to interface
roughness. An other interesting project is the achievement of a QC laser based on Si/SiGe
materials to interconnect microelectronic and optoelectronic base materials. Intersubband
electroluminescence of this type of structure has already been demonstrated in the mid-
infrared [39] and far-infrared region [40]. The realization of a QC laser based on an indirect-
gap semiconductor and hole carriers would be the demonstration that QC structures are

truly independent from the material gap and type of carriers.
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Figure 1.2: Principle of cascading: an electron cascades down emitting photons at

each step.

1.4 State-of-the-art in 2005

1.4.1 CW operation

In this section, we will talk briefly about some important historical aspect of CW operated
QC lasers. In order to introduce the main results of this thesis, we will outline the devel-
opment of these devices until 2005. The theoretical and experimental activities in this field
is still intensive as its interest for applications with more and more systems based on QC
lasers.

In 2002, the first CW operated QC laser at room temperature and a wavelength of 9 ym has
been demonstrated by M. Beck and colleagues [41] giving promising perspectives of compact
system implementation for sensitive trace gas analysis. This achievement was the result of
several optimizations. First, the use of the two-phonon design that was studied for high

temperature operation improved the gain region (based on this design, CW operation near
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room temperature on a Peltier cooler had already been reported with the help of a junction
down mounting and facet coating [42]). A second step was the reduction of the waveguide
losses by fabricating buried heterostructures. In this kind of device, the active region is
surrounded by an insulating layer of InP, creating a low-loss lateral waveguide (details in
Chapter 4). The following point was the increase of the heat dissipation by both the presence
of the lateral InP layer and junction down mounting. Finally, the mirror losses were reduced
by the deposition of high reflection coatings on both facets.

In 2003, CW operation on a Peltier cooler for shorter wavelength emission at 5.6 ym was
demonstrated using similar optimizations [43]. This result was also the first demonstration of
a high temperature operation QC laser based on strain-compensated materials. Room tem-
perature operation has been achieved the same year by Yu and coworkers at a wavelength of
6 pm [44]. This improvement in high temperature operation is correlated to the fabrication
of narrower ridges to reduce waveguide losses and the growth of a lower doped active region
to decrease free carrier absorption. Instead of buried heterostructure fabrication, a thick
electroplated gold layer around the laser ridges was used to simplify the device processing.
Based on a similar technology, the Northwestern University group has subsequently demon-
strated room temperature CW operation of QC lasers with high output powers (> 100 mW)
at wavelengths of 4.8 [45], 4.3 [46, 47], 5.3 [48], 4.0 [49], 9.5 [50], 3.8 [51] and 7.8 um [52].
These results are also associated to an excellent material growth based on gas source MBE
technology. Buried heterostructure devices were also fabricated resulting in the highest room
temperature output power of 640 mW/[46].

The growth by metalorganic vapor phase epitaxy (MOVPE) was also investigated. The first
lasing action based on this growth technique has been demonstrated at Sheffield University[53,
54] in 2003. In 2005, Troccoli and colleagues from Agilent laboratories at Palo Alto achieved
CW operation at room temperature with an optical power of 20 mW based on MOVPE
growth [55]. They used narrow ridges and a buried heterostructure employing a lateral over-
growth with Fe-doped InP. The active region design used for this demonstration was based
on a diagonal transition. Later, with devices based on a two-phonon design, operation at

room temperature with high powers at 8.4 [56] (200 mW) and 5.3 pm[57] (40 mW) has been
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demonstrated. The MOVPE growth technique shows thus comparable performances to the
best MBE results. Moreover, the MOVPE technique is promising for commercial produc-
tion, mainly because of its single growth step capability, large growth rate for the cladding
layer, and a facility for material change without perturbation of a high vacuum environment.
However, the growth rate of the active region with MOVPE techniques is similar to the one
obtained with MBE (~ 1 pm per hour).

An overview of the highest temperature operation of QC laser in the mid-infrared region both
in pulsed and CW operation is presented in Fig. 1.3. To be complete, the best performances
of far-infrared QC lasers are also reported. It is obvious that there exists a performance
maximum around 5-10 pm.

QC lasers with an incorporated distributed feedback (DFB) grating are of particular in-
terest to most high-resolution spectroscopy applications requiring tunable single-frequency
light sources with a narrow linewidth (details in Chapter 5). Performances of this type of
devices are usually comparable to the one of Fabry-Pérot lasers. Of course, one has to know
precisely the refractive index of the material, the gain curve and the fabrication technology
which requires several fabrication cycles. The development of these DFB-QC structures was
investigated by the Bell Labs Group [58, 59, 60, 61, 62], TU Vienna [63, 64], the University
of Neuchatel [25, 65, 66], and recently Northwestern University [45, 67]. Recently, single-
mode devices emitting CW at room temperature based on bound-to-continuum active region
have been developed in collaboration between Alpes Lasers and University of Neuchatel [68].
This collaboration has led to the demonstration of single-mode CW operation between 7.7
and 8.3 pum from devices fabricated from the same epilayer with different grating periods
[69]. The Jet Propulsion Laboratory just chose one of these lasers for the 2009 Mars Sci-
ence Laboratory mission to participate in the quest for determining whether Mars was ever
habitable.

The selection of the single frequency by an external cavity is also an interesting development
for expanding the wavelength tunability. Using such an approach, the tuning of a bound-

1

to-continuum QC laser operating in CW over a record frequency span of 175 cm™" around

a center frequency of 1850 cm™' has been reported [70]. Within this tuning range, the
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continuous power was always larger than 10 mW. Coarse tuning was achieved by rotating

the grating; fine tuning involved changing of the cavity length and laser device temperature.

This narrow linewidth, broadly tunable source is especially well suited for spectroscopy.
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1.4.2 Linewidth enhancement factor measurement

According to the Kramers-Kronig relations which predict no variation of the real part of

the refractive index for a symmetric shape of the gain spectrum (see Chapter 2), a zero

value of the linewidth enhancement factor for intersubband transitions is expected. Based

on the sub-threshold gain curve measurement and its transformation (Kramers-Kronig) to

obtain the real part of the refractive index, the first techniques to measure the linewidth

enhancement factor are called indirect. For different measurements of the gain data, based

on the Hakki-Paoli technique and the wavelength shift of the Fabry-Perot resonances with

current, values of & = 0.1 [71] and o = -0.5 [72, 73] were reported, respectively.

In this work, we propose a direct measurement of the linewidth enhancement factor based
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on the measurement of the laser chirp (optical frequency modulation added to the injected
current modulation). The low measured value of v = 0.02 & 0.2 achieved with this technique
agrees with the first indirect measurements and the theoretical prediction.

Following this experiment, another direct measurement of the a parameter based on feed-
back self-mixing was demonstrated|[74]. If the value is close to zero for currents just above
threshold (o = 0.24), a significant increase up to o = 2.6 for higher pump parameters is
reported. Due to a high sensitivity of the o parameter to temperature fluctuations and single
mode frequency emission, this result should be confirmed by other measurement techniques

to attribute it in an unambiguous way to QC laser characteristics.

1.5 Organization of the thesis

The objective of the present work is to develop QC laser sources for room temperature, CW,
and single-mode operation for both applications and fundamental research, in particular
measurement of the linewidth enhancement factor. In Chapter 2, a few theoretical aspects
about the quantum physics of QC structures as well as an introduction to the a factor
and the effect of chirp in high-frequency modulation are shown. The two-phonon resonance
design, a structure optimized for high temperature operation, is presented in Chapter 3. The
influence of the doping density on pulsed room temperature performances are discussed. The
subject of Chapter 4 is the mode selectivity of distributed feedback QC lasers. In order to
achieve single-mode CW operation at room temperature, the two-phonon resonance design is
combined with a buried heterostructure waveguide for emission wavelength of 9.1 ym. The
measurement of the spectral linewidth of a room temperature CW operated single mode
distributed feedback laser based on a bound-to-continuum design is also performed. A high
frequency setup for direct intensity modulation of QC lasers on a Peltier cooler is addressed
in Chapter 5. In Chapter 6, the measurement of a low linewidth enhancement factor based
on a high frequency modulation and an heterodyne experiment is discussed. Chapter 7 will

summarize the main results obtained in this work and suggest some future perspectives.



Chapter 2

Theory of intersubband processes

This chapter presents the theoretical basics necessary for the understanding of the experi-

mental work of this thesis dedicated to the study of QC lasers.

2.1 Schrodinger equation: electronic states

The QC laser structure is a multiquantum well heterostructure composed in our case by
lattice matched InGaAs/InAlAs material grown by MBE technique. The wavefunction of an

electron in a quantum well can be described by the envelope function formalism as [75, 76]

W) =Y Gl P, 5 (7) (2.1.1)

where (,(7) is the envelope function and u, i the part of the Bloch function corresponding
to the lattice crystal period. As we are only interested to the conduction band, the total
eight band model (with the heavy-hole, light-hole, split-off valence bands and the spin-orbit
coupling) is simplified by a two-model band where one effective valence band only is coupled
to the conduction band [77].

Assuming the Kane approximation(the in-plane wavevector EH = (ky, ky) = 0)[75] and the po-
tential dependence in z-direction only (L to the layers) in a heterostructure, the equation can

be spatially decoupled. Including the non-parabolicity [78] in terms of an energy-dependent

14
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effective mass m*(F, z) = m*(0)(1+ E_E—V(Z)), the Schrodinger equation can be written in one
G

dimensional form

(s g TV R)U() = Bv(z) (2.1.2)

where m*(0) and (E-V(z)) are the effective mass (values of 0.043mg and 0.072m for InGaAs
wells and InAlAs barriers, respectively) and the energy of the eigenstate, respectively, mea-
sured from the bottom of the conduction band, and E¢ the energy gap of the material (0.79
eV).

Assuming a weak interaction with the valence band, the conduction band wavefunction is a

good approximation of the electron wavefunction (¢(z) = ¥¢(z)). By applying the continuity

1 dipe
*(E,z) dz

at the interfaces of 1. and of — [75], the numerical solution of this equation predicts
the correct energies with an accuracy of a few meV.

The problem of this assumption is that the computed conduction band wavefunctions are
not orthogonal. This implies the solution of the general two-band model to derive the

normalization in accordance with the valence band written as[77]

v
<wc,¢ b ‘ wc,j> =1 . (2.1.3)

E-V(z
The dipole matrix element, relative to the optical coupling between states, is thus defined

by the following form

d 1 n 1
dzm*(E;,z)  m*(E;, z2) dz

h
Zij = m<wcﬂ 77/}0,]> . (214)

The effect of the applied electric field on the heterostructure is taken into account in the
program by dividing the potential in very thin steps and enclosing the whole structure in a
large quantum well.

In the mid-infrared range (5-10 pm), for high energy states in the active region, and an
assumed thermal population, the states are weakly influenced by the doping. However, if we

consider the injector/relaxator states to determine the free-carrier intersubband absorption,
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then the doping is relevant. To be complete, the Poisson’s equation is used self-consistently

to take into account the doping of the structures.

2.2 Electron-phonon relaxation

The non radiative intersubband transitions are generated by electron scattering to an optical
phonon, an acoustic phonon, an other electron, the interface roughness or an impurity. The
main scattering mechanism for a subband separation larger than the optical phonon energy
hwro is given by the optical phonon scattering. In this particular case, the scattering rate
7, for bulk optical phonon emission between the subbands i and j, computed using the

electron-optical phonon Frohlich interaction (with EH = 0), is given by[79, 80, 81]

1 melwro ,

— = —— 2 [ dz | d2i(2)i(2)e” W (2 (2 2.2.5

— =t [ ax [ aute Yi(2 )05 (225)
where ¢;; = W is the momentum exchanged in the transition with E;; = E; —
E; the transition energy. e, is defined via ;' = 3} — ¢!, where e, and &, are the

high-frequency and static relative permittivity of the material. The estimated lifetime in
InGaAs/InAlAs material for a subband spacing equal to the optical phonon in a 10 nm
square well is 7 ~ 0.25 ps and is in good agreement with the experiment [?].

As we are interested to high temperature operation, the dependence of the scattering rates

of an optical phonon with temperature can be approximated by

1 1
=(14+n)— (2.2.6)
7i5(T) Tij
where n = (em;vLTO — 1)~! is the Bose-Einstein factor. For the phonon absorption scattering

rates, a similar treatment can be followed by changing the expression ¢;; in Eq. 2.2.5 into
¢ij = W and the coefficient (14n) in Eq. 2.2.6 into n.

As a conclusion, the shortest lifetime is obtained if the two subbands are separated by
exactly one optical phonon, corresponding to a low momentum exchanged. This property

is exploited in QC laser design to allow a fast electron escape from the lower state. As a
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result, the decreasing of optical phonon lifetime with temperature (similar for bulk material)
strongly influences the QC laser performances (as shown in section 2.4.1, the threshold

current increases and the slope efficiency decreases).

2.3 Electron-photon interaction

2.3.1 Spontaneous emission, absorption and optical gain

According to Einstein’s equations and Fermi’s golden rule, the radiative rate for spontaneous
photon emission 7., induced by an electromagnetic field is[82]

2
1 STl g (2.3.7)

PO 3reSeghid Y
where nesp = \/z-:/_so is the refractive index of the medium and z;; the dipole matrix element.
The selection rule leads to the result that only an electromagnetic field oriented in the growth
direction can induce an electronic transition (TM polarization).

Assuming a Lorentzian shape (homogeneous broadening), the peak material gain, or absorp-
tion, between subbands i and j can be written as[82, 83]:

4rre? 5

_ R —— 2.3,
Gy = g m) (23.8)

where 27;; is the full width at half maximum of the transition in energy units (determined
from the luminescence spectrum), L, the length of a period of the active region, n;; are the
subband electron sheet densities, and A the emission wavelength. The peak modal gain G, is
defined as G, = GI', where the confinement factor I' = I', N, is the product of the number
of periods and the overlap factor. The gain cross section g. corresponds to the product of I'
with the overall Equ. 2.3.8 without the differential population term.

Following this expression, we see that a population inversion has to be engineered in order to
obtain gain between subbands. The condition for a laser oscillation in an optical resonator
is realized when the gain overcomes the total losses (G,, = ). In a semiconductor laser,

the losses originate from two sources; the mirrors that ensure an optical feedback and the
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waveguide. The mirror losses «,, = —%lnR are characterized by the facet reflectivity R
and the length L of the resonator and can be reduced by facet coatings or the device length.
The waveguide losses «,, originate from free-carrier absorption, which can be calculated
using the Drude model (with scattering time 7 = 0.2 — 0.5ps[84]), and the intersubband
absorption at the laser wavelength. To minimize the optical losses, the doping region around
the waveguide and the injector, where most of the electron density of each period resides,

have to be carefully designed.

2.3.2 Linewidth enhancement factor «

The linewidth enhancement factor, also known as Henry’s a-factor is:

_ Ox,/On

=3 o (2.3.9)

where x = x, + 7x; is the susceptibility and n the carrier density in the active region. Ac-
cording to a fundamental theorem of the theory of complex variables, the real and imaginary
part of a complex function are related by the Kramers-Kronig transformation. The relation
of the susceptibility x with the complex refractive index ncomp, 50nzomp = 1+ x, make the
link with the other parameters used in this chapter.

This a parameter accounts for the effect of carrier density fluctuations n on the optical
electromagnetic field. In particular, C. H. Henry has shown that the spectral broadening
exceeds the Schwalow-Townes linewidth by a factor of 1+a? [85]. The increase in laser noise
represented by « is due to the fact that the random modulation of the carrier density by
spontaneous emission must also modulate the index of refraction and thus the frequency of
the interband semiconductor medium.

It is thus no surprise that a deliberate modulation of the carriers by a radio frequency current
should have a similar effect. In particular, under a direct sinusoidal current modulation

(AM), a frequency modulation (FM) proportional to « is added to the expected emitting AM

spectrum. This FM, called frequency chirping, is considered undesirable for long-distance
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and high-bit-rate optical communications systems. In contrast, this effect can be exploited to
perform a direct measurement of a by a deliberate current modulation of the lasers (Chapter

6). For interband semiconductor lasers, a values are commonly between 1 - 8 [86].

Xi Xr

AXT: 0 k
E
‘\/ n
n+An

Figure 2.1: Dispersion of the electronic subbands in k-space a)imaginary part x;
and b) Real part x,. of the susceptibility variation that occurs for a carrier density

variation in intersubband transition

In contrast, a should be zero for intersubband lasers as they show a narrow and symmetric
lasing gain spectrum similar as gas lasers. This can be confirmed by using the Kramers-
Kronig transformation of the gain curves to obtain the refractive index change as shown
in Fig. 2.1. We see that the expected refractive index change y, will be zero at the gain
peak. As a result, the expected linewidth enhancement factor is zero in a QC laser structure
designed to lase at the gain peak curves. Consequently, QC lasers should have a negligible
chirp, and thus their optical output should have a negligible FM with a modulating drive

current.
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2.4 Carrier transport

2.4.1 Rate equations: threshold current

The transport across the active region can be described by the rate equations of a three level
system as illustrated in Fig. 2.2. The sheet densities and respective estimated nonradiative
rates of the lower and upper lasing states are ng, 7 = = 75;" + 7'2_2-1 and ng, 75 1 — 7'3_21 + 73_11,

respectively. For a photon density S per unit length per period, the rate equations read [?]

dTLg J 3
— = ——— —5g:n3 — 2.4.10
dt e T3 Gel(ns = 12) ( )
an ns Ny — ngherm
— = — +5g:(ng —n2g) — 2.4.11
It P + 59c(nz — n2) . ( )
ds c n
— = [(ge(ns — n2) — Qor) S — B——) (2.4.12)
dt n@ff Tspon

where nf**™ is the thermal population of the lower lasing state. The contribution of sponta-

neous emission to the photon density is neglected since only a very small fraction (=0.001)
of the spontaneously emitted power enters to the lasing mode. By setting the left side of
the equations equal to zero, and attributing a zero value of S, we obtain a relation between
the upper state population n3 = J73/e, the electrical pumping, and the population inversion
ng —ng = %(1 — ;—22) — niher™ from the two first equations, respectively. This latter relation

shows that lasing can occur only for 735 > 7. This means that electrons must be supplied

at a rate greater than their rate of loss due to intersubband relaxation.
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Figure 2.2: three level system in the active region followed by the relax-

ation/injection region.

The threshold current density derived from the equation of population inversion with the
condition (n3 — ng)g. = qu can be written as follows
1 (aor/ge +nt™)

Jth:e—
T3 1—7'2/7'32

(2.4.13)

The slope efficiency per facet can also be deduced by a similar treatment and is given by

dP 1 as 1 _h o dS

Y INhwa, 2 = Sy Om O 9.4.14
P T T o + v d ( )

I 2
where hv is the laser photon energy. Although the individual carrier numbers can increase

above threshold, their difference stays constant.

2.4.2 Photon-assisted tunnelling transition: maximum operating

current

The resonant tunnelling transport of electrons between the injector g and the upper lasing

state 3 was first derived by Kasarinov and Suris [8, 7, 87], and is described by (from density
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matrix formalism)

2|Q|271
= ¢N, 2.4.15
J=a 1+ A7} + 4|QPP 77, ( )
hA = Ey — B3 = ed(F — F,),d = | 299 — 233] (2.4.16)

where 2h|Q)| is the energy splitting at resonance between the ground state of the injector
(level g) and the upper lasing state, AA is the energy detuning from resonance, d is the
spatial separation between the centroids of the two electron probability distributions, F is
the average electric field applied over a distance d, and F;. is the electric field which brings
the upper lasing state and ground state of the injector in resonance. The time constant 7,
is the relaxation time for the momentum in the plane of the layers. The sheet density N
is the electron density in the energy injector level g. The maximum attainable current is

obtained at resonance if A = 0.

2.5 Direct intensity modulation

2.5.1 Rate equations: frequency response

Based on the short lifetime involved in intersubband transitions, a QC laser possesses unique
high-frequency characteristics. In particular, a theoretical direct intensity modulation in the
terahertz bandwidth regime without relaxation oscillation frequency has been suggested
using the second-order system model [88,; 89, 90]. These properties are promising for high-
speed free-space optical telecommunication or time resolved spectroscopy. On the other
hand, by modulating a laser, we can measure directly the a factor as outlined in the following
section.

An approximate expression using simplified rate equations (Eq. 2.4.12) to examine the
direct intensity modulation of QC lasers is derived [89, 90]. The rate equation is simplified
with the assumption that the second-level population is negligible (only the upper radiative

state is considered with a population n). Thus, as is standard for small signal approach,
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the current term J = Jy + J; exp(i2t) splits into steady-state and dynamic terms varying
at the modulation angular frequency €2. The current modulation defines as well the small-
signal deviation n; and S to the carrier population and the photon density steady-states
by n = ng + nyexp(iQ2t) and S = Sy + Sy exp(i€dt). Inserting the following expression in
Eq. 2.4.12 leads to

J 1 1
iQny = 2 —Sgny — (—+ —)m (2.5.17)
€ 73 Tstim,
1
NG = — (2.5.18)
Tstim Tphot Qtot

-1

where 7., = .5 is the stimulated lifetime and Tohot = ﬁ

i Qo the photon lifetime. Solving

these coupled equations for n = %(Q) leads to

Q) — € Tstim Tphot Qtot 2.5.19
M) = i ) - 1 o
T32 Tstim Tphot Tstim

As a result, the QC laser modulation response is that of a second-order system. This
expression is quite general. In fact, it looks like the response of interband lasers provided
that the lower laser state has a negligible population [?]. However, the important quantitative
difference concerns the value of the carrier lifetime. To convince ourselves, let us write the

two poles of the laser modulation response in the following complex frequencies form

0 =Lty ):I:\/ L Aty (2.5.20)

2T Tatim Tstim Tphot 4 T34 Tstim
For interband lasers, the poles are purely real because the photon lifetime dominates (7pnot =
1ps), with an upper lasing lifetime estimated to Tpn =~ 4 ns). As a result, relaxation
oscillation frequency appears in the modulus square of the frequency response (Eq. 2.5.19)
as reported in Fig. 2.3. In contrast, due to their ultrashort carrier lifetime (734 is around
the picosecond), QC lasers have typically purely imaginary poles. Experimentally, a laser
with a low constant driving current was used and a stimulated time of 7y, ~1 ps was

calculated. Compared to interband device, the frequency response shows a comparable
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maximum modulation frequency without oscillations. However, as the stimulated time 7,
can be reduced by the increase of the power, it should be possible to have lower stimulated
lifetime and thus laser modulation at frequencies around 1 THz. In this configuration, we
show that our simple model predict modulation frequency up to 10 times higher than the

one of diode lasers as illustrated in Fig. 2.3.

10g
1E E
E - -
N 01E Tstim x1000=T32 x1000=Tphot=1 ps E
= Tstim/10=T32=Tphot=1 ps 3
B —— Tstim=T32=Tphot=1 ps ]
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0.001
10° 10° 10° 10° 10"
Q [Hz]

Figure 2.3: Frequency response of the QC laser by small-signal analysis. In the limit
of very long scattering time 735 (1 ps), the typical resonant frequency response of a
conventional diode laser is achieved. Due to their ultrashort carrier lifetime 734 (~ 1
ns), no frequency oscillation appears in the response of QC lasers. Based on the simple

model, maximum operation up to 1 THz is expected.

2.5.2 FM added to AM

In diode lasers, the direct current intensity modulation (AM) introduces three main frequency
modulation (FM) sources in the optically measured intensity spectrum: the temperature and
carrier-density effects which are changed with the injection current (dependent on the modu-
lation frequency), and the carrier-density variation associated to the linewidth enhancement

factor a (see sect. 2.3.2). If the FM induced by temperature observed in interband lasers
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below about 100 MHz [91] is also expected in QC lasers (details in sect. 2.5.4), the spatial
carrier-density variation in terms of free carrier plasma and anomalous band-edge absorp-
tion dispersion effects are neglected for the latter. Based on one type of carrier only and
intersubband transitions, the number of free carriers is assumed to remain almost constant
and band-to-band effects are ignored. Consequently, for frequencies higher than 100 MHz,
only the last FM source is expected for QC lasers and is detailed in the next section.

In Fig. 2.4 are summarized the amount FM modulation induced by an AM modulation.
These effects are discussed in the case of intersubband transitions in following sections.
They are derived from the rate equations, a simple thermal model and the calculation of the
field in the laser cavity. Only the thermal effect for low modulation is expected, otherwise

an optical AM modulation is predicted for QC lasers.
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Figure 2.4: The FM amount of modulation induced by an AM as well as the
associated phase are described for a) an intersubband and b) an interband laser.
In green are the characteristics associated to ﬁ:—%am (where « is the linewidth
enhancement factor), in blue is the carrier dependence (carrier plasma or band
edge absorption), and in red is the thermal behavior (heating due to the current

for low modulation frequencies))

2.5.3 Electromagnetic field equation: o added FM to AM re-
sponse

Derived by C. Harder and coworkers [92], the steady-state sinusoidally modulated solution
of the field in a cavity mode is
E,.(t) = Ei[1 + % cos(2t)] cos|wit + B cos(2t + )] (2.5.21)

where F) and w; are the amplitude and the frequency of the field, respectively, and v is

the phase. The parameter § = —%am is the phase modulation index and is proportional to
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the linewidth enhancement factor o and to the intensity modulation index m. Due to the
coupling of gain and refractive index through the Kramers-Kronig relation, an FM propor-
tional to the linewidth enhancement factor and thus to the phase modulation g appears in
the field equation. This expression suggests a simple way to obtain the exact direct value of
a by measuring the relative sideband strength in the frequency spectrum. A phase =0 is

calculated for diode lasers as well as for QC lasers.

2.5.4 Simple thermal model: thermal FM

In fact, the change of the refractive index with temperature is used in DFB QCL’s to tune
devices. It is thus quite clear that FM modulation originates from thermal effects due to the
device heating by the current modulation. A simple thermal model is proposed to understand
this behavior. The thermal equation is simplified by assuming that only the active region is

heated by the modulated current and is given by

AAT) _ L npip (2.5.22)

eV ot Ry

where AT = T, — Tynk is the difference between the active region temperature T, and
the heatsink temperature Tj,.. The absorbed heat has a value of C'V, where C' is the
heat capacity per unit volume for active material and V' is the active region volume. The
dissipated power is characterized by a thermal resistance R;,. The heat generation power is
P=Uqclgc+APexp(2t). The amplitude of the time-dependent part of the electrical power
dissipated in the device is assumed to be AP = Fly,4(Ude + %Idc), where Ug. and 4.
are the operating voltage and current, respectively, I,,,q the modulated current, and ‘fi—(I] the
differential resistance.

Solving the equation by substituting the homogeneous solution of the temperature difference,

AT = Ty(t)exp(

VB It%th ), the general solution yields

Tact = Tsink + Uchchth +

2 nod(Ude + L I,
3 fmoa(Uac + grlac) (Qt—z> (2.5.23)

QCcv

The calculated phase difference between induced temperature T,. and the power source P
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is . This phase difference is attributed to the time delay between the temperature response
and the current modulation and is similar to the measured and calculated value for diode
lasers[93].

On the other hand, the optical frequency deviation is given by the derivative of the frequency
modulation form in Eq. 2.5.21 and can be written as Av = %Qﬁtherm. The parameter Siperm
is attributed to the parasitic frequency variation induced by thermal effects added to the
carrier-density variation represented by the parameter g = —%ozm. For small modulation
frequencies, this term is related to the temperature induced modulation frequency Av=
g—:’;(Tact — Tyink), where %g—; is the fractional change of the refractive index. The solving of

the to last expressions yields

mlmod(Udc + %]dc) v
ﬁtherm =7 a
Q20V oT

(2.5.24)
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Figure 2.5: Thermal chirping due to the modulation current heating

This expression is used to simulate the experimental data in Fig. 6.6. The used values for
our experiment, with the distributed feedback laser described in section 4.4, are I,,,q=72

mA, Uge =89V, I4e =0.316 A, &4 = 5 Ohm, C = 1.7 JK~'em™ [94], V = 6.3-10% cm?,

’ o dl
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%g—; = —6.8-107° K~'. The result of this calculation is reported in Fig. 2.5. The thermal

effect due to the modulation is observed up to 100 MHz.



Chapter 3

Two-phonon resonance QC lasers

emitting around 9.1 ym

The optimization of the quantum design focused initially on obtaining devices operating at
room temperature with low threshold currents. A particular success was the two phonon
resonance active region design which avoids both electron extraction bottleneck and thermal
backfilling. The objective of this part of the work was to obtain low threshold current
density QC lasers by studying the influence of interface roughness and doping concentration
on InAlAs-InGaAs/InP laser performances. As a consequence, the pulsed threshold current

density at 300 K dropped to a value of 3 kAcm 2.

30
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3.1 Two-phonon resonance design

Injection barrier

Narrow QW/barrier pair
Minigap
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Electron
injection
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Figure 3.1: Schematic conduction band diagram of one stage of a QCL de-

sign for 9.1 pm emission. The moduli squared of the relevant wave function
are shown. The layer thicknesses (in angstroms and starting from the injec-
tion barrier) are as follows: 40/19/7/58/9/57/9/50/22/34/14/33/13/32/15
/31/19/30/23/29/25/29/ where IngseAlgssAs barrier layers are in bold,

Ing 53Gag 47As well layers are in roman, doped layer are underlined. The Si sheet

density is 2.5 - 107 cm 3.

To reduce the room-temperature threshold current density, active region designs based on
a double-phonon resonance and bound-to-continuum transition were developed. In these
structures, the injection and extraction efficiency to and from the active region were signif-
icantly improved by means of wave function engineering. We present here a QC laser with

an active region based on a double-phonon resonance[25] and designed for a lasing transition
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at an energy of 135 meV (corresponding to 9.1 pm).

The typical schematic conduction band diagram of one period of the active region (S1850)
is displayed in Fig. 3.1. Assuming a radiative lifetime based on the emission and absorption
of bulk optical phonons, a computed value of 7, = 0.48 ps is obtained. A double-phonon
resonance between the coupled three lower lasing energy states (levels 1,2 and 3) on the
lower radiative state 3 leads to a short electron lifetime m=[r3," + 75,']7'=0.18 ps and
an efficient extraction. The reduction of the so-called electron extraction bottleneck using
the double-photon resonance design was demonstrated with a model that included optical
phonon emission and extraction into all points in k-space[26]. This design takes also advan-
tage of the 3QW active region with a thin first injector well that guarantees a high injection
efficiency and prevents an important overlap of the wave functions of the injector ground

state g with the lower lasing states.

3.2 Growth
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Figure 3.2: a) TEM image of a of the cleaved cross section of a quantum cascade laser
active region (sample S1850) composed by a part of an active region (grown by MBE)
and an upper cladding layer (grown by MOCVD). b) Enlargement of 3 periods of the

active region
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The two techniques used in this study for thin film deposition are molecular beam epitaxy
(MBE) for the core of the device, and metalorganic vapor phase epitaxy (MOVPE) to com-
plete the growth with waveguide layers. MBE growth of the samples was carried out by
Dr. Ursula Oesterle and Dr. Mattias Beck at EPFL Lausanne in the group of Prof. Marc
llegems, and by Dr. Marcella Giovannini, Dr. Mattias Beck and Mr. Nicolas Hoyler at
the University of Neuchatel in the group of Prof. Jérome Faist. The growth by MOCVD
was performed in the FIRST lab at ETH Zurich by Emilio Gini in the group of Prof. Hans
Melchior and Prof. Heinz Jaeckel.

The devices were grown on an n-doped InP (Si, 2 x 10" cm™3) substrate used as a bottom
cladding layer. After the lower waveguide layer (InGaAs, Si, 6 x 10'® cm™3, with 0.2um),
the core of the waveguide consisting of 35 periods of the active region was grown. The active
region is composed of sequences of lattice matched Ing 53Gag 47As/Ing 52Alp 4sAs layers. The
part of the structure grown by MBE was then completed with an upper waveguide layer
(InGaAs, Si, 6 x 10 cm™3, 0.3um thicknesses). The overgrowth by metalorganic vapor
phase epitaxy (MOVPE) consists of a top cladding layer (InP, Si, 1 x 10'7 em™, 2.5um
thickness), a top contact layer (InP, Si, 7 x 10'® cm™3, 0.85um thickness) and a cap layer
(InGaAs, Si, 2 — 3 x 10! cm™, 10 nm thickness). Thanks to Dr. Massoud Dadras, a

transmission emission microscope (TEM) image of the structure can be shown in Fig. 3.2.

3.3 Luminescence spectra

Low temperature luminescence spectra (device S1840, same structure but different doping
4. - 10'7 ¢cm™3) are represented in Fig. 3.3. The emission wavelength of 138 meV is in
good agreement with the design wavelength of the radiative transition energy. The large
dipole matrix element z4,3=3.0 nm of the radiative transition confirms that the transition
corresponds to a vertical transition. The dipole matrix element between levels 4-2 decreases
strongly with applied field while the transition from levels 4 and 1 is always very small (z4=1
nm, z4 <1 nm). The electroluminescence spectra correspond to a strong injection regime

and transitions from level 5 are experimentally observed. As expected, the transitions 4—2,
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g—3 and g—2 are strongly reduced with increased applied bias. In general, the luminescence
peaks confirm the strength and the location of the intersubband transitions. The full width
at half maximum (FWHM) of the radiative transition at low temperature is 12 meV.

Using a Lorentzian line shape with the single particle approximation[95], an in plane de-
phasing lifetime of 7,=0.07 ps is calculated. The dominant broadening mechanism of the

electroluminescence peak is attributed to interface roughness scattering[95, 96, 97].

4-3 4-253 4-15-2 5-1

7.25V, 50 mA
7.5V, 70 mA
7.75V, 100 mA
8V, 180 mA
9V, 530 mA
10V,1.0A
11V, 1.6 A
12V,22A

Intensity [normalized]

0 4 i |
|||||||||||||||||||

100 150 200 250 OO
Photon energy [meV]

Figure 3.3: Electroluminescence spectra with different applied voltage.
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3.4 Design optimization

3.4.1 Alloy disorder and interface roughness
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Figure 3.4: Schematic conduction band diagram of one stage of (a) graded and
(b) abrupt interface designs. The layer thicknesses of the wells and the barriers
of the active region are reported on the band diagram. The Si sheet density is
3.2 - 10 ecm™2. The potential calculated by taking into account of an interface

diffusion length of 0.3 nm is plotted in bold.

In order to study the interfaces of heterostructures, QCL’s based on digitally graded inter-
faces are compared to a structure with an identical 4 quantum well active region but abrupt
interfaces. Except for the interfaces, both types of devices are identical and based on a
double phonon resonance for wavelength emission at 9.1 ym. The term ”digitally graded”
means that each sharp interface in the 4 wells of the active region between an InGaAs well
and an InAlAs barrier and its neighboring +0.3 nm was replaced by a 0.1 nm InAlAs - 0.2
nm InGaAs - 0.2 nm InAlAs - 0.1 nm InGaAs interface. The schematic conduction band
diagram of one period of both active regions is displayed in Fig. 3.4(a) and 3.4(b) (cor-
responding to samples S1868 and S1840, respectively). Cross sectional scanning-tunneling

microscopy (X-STM) measurements have been performed on the graded and the abrupt in-
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terface structures in collaboration with P. Offermans and P. M. Koenraad[98]. A detailed
image of the active region of both structures is reported in Fig. 3.5(a) and (b), respectively.
The brighter and darker regions within and across the layers indicate the strong presence
of alloy fluctuations. These variations are causing strong interface roughness and strongly
decrease the effect of the intentional grading of interfaces. The thin barrier in the active
region, indicated by arrows, looks the same. In contrast, the injector barriers are clearly dif-
ferent. This is confirmed with the Fig. 3.5(c) where the averaged line profiles of the active
region are shown. Taking into account a diffusion model with a Lorentzian broadening at
interfaces with an assumed diffusion length of 0.3 nm, a new potential can be defined. The
conduction band profiles of the graded and abrupt interfaces calculated with the diffusion
model are plotted in Fig. 3.4 (a) and 3.4(b), respectively. The model reproduces the strong

difference of injector barriers as observed experimentally.
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Figure 3.5: STM image of the active region of (a) the structure with graded

interfaces and (b) the structure with abrupt interfaces. (c) shows the averaged line

profiles of the active region. With courtesy of P.Offermans and P. M. Koenraad.

In order to quantify the sharpness of the interfaces, the distribution of the gallium and
aluminium atoms across both interfaces of a 2.5 nm wide barrier is derived by using averaged
line profiles of the filled states images. Since the filled states of the sample surface are
imaged, the aluminum and gallium atoms themselves are not directly probed but rather
the electronic effects these two atomic species have on the surface arsenic atoms. The

aluminium distribution is determined by fitting with a concentration profile in the form
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of ¢(x)=1/2erf[(L/24x)/20,|+erf[(L/2-x)/20,], where L is the width of the barrier and o,
and o, indicates the sharpness of the interfaces of the barrier. Figures 3.6 show for both
QCL structures the aluminium distribution of a 2.5 nm wide InAlAs barrier with ungraded
interface. The analysis was done for profiles taken at different sample voltages and as
expected the counted aluminium distribution is independent of the bias. The FWHM of
the distribution for both structures is in agreement with the growth menu and in both
cases the interfaces have a gradient of 4 ML. This grading is caused by the large scale
alloy fluctuations attributed to indium segregation during growth. This means that any
additional digital grading of the interfaces of the active region will not have much effect
on interface roughness. On the other hand, the grading of the injector barrier changes the
injector thickness[99] and the well thickness[95] and prevents to identify the effect of interface

roughness on device performance.

Aluminum Distribution

Figure 3.6: Aluminium concentration of a 2.5 nm barrier of the structure with
(a) graded and (b) abrupt interfaces. The aluminium concentration was derived

from averaged line profiles taken at three sample voltages. With courtesy of

P.Offermans and P. M. Koenraad.
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Two graded interface designs (see 3.4.1) with injection barriers of 4 and 3 nm, corresponding
to samples S1868 and N42, respectively, were compared to confirm the influence of injection
barrier thickness on performance for this kind of device[99]. Fig. 3.7(a) shows the normal-
ized luminescence spectra at cryogenic temperatures for both devices. The FWHM of the
luminescence peak decreases with the enhancement of the injection barrier thickness, due to
the smaller energy splitting at resonance 2h/2|, and increases the gain (Equ. 2.3.8). On the
other hand, the narrowing of the injection barrier improves the injection efficiency[100] be-
tween the injector state g and upper lasing state 4. In principle, this measure also increases
an undesired coupling of the state g with the lower lasing state 3, but fortunately, this tran-
sition was appearantly not affected by the injection barrier thicknesses used here. This was
confirmed by similar oscillator strengths derived from the corresponding luminescence spec-
tra. To confirm similar growth conditions of the two different MBE machines (S1840 from
Lausanne and N41 from Neuchéatel), similar luminescence spectra of two abrupt interface
samples grown just before the injector thickness study are displayed in Fig. 3.7(b). As ex-
pected, they exhibit literally identical luminescence spectra. Moreover, as shown in 3.4.3, the
dependence of luminescence spectra to the different doping concentrations for the radiative

transition is negligible.
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Figure 3.7: Luminescence spectra of (a) graded and (b) abrupt interface devices.
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3.4.2 Doping concentration

As seen in the previous section, it is difficult to systematically change growth parameters such
as interface roughness or background doping. Therefore, we studied the lasing properties
as a function of doping density. For four different sheet densities ng, one wafer per doping
level was grown: Si, 2.6 x 101, 2.1 x 10!, 1.5 x 10" and 1.0 x 10" cm™2 (corresponding
to the runs n67, n72, n69, and n71, respectively, with the same design illustrated in Fig.
3.1). A controlled experiment is guaranteed by a sequence of layers grown consecutively
under nominally identical growth conditions. A similar study based on GaAs/AlGaAs lasers
emitting in the mid-infrared region was presented in reference [101]. It demonstrated the
influence of free-carrier absorption on both the optical losses and the threshold current
density[102]. The effect of the doping concentration on the conduction band profile and the

resonant alignment was also investigated[103].
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Figure 3.8: Current-voltage and current-optical peak power characteristics of
3mm-long and 24 pm-wide lasers in pulsed mode at room temperature for four

different doping concentrations.

Average output power measured by a calibrated thermopile detector and voltage character-
istics as a function of current of four differently doped QCL’s are presented in Fig. 3.8. The
lasers were operated at a temperature of 303 K using 100 ns long pulses with a repetition
frequency of 100 kHz (Alpes Lasers TPG 128 pulse generator). Three lasers per wafer were
tested; their current densities agree within 10 % of each other. This small fluctuation is
attributed to variations of the laser ridge width across the processed samples. As expected,
the measured threshold current densities increase linearly with the doping concentration.
The samples with the smallest doping concentration (1.0 x 10* ¢m™2) show a threshold of
2.6 kA /cm? whereas the one with the highest doping density (2.6 x 10 cm™2) have a value
of 4.0 kA /cm? . Similarly, the maximum operating current increases linearly with the doping

concentration from a value of 7.2 kA/cm? (P4, = 460 mW) to a maximum value of 13.5
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kA/cm? (P40, = 1.2 W). The doping concentration therefore determines the laser’s dynamic
range in terms of current. The best laser performance results from a trade-off between high

output power and small current consumption necessary for continuous wave operation.
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Figure 3.9: The threshold current density Jrg is shown as open squares and the
maximum current density Jypgr as solid squares as a function of sheet densities
corresponding to the doping study (n67, n72, n69, n71). In solid lines, fitted
curves corresponding to an extrapolated doping offset of nyffser = 0.7 x 101! cm™2
added to the active region doping are shown. Open and solid circles represent

the threshold and the maximum current densities respectively of a laser grown

after a longer MBE running time (n120).

The linear dependence of the maximum current density Jypgr, which corresponds to the
negative differential resistance (NDR) for all doping concentrations, is shown in Fig. 3.9
(solid squares). The resonant tunnelling of electrons between the injector g and the upper

lasing state 4 was first derived by Kasarinov and Suris [8, 7, 87], and can be described by
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Equ. 2.4.15. The maximum attainable current is obtained at resonance if A = 0. According
to this expression, the linear variation of the maximum current with the doping concentration
suggests that the electron-electron scattering contribution to the upper state lifetime 74
is negligible. Similarly, the measured intersubband luminescence as a function of doping
density (see Fig. 3.12) shows no dependence of linewidth with the carrier concentration.
This suggests a constant in-plane dephasing lifetime 7, = 0.07 ps (According to the 17 meV
of the FWHM of the luminescence spectra). The sheet density N, in Equ. 2.4.15 is the
electron density in the injector ground state g. This electron density can be approximated
by Ns = ng - Nirans, Where ng corresponds to the total sheet density in the injector region
and Ny.qns to the density of electrons which participate to the transport in the active region.
The transport carrier density can then be written as Nyans = JTirans/q, where 7 is the time
of the electron transit in a period of the active region of length L, (59.8 nm). First, this
electron transport time was estimated to a value of 7y,.4n,s = 1.4 ps [104] by considering only
the transport by phonon after the first intersubband scattering event (by multiplying the

optical phonon emission time 7,;, (0.2 ps) with the number of optical phonon energy steps of

_FL
" hwro

— 1 =7, where hwro = 34 meV is the optical phonon energy). However, the total
transport time in the active region has to be considered, by adding the injection time of 1.53
ps, as reported and calculated by Faist [105].

By fitting the experimental maximum currents in Fig. 3.9 with a corrected value of 3.3 meV
for the energy splitting i|Q2|, we obtained a value of 7,.4,s=4.3 ps. The close calculated value
is in agreement with the experiment. The experimental data (solid squares) are shifted
relative to the theoretical curve which has a zero value for the maximum current (Jypr =
0) for an undoped structure (ns = 0). Consequently, an extrapolated n-type sheet carrier
density of nyprser = 0.7 x 10" cm™2 seems added to the active region doping. This additional
sheet density corresponds to a volume density of Ny = 0.8 x 107 ecm ™ and can be attributed

to an impurity background level in the MBE system.
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Figure 3.10: Peak power vs current of 3mm-long and 24 pm-wide lasers operated

at 363 K with 1.5 % duty cycle for four different doping concentration.

The dependence of the threshold current density Jry on the doping concentration (open
squares) is also linear as shown in Fig. 3.9. This dependence is not temperature dependent
as shown at 363 K in Fig. 3.10 with values of the threshold current density between 3.6 and 5.7
kAcem™2 (for 1.0- 10" and 2.6 - 10! em ™2, respectively). The optical peak power still reaches
275 (1.0 - 10'em™2) and 813 mW (2.6 - 10''em™2) at this high temperature. Assuming an
exponential variation of the threshold current density with temperature (Jrg ~ exp(T/Ty)),
we extrapolate characteristic temperatures Ty of 178, 175, 195 and 188 K (for 2.6 x 10!,
2.1x10M", 1.5x 10" and 1.0 x 10" cm™2 respectively), as shown in Fig. 3.11. These values are
uncorrelated to the doping concentration implying negligible electron backfilling of the lower
lasing state. Furthermore, the characteristic temperatures Ty agree with the model which
includes the temperature-dependent lifetimes (7(T)) due to thermal activation of optical
phonons. The model used for describing the variation of the threshold current density with

doping density is based on a rate equation approach[90] and corresponds to Equ. 2.4.13.
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In this expression, the total optical losses o = «,, + «,, are the sum of the mirror losses

abs

m (4.3 cm™!) and the waveguide losses a,,. The waveguide losses a,, = aundred 4 o

contain the losses of the undoped waveguide structure a*"4P°? and the calculated free carrier
absorption losses for the different doping concentrations o (35, 29, 23 and 15 cm™! for
2.6 x 101, 2.1 x 101, 1.5 x 10* and 1.0 x 10 cm™2, respectively). The slope of the doping
concentration dependence of the threshold current density reported in Fig. 3.9 leads to close

experimental values of intersubband absorption of 42, 33, 25 and 17 cm™!.

The number
used in this computation are the emission wavelength A=9.1 pm, the modal refractive index
n=3.4, the full width at half maximum of the transition in energy units determined from the
luminescence spectrum 2v,;=17 meV, the dipole matrix element z43=3.0 nm, and the overlap
factor '=65%. The time constant 743=2.54 ps represents the lifetime of the transition 4—3
derived from the optical-phonon emission processes and 73=0.20 ps is the lifetime of the
electron in the lower state of the radiative transition. These values lead to a gain value of
ge= 4.2 107!, The thermal population in the lower lasing state n{*™™ can be neglected in
our case. Even when subtracting the doping offset n,s s = 0.73 X 10" cm™2 attributed to
the background doping of the MBE, the deduced value for the waveguide a*"#r¢d and mirror
losses vy, is 12 em™! (n, = 0). This large value is attributed to the high absorption of the
SizN, insulating film between the laser ridge and the top ohmic contact.

However, The slope efficiency of current-optical power characteristics (see Fig. 3.8) increases
with the doping density, in contrast to the expected trend due to the increase of the waveguide
losses ay,. The same effect was observed when measuring shorter devices (1.5 mm long): the

slope efficiency would decrease, in opposition to the expected trend. We attribute this

behavior to a sublinear dependence of the gain on the current density.
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Figure 3.11: Temperature dependence of threshold current density for different
doping densities. Characteristic temperatures T of 178, 175, 195 and 188 K (for
2.6 x 101, 2.1x 10, 1.5x 10 and 1.0 x 101 em ™ respectively) are extrapolated.

Electroluminescence spectra measurements for three different doping densities were per-
formed and are displayed in Fig. 3.12 (2.6 x 10", 1.5 x 10" and 1.0 x 10" cm™2). Mea-
surements were made by a Fourier transform infrared spectrometer (Nicolet 860), a mercury
cadmium telluride detector and a power supply (HP 8114a). The curves are shifted in en-
ergy by the ratio between the nominal and the measured active region thickness as measured
by X-ray diffraction. No correlation between the luminescence wavelength and the doping
concentration is observed in contrast to GaAs/AlGaAs materials[101]. Furthermore, the full
width at half maximum of the radiative transition is insensitive to the doping variation (16.8,
17.6, 16.6, 16.8 meV at 300 K starting from the lower doping concentration). These results
are consistent with a negligible contribution from electron-electron scattering to the transi-

tion broadening. The electroluminescence spectra correspond to a strong injection regime
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and therefore transitions from level 5 are experimentally observed. The only noticeable vari-
ation with doping concentration is a small increase in the strength of the 5—2 transition.
As this peak arises from hot electron transport, we could expect a slight increase of electron

temperature of the active region with reduced doping.
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Figure 3.12: Electroluminescence spectra from 180um x 180um square mesas
under an applied voltage of 9 V at 300 K for different doping concentrations of
2.6 x 10", 1.5 x 10and 1.0 x 10" ¢cm™2 (with current densities of 4.6, 3.7 and
3.1 kA /cm? respectively). The curves are shifted in energy by the ratio between
the nominal and the measured active region thicknesses as measured by X-ray
diffraction. Calculated transition energies are shown on the top of the horizontal

axis.
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3.4.3 Drift of performance due to the growth condition

Usually, the background impurity level tends to decrease with time in an ultra high vacuum
environment. In order to check this, a sample identical to n72 was grown after about 2
months of continuous operation of the MBE system. The measured values of Jypr and
Jrp of this device (n120) are reported in Fig. 3.9 (solid and open circles respectively). As
expected, both values are lower and correspond to a situation where no background doping
of the MBE appears (Ny = 0 cm™3). Considering the device n120 (2.1 x 10* cm™2) and
the sample n71 (1.0 x 10" ecm™2) with its added background doping (0.2 x 10" cm™2 and
1.0 x 10" em™ respectively), a comparable total doping concentration is obtained with a
similar threshold current density as shown in Fig. 3.9.

These investigations show clearly that optimizations in terms of doping density, thickness
of the injection barrier, and abruptness of the interfaces are of crucial importance for the
correct functioning of high performance QC lasers. Even more drastically expressed, room
temperature CW operation of a QC laser is difficult or even impossible to achieve if these
parameters are not carefully adjusted to their optimal values. In the following chapter,
we will illustrate that besides, external parameters like junction-down mounting, correct
heatsinking, facet coating, and buried, low-loss waveguiding are equally important for the

demonstration of a laser to be used in everyday applications.



Chapter 4

Distributed feedback QC lasers

Certain applications quite clearly need single-mode lasers; in particular the narrow linewidths
which can achieved. In this context, the addition of a periodic structure in the waveguide
leads to a spectral selectivity as described by the coupled-mode theory in the first part of
the Chapter. However, like for the diode lasers for telecommunication, this concept was
already exploited in 1996 for QC lasers, where distributed feedback (DFB)-QC lasers have
been demonstrated at Bell Laboratories by C. Gmachl and coworkers [58]. The fabrication
of such devices, with an etched grating in the laser cavity, is outlined in the second part of
the Chapter.

Moreover, high resolution spectroscopy based on pulsed QC lasers is typically limited by the
fairly wide emission linewidth (~ 500 MHz) due to thermal chirping (discussed in sec. 2.5.4).
Therefore, room temperature CW operated devices with emission linewidths of a few mega-
hertz at 9.1 and 5.4 ym were developed in the last part of the Chapter. As the narrow stripe
fabrication is not sufficient for achieving CW operation at a wavelength of 9.1 pm, a buried

heterostructure device was realized.

4.1 Mode selectivity and temperature tuning

To understand the behavior of DFB laser structures, the main parameters of the coupled-

mode theory developed by H. Kogelnik and C. Shank [106] are outlined. The coupling
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constant, which defines the amount of feedback via backward Bragg scattering coupled to

the forward propagating light, can be written as:

™

Ao

K =

An + %Ag (4.1.1)

where An and Ag are the assumed amplitude modulations of the refractive index and the
gain, respectively. They are induced by the introduction of a periodic structure in the
waveguide. The Bragg reflection condition Ay = 2n.¢;A for a first order grating of periodicity
A determines the Bragg wavelength .

The product xL, where L is the structure length, has a strong influence on device perfor-
mances and a good trade-off between the threshold gain, the sidemode suppression ratio,
and the maximum power is usually found if x - L =~ 1.

By inserting the coupling constant in the scalar wave equation and solving the resulting pair

of coupled differential equations, we obtain the following transcendental equation

Gin — 10 = =%i-cosh(y-L)=r-coth(y-L) (4.1.2)

where « is the absorption index and v = k? — (a — i6)? the complex propagation constant.

Neff
C

The normalized frequency parameter 6 = AS = f— [y = (w—wp) measures the detuning
of the frequency w from the the Bragg frequency wy.

There is no general analytical solution of this equation. For special cases, however, numerical
solutions can be computed. Although index modulations imply also a certain amount of gain
modulation, our particular devices can usually be approximated by pure index coupling where
the single-mode yield can approach values of 50 %. In the particular case of an index-coupled
DFB laser, no resonance at the Bragg frequency wy can be observed and two modes on each
side of the stop-band are theoretically possible with identical threshold gain. In practice and
due to a slight deviation from the facet phase condition, single-mode operation is possible.
The change of the refractive index with temperature ﬁag% is used in DFB-QC lasers to

tune devices. The measured fractional change of the refractive index in QC devices is of the

order of %g—; = —7.0- 107°K~!. The temperature tuning is associated to the material and
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is assumed to be a constant parameter. Therefore, the operating wavelength increases with

temperature because the refractive index becomes larger.

4.2 Fabrication

Many of the steps for constructing a typical DFB laser are similar to those for constructing
a good Fabry-Pérot laser, except for the addition of a grating etched into the epitaxial
layers just above the gain region. The first realization was based on a surface grating and
has been reported in 1997 by Faist et al. [58]. It was a loss-coupled DFB in which the
grating was etched on the top of the device and covered with metal. A picture of a DFB
QC laser fabricated with a surface grating but without metal on the top is reported in
Fig. 4.1. Although DFB lasers with surface gratings are, among other amenities, quite
simple to fabricate, they suffer from their own specific drawbacks. The most important one
is the fragile top contact which tends to overheat, and which does not help very much in
distributing the heat.

Therefore, for high temperature CW operation, we defined a grating in the cavity as it was
first developed by Gmachl et al. [107]. This can be achieved by growing, in a first step, only
the active region and the waveguiding layers. The grating, holographically defined, is then
etched to a depth of 180 nm into the top InGaAs waveguide layer with a H3PO4:Hy049:H,0O
(2:4:6) solution. In a second epitaxial growth, the InP top cladding is grown, ideally in
an MOVPE system. The second InP growth is performed after a thorough cleaning of the
surface in concentrated sulfuric acid. Moreover, the top cladding should consist of the same

material as the lower cladding layer, thereby protecting the grating.
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Figure 4.1: Scanning electron microscope (SEM) picture of a DFB-QC laser
fabricated without epitaxial regrowth. With courtesy of D. Hofstetter.

4.3 DFB-QC lasers emitting around 9.2 ym

4.3.1 Narrow stripe performances

The epilayer (n120, structure similar as reported in Fig. 3.1 with 2.1 x 10" cm™ dop-
ing concentration) described in the previous Chapter was processed into 15 um wide ridge
waveguides using standard processing. The ridges were cleaved and soldered junction up on
copper submounts. The lasers were mounted on the cold finger of an No-flow cryostat. The
light from the facet was collected by a f/0.8 optics and the output power was measured with
a calibrated thermopile detector. CW operation of a back coated 3 mm long device is shown
in Fig. 4.2. The laser emitted 15 mW of optical power and exhibited a threshold current
density of 3.5 kA/cm? and a slope efficiency dP/dI of 75 mW/A at -40 C. In contrast to
devices at lower wavelength (i.e. 5.4 um), the narrowing of the stripe and back facet coating

was not sufficient to obtain CW operation at room temperature due to higher free carrier
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absorption (the Drude model predicts a dependence as a,, ~ A?). The reduction of the
waveguide losses by fabricating buried heterostructures is needed as explained in the next

section.
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Figure 4.2: L-I and I-V curves of a in CW mode measured at -40 C. The device

is back coated and junction-up mounted.

4.3.2 Buried heterostructure fabrication

In standard structures, the side walls of the etched laser ridges (H3PO4:Hy05:H20 (1:1:10)
solution) were covered by SigN, or SiOs deposited using plasma-enhanced chemical vapor
deposition (PECVD), which provided an insulating film between the top ohmic contact of
the laser and the n-doped substrate. Lower lateral waveguide losses (smaller An.ss) and
improved lateral heat dissipation can be achieved by substituting the dielectric films by
undoped InP. To this end, overgrowth of InP by selective lateral metalorganic chemical
vapor deposition (MOCVD) on ridges masked by SiOs was performed as illustrated in Fig.
4.3. This approach has the advantage that it yields a planarized structure for junction down

mounting and a smaller capacitance in perspective to high frequency modulation. Si3N, was
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deposited on top of the overgrown InP before contact metallization in order to inject current

only on the top of the ridge.

Standard processing Buried heterostructure (BH)

Figure 4.3: Standard processing compared to buried heterostructure configuration

standard

buried active

active region

Concerning the heat dissipation, we make the following reasoning[41]: In pulsed mode at
low duty cycle, heating effects are negligible. In CW operation, however, the active region
temperature T, is much higher than the heat sink temperature 7T5;,,; due to the high heat dis-
sipation during lasing action; T, can be related to the heat sink temperature by the thermal
resistance Ry, the voltage U and the threshold current Iy, via T, = Tyinp +U - Iy, - Ry This
model [108] corresponds to the constant part of the one derived in sec. 2.5.4. Assuming a con-
stant threshold voltage U and the phenomenological relation Jy,= Jy exp(Tyue/To), the max-
imum CW operating temperature Tyipnk maz can be expressed as Tsink maz=10[I0(T0Gn/JoU)-
1]. Following this model, the temperature dependence of the CW threshold current can
then be predicted from the one measured in pulsed mode. As a result, a high value of the
characteristic temperature Tj as well as a good thermal conductance Gy, are needed for high
temperature CW operation.

The choice of a buried stripe greatly improves the heat transport and the thermal conduc-
tance Gy, by allowing heat flow towards all sides from the active region. Additionally, the

narrow-stripe geometry also decreases the total amount of strain that builds up in a mate-
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rial subject to a very strong temperature gradient. Indeed, the results from a simulation,
done with a commercial finite-elements differential equation solver (PDease2D, [41]), of both
thermal transport and thermally induced stress lead to the same conclusions (Fig. 4.4, A)
and B). A thermal conductance of 820 W/Kcm? is predicted for a buried, 12-ym-wide, junc-
tiondown mounted device, as compared to the calculated value of 510 W/Kcem? for a 28-
pm-wide, ridge, junction-downmounted device. Similarly, the maximum thermally induced
shear stress that builds up at the edges of the active region (Fig. 4.4) decreases from 22
MPa in the ridge device to 3.6 MPa for the buried structure.

A) Temperature B) Shear stress

AT (K) 5 (MPa)

Figure 4.4: (A)Computed temperature contours around the active lasing region of
the buried heterostructure QC laser at room temperature. The solid lines display
the geometry of the different materials used in the simulation, and the dashed
lines represent the geometry of the laser. (B) Computed thermally induced stress
in the active region. The maximum stress occurs at the corner of the active

region.

Unfortunately, the growth of lateral i-InP material can induce leakage currents. An estima-
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tion of the current which flows through the side of the active region in lateral overgrowth
geometry is given by the space in short n-i-n structures. As reported by A. A. Grinberg
and S. Luryi [109], the current through an n-i-n structure with equal donor concentration
N (10" cm™3) in both n layers and an intrinsic (i) base of thickness Lyeive (2 pm) in the

approximation of high field regime takes the form

J=-= (4.3.3)

where J, V, and L are the dimensionless current density, potential, and thickness respec-

tively. The expressions for the potential V= % and the thickness L = Lgctive /

eeokT
e2N

are
converted in MKSA units (by changing the factor ﬁ — ¢o and the Boltzmann constant
k[CGS]—k[MKSA]). Values of 386 and 148 are calculated, respectively, assuming a bias
V=10V and a temperature of T=300 K. The current density is given by J = JNukT/ %
and a value of 40 kA /cm? is found for a mobility g = 3000 cm?/Vs.

As a result, improving the structure by introduction of a buried heterostructure led to an
intrinsically high leakage current. The interface between the laser ridge and the overgrowth
seems to be a key parameter since we can attribute to it an increase or decrease of the
leakage current. This can explain the difficulty to reproduce the first performance of buried
heterostructures presented in the next section. Current-voltage characteristics of some of
fabricated, but non-lasing buried heterostructures and the laser of the next section are re-
ported in Fig 4.5. The estimated leakage currents in these experimental structures are not as
high as the simple model predictions, but they were nevertheless sufficiently large to prevent

these structures from lasing. However, this problem was solved by doping the InP lateral

overgrowth of the buried heterostructure with Fe™ [55].
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Figure 4.5: Current-voltage characteristic of non lasing buried structures

4.3.3 BH QC laser performances

The first above room temperature CW operated QC lasers (S1850) were based on a double-
phonon resonance active region and fabricated as narrow stripe, planarized, buried het-
erostructure devices. The laser structure is identical to the one described in Fig. 3.2.

To enable a large temperature tuning range, lasers were mounted on the cold finger of an
Ny-flow cryostat. As usual, the light from the facet was collected by an f/0.8 optics and the
output power was measured with a calibrated thermopile detector. Fig. 4.6 shows voltage
bias and CW optical output power collected from one facet of a 1.5 mm-long junction-down
mounted DFB laser. The laser emitted 18 mW of optical power, exhibited a threshold
current of 400 mA, and a slope efficiency dP/dI of 78 mW /A at T' = 180 K. The threshold
current increased up to 730mA for the maximum operating temperature of 7' = 250 K for

continuous wave operation, while the optical power was still 0.6 mW at 790mA.
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Figure 4.6: Voltage and optical power vs current of a 1.5mm-long uncoated DFB
laser operated in CW mode at various heat sink temperatures between 180 K and

250 K.

The emission of the laser can usually be tuned by changing either current or temperature.
A series of CW spectra was collected using a high-resolution (0.125 cm™!) Fourier trans-
form infrared spectrometer (FTIR) and a deuterated triglycine sulphate (DTGS) detector.
Single-mode emission was observed with a sidemode suppression ratio (SMSR) of > 27 dB
for the entire investigated temperature and current range as shown in Fig. 4.7. The full-
width at half- maximum (FWHM) is narrower than 0.125 cm™!, limited by the spectrometer
resolution. The emission spectra measured at a constant injection current of 680 mA and
at different temperatures between 180 K and 245 K revealed a linear tuning of the center
frequency from 1116.80 cm ™! to 1113.63 cm™! with a tuning coefficient 22« = —6.98 - 10~°
K=!. The refractive index deduced using the Bragg wavelength A\g and extrapolated to
room-temperature using this tuning coefficient is n sy = g—fz = 3.14. The difference with the
theoretical value of n.rs = 3.18 is attributed to an uncertainty in the refractive index of each

individual layer and the evaluation of the Bragg wavelength. At a constant temperature of
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203 K, the emission frequency shifts from 1118.48 cm™! to 1116.80 cm ™! for various drive cur-
rents ranging from 500 mA to 680 mA with a linear tuning coefficient of Av/AP = —0.764
cm~! WL Since the emission frequency is a function of the temperature (which changes
the averaged refractive index across the entire laser structure), we can deduce a thermal re-

sistance Ry, of the device with the above tuning coefficients using Ry, = 2% = 2% (A”)_l

AP — AP \AT
and find Ry, = 9.8 K/W.
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Figure 4.7: Series of high resolution CW spectra of the 1.5mm-long uncoated
DFB device as a function of the temperature (T = 203, 212, 219, 225, 232, 239
and 245 K) at a constant drive current of 680 mA (black curves) and as a function
of various drive currents ranging between 500 mA and 680 mA in steps of 30 mA
at a constant temperature of 203 K (gray curves). The curves are normalized to
the emission spectrum measured at 203 K, 680 mA. We deduced the two linear

tuning coefficients Av/AT = —0.078 em™' /K and Av/AP = —0.764 cm™" W1,

Following the model derived in 4.3.2 [41], the temperature dependence of the CW threshold
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current can then be predicted from the one measured in pulsed mode. The result of this pro-
cedure is displayed in Fig. 4.8. The small discrepancy between the measured CW threshold
current and the calculated curve is probably due to the strong trapezoidal shape of the laser.
The top width of the laser stripe is 6 to 8 ym and more than 18 pgm on the bottom of the
active region, as measured with an optical microscope. Using the trapezoidal shape of the
active region, the refractive index and the overlap factor resulting from the calculation are
respectively n.sr = 3.18 and I' = 46%. The effective index of the optical modes depends on a
weighted average of the temperatures of the whole structure (including claddings), whereas
the threshold current density will be controlled by the active region temperature only. For
such a shape, the effective thermal resistance of the device becomes higher than the one
extracted from the spectra. Moreover, narrow stripes will potentially lead to an increase of
the top contact resistance and to leakage currents. These effects can also explain the slightly
worse temperature behavior and the higher voltage bias of the DFB lasers compared to the

Fabry-Pérot (FP) lasers fabricated with the same epilayer [41].
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Figure 4.8: Threshold current as a function of heat sink temperature. The experi-
mental pulsed data (open squares) are fitted by the relation Iy, = Iy-exp(Toet/To),
with a characteristic temperature Ty = 164 K and I, = 99 mA (lower solid line).
Solid circles represent experimental CW threshold currents. The upper solid line
is the dependence of the CW threshold current as a function of the heat sink

temperature computed from the thermal model.

In Fig. 4.9 we present subthreshold continuous-wave luminescence spectra of the same device
at 180, 200 and 220 K. The envelope of the Fabry-Pérot fringes is centered at about 1116
cm~! with a spacing of the Fabry-Pérot modes of 0.98 cm~!. The Bragg reflector’s stopband
width is A(5) = 1.19 cm™" and located at 1120.3 (180 K), 1119.0 (200 K) and 1117.2 cm™*
(220 K). This allows us to deduce a grating coupling coefficient of K = AATngss/A? = 12
cm™!, using the experimental value of n.;; = 3.14. Based on the modal refractive index
difference Angpp = 1.1- 1072, we obtain k = Aneprm/2X =19 cm~!. The higher calculated
value can be attributed to non-ideal trapezoidal grating shape with less than 50 % duty-

cycle. With the length of the device (L = 1.5 mm), we get kL = 1.8 corresponding to a good
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single-mode operation efficiency and a SMSR of 30 dB [106] as obtained experimentally.
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Figure 4.9: Subthreshold CW luminescence spectra at 180, 200 and 220 K. The

curves are vertically displaced for clarity.

Because of the trapezoidal cross-section of the laser ridge, normalisation of the usual laser
parameters such as threshold current density per unit area is somewhat arbitrary. As a com-
parison, the FP lasers from the same epilayer [41], using the same mounting and fabrication
procedure, exhibit a linearly depending threshold current with laser width between 12 pm
and 28 pym. The threshold current of the DFB laser reported here is comparable to a laser of
9-10 pm width accepting such a linear behavior. But assuming the electrical scaling of the
current density versus the voltage curves with the FP lasers, the width of the DFB laser is
estimated to 6-7 pum, which actually corresponds to the top active region width. The higher
threshold current can be explained by the reduced overlap factor I' (46 %) of the strong
trapezoidal shape (see above) compared with the FP lasers (I' = 56%). Finally, supposing
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an identical thermal conductance as found for the FP lasers (Gy, = 574 W/ (K cm?)), the
thermal resistance of the DFB laser (R, = 9.8 K/W) gives a laser width of 11-12 gym. This
higher value can be explained by a large contact area between the active region and the

lateral InP regrowth resulting in a higher heat dissipation.

4.4 DFB-QC lasers emitting around 5.4 ym based on

a bound-to-continuum active region
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Figure 4.10: Schematic conduction band diagram of one stage of the struc-
ture under an applied electric field of 6.7 x 10* V/em. The moduli squared
of the relevant wave functions (in bold the upper state of the laser transi-
tion) are shown and the wavy arrow indicates the radiative transition. The
layer sequence of one period of the structure, in nanometers and starting
from the injection barrier, is 4.2/1.3/1.4/5.0/1.5/4.4/1.6/3.9/1.8/2.9/1.9/2.6/
2.0/2.3/2.1/2.2/2.3/2.1/3.0/2.1 where Ing44Alys6As barriers are in bold,

Ing sGag4As wells in roman and underlined numbers correspond to the doped

layers.
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The distributed feedback QC laser (Alpes Lasers SA, n419b12) used in the experiments of this
paragraph are based on a bound-to-continuum design[110, 26, 68] as illustrated in Fig. 4.10.
The heterostructure consists of strain-compensated IngsGag 4As / Ing 44 Al 56As layers on an
n-doped InP substrate [27]. 25 active periods were grown, containing the partially n-doped

injector region (Si, n = 1.0 x 107 cm™3) and an undoped four quantum-well gain region,
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Figure 4.11: a) Optical power vs current of a 1.5 mm-long, 18 ym-wide DFB laser
in CW mode for various heatsink temperatures ranging from -30 to 27°C and its
voltage vs current curves at -30 and 27°C. b) High-resolution single-mode CW
spectra as a function of temperature and injection current between -30 and 25°C

(from the right to the left). With courtesy of Alpes Lasers SA.
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The waveguide consists of an InGaAs bottom cladding layer (Si, n = 6 x 10'% cm ™2, thickness
0.2 um), followed by the active region, and an upper InGaAs layer (Si, n = 6 x 10'® cm™3,
thickness 0.3 pm), which is the host layer of the etched DFB grating. These layers are grown
by MBE and are followed by an InP top cladding (Si, n = 1 x 10'7 cm™3, thickness 2 um), an
InGaAs contact layer (Si, n = 7 x 10'® cm ™3, thickness 0.4 ym) and a highly doped InGaAs
layer (Si, n = 1 x 10" ecm™3, thickness 50 nm) grown by MOVPE. The DFB grating has a
period of A = 861.3 nm (n.rr = 3.129, at 26°C). After MOVPE growth, the DFB lasers are
fabricated into 12 to 18-um-wide ridge waveguide devices by standard lithography processes.
The substrate was then thinned down to ~ 150um, and back contacts were evaporated. We
then cleaved 1.5-mm-long bars and mounted them epi-up on copper heatsinks using indium
paste. The QC lasers are mounted in a TE-cooled holder (LLH200, Alpes Lasers SA),
the output power was measured by a calibrated thermopile detector and the spectra were
recorded with an FTIR (Bruker Vertex 70) equipped with a DTGS detector.

As shown in Fig. 4.11 a), a 1.5 mm-long, 18 pm-wide, junction-up mounted DFB laser
reaches a maximum operating temperature of 27°C with an output power of 1.2 mW and a
threshold current density of 2.01 kA /cm?. At -30°C, this device emits up to 54 mW with a
threshold current density of 1.28 kA /ecm?. The temperature dependence of the CW threshold
current density leads to a characteristic temperature of 7, = 170 K, which is comparable
with typical values in pulsed mode.

CW spectra collected using the FTIR are shown in Fig. 4.11 b). A single-mode emission
is observed over the entire investigated temperature and current ranges, with a sidemode
suppression ratio (SMSR) > 25 dB and a full width at half maximum (FWHM) narrower
than 0.2 cm™! limited by the spectrometer resolution. The monomode emission spectra
between -30 and 25°C reveal a tuning range between 1823.1cm~! and 1835.9 cm™!, i.e. over

12.8 em™! or 0.7%.
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4.5 Upper limit linewidth measurement

In the following paragraph, a method to define the upper limit of the laser linewidth is
presented. Spectra are commonly collected using a standard FTIR, with a limited resolution
of 0.1 em™! (3 GHz). In order to obtain a better measurement, the linewidth of a DFB-QC
laser is now measured by a heterodyne beating experiment.

In this experiment, which is schematically shown in Fig. 4.12, two collimated CW single
mode mid-infrared laser beams, which were emitted by two identical DFB-QC lasers, were
collinearly overlaid. After a common optical path length of roughly 1 m, the two beams were
focalized onto a fast Mercury Cadmium Telluride (MCT) detector (Vigo Systems, PEM-L-
3). The mixing of the two lasers results in a beating spectrum displayed on a spectrum
analyzer (Agilent E4407B). The beating frequency corresponds then to the difference of the
two optical frequencies and allows a measurement of Av down to the MHz range.

Similar devices as the ones presented in the latter section, with 1.5 mm-long and 14 pm-wide
mounted junction-up mounted chips emit a maximum power of 48 mW at a temperature

L to

of -30°C. Single-mode emission is observed at -30°C for a tuning range from 1828 cm™
1832 ecm™!. For the experiment, the two nominally identical devices are operated under
constant current of 461 mA at 263 K for the first laser (the reference) and of 316 mA at 243
K for the second laser (without the added modulation). The dc powers were generated by
stabilized current sources (ILX Lightwave, LDC-3744 and LDX-3232) and the temperatures
were controlled by Peltier coolers. Under these conditions, single mode emission at 5.46 um
with average optical powers of 5 and 10 mW respectively are observed.

The mixing of two beams is obtained by the overlaying of two parallel beams. The alignment
of the beams from far behind the beam splitter (~5 m) on a sensitive and small size cooled
detector guarantees parallel beams. In parallel, the optimization of the signal with a fine
adjustment of the beam splitter on a second removable detector close behind the latter
ensures an ideal overlap of the beams. The optical components are aligned with the help

of the reference laser, and then the test laser is superimposed by the use of the beam-

splitter. Finally, care was taken to avoid optical feedback in the QCL’s by introducing a
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slight misalignment to the fast detector.

The mixing of the two lasers results in a beating spectrum. Acquired at 100 MHz with a
sweep time of 5 ms and a resolution bandwidth of 1 MHz, a typical beat note has a full width
at half maximum of 6 MHz as shown in Fig. 4.13. The measured linewidth is attributed to

fluctuations in the drive current and, to a lesser extent, to the temperature stabilization.

Beam Splitter

Laser Box L~~~ Detector
Lens Lens
DC K7
Amplifier
Spectrum Analyzer
Laser Box Agilent E44078
Mirror
Lens
DC

Figure 4.12: Schematic drawing of the optical heterodyne setup. The two QCL
beams are overlaid from behind the beam splitter and until they reach the fast

MCT detector.

This measure is clearly an upper limit for the laser linewidth. Let us compare this value to

the calculated laser linewidth of our device by the formula[70]:

ThvAV? o, nog

Av =

14+a? 4.5.4
P Qgot Mot — nlt( ) ( )

where hv is the lasing energy, a4, the total losses of the cavity, «,, the mirror losses, P the
output power, Ay, = 5 the full width of half maximum of the cavity resonance, ny; and ngy
the populations of the upper and lover states of the laser transition at threshold, respectively,
and « the linewidth enhancement factor. Using the rate equation, the expression of the sheet

densities can be expressed as followed

(4.5.5)
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where 7, and 7, are the lifetimes of the upper and lower states, 7,;" the scattering rate from
level 2 to 1, ni"™ the thermal population of level 1, and Jy, the threshold current den-
sity. Introducing our device lifetimes in the latter expression leads to a Schawlow-Townes
linewidth on order of 600 Hz. Given the fact that Av measured is 10* times as large as
the theoretical linewidth Av, the linewidth determined by the beating experiment as shown
in this chapter must be broadened due to thermal effects. Based on standard temperature
tuning values of DFB-QC lasers, a temperature instability on the order of 3 mK can be esti-

mated. It becomes thus clear that an improved method for determining the correct linewidth

of such devices needs to be implemented, This will be done in the following chapters.
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Figure 4.13: RF spectrum of heterodyne beating between the two CW DFB QC
lasers mixed onto a high-speed HgCdTe detector.



Chapter 5

Direct intensity modulation of QC

lasers

Direct intensity modulation of QC lasers by modulating the injection current is investigated
in this Chapter. The main motivation for the realization of such a high-frequency setup
operating near room temperature and using Peltier cooling is the direct measurement of
the linewidth enhancement factor. This part of the work will be described in the following
Chapter. On the other hand, such a setup will also be interesting for potential applications
such as high-speed free-space optical telecommunication [111, 112] systems or frequency
modulation spectroscopy [113].

The high frequency generation limits of the laser housing used for these measurements were
first characterized with a narrow linewidth (5.4 pm) photovoltaic quantum cascade detector
operating up to 16 GHz and being developed in the group of D. Hofstetter and M. Graf.
Subtraction of the detector response measured in a direct modulation experiment from the
one obtained in a heterodyne measurement resulted in a ’housing characteristics’ for high
frequency generation. A simple electrical RLC circuit was used to explain the 2 GHz (3 dB
point) frequency limitation; it showed good agreement with the experimental data. Rather
than being based on the physics of intersubband devices (see Theory), the overall system
limitation is attributed to the QC laser top contact metallization as well as the inductance

of the bonding wires.
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For having access to a larger range of laser emission wavelengths (9.1 and 5.4 pm), a commer-
cial high-frequency infrared Mercury Cadmium Telluride (MCT) detector (PEM-L-3 from
Vigo Systems) was used in the following experiment. Limited by the electrical frequency
response of this particular detector, a direct intensity modulation was measured up to 700
MHz.

In order to increase this frequency limitation even further, an indirect detection based on a
commercial Silicon (Si) detector and a non-linear up-conversion in the form of sum-frequency
generation was performed. The realization of this experiment was carried out in collaboration
with the GAP Optic group of Prof. N. Gisin at Geneva University, by K. Karstad, A.
Stefanov, and coworkers. A modulation frequency up to 800 MHz at 9.2 ym was measured;
this encouraging result demonstrates the possible use of Si high bandwidth detectors, which

are well established in telecommunication systems, for mid-infrared detection.

5.1 High-frequency generation

_ biastee amplifier
I Iaser. detector |—]
| o | housing

amplifier Lens

spectrum analyzer

Figure 5.1: Circuit diagram of the experimental high-frequency setup

A schematic picture of the electronics of the direct high-frequency modulation system is
displayed in Fig. 5.1. To achieve a direct modulation, a small sinusoidal current modulation
is added to the drive direct subthreshold current via a Bias-T and is fed to the QC laser
packaged for a high-speed operation. Using lenses, the light output was transmitted to the
detector over a distance of 1 m. The resulting photocurrent was amplified and fed into a
microwave spectrum analyzer, where the modulation amplitude was measured.

Since cables, connectors, amplifiers, and generators were used well within their specified

frequency limits, the losses attributed to them are assumed to be negligibly small. In this
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configuration, the only contributions to frequency limitation are attributed to the laser and
detector packaging. The frequency limitation of the frequency generation system is first

calibrated by a high-frequency photovoltaic detector.
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Figure 5.2: (a) Frequency response of the photovoltaic detector by heterodyning
(black triangles) and the direct amplitude modulation experiment (red squares).

(b) Response of the frequency generation system (blue squares).
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A photovoltaic quantum cascade detector utilizes intersubband transitions [114]. The design
of this structure is based on an optical transition between two bound states in a single active
well. After vertical excitation, the electron in the upper state is injected into a phonon ladder
by resonant tunnelling. From there, relaxation into the ground state of the next active region
period takes place. The current is characterized by the transport of the excited electrons in
one direction only. The particularity of this detector is its narrow linewidth ensured by a
vertical bound-to-bound transition (reduced interface scattering). The transition energy is
adapted to detect the emission of a bound-to-continuum DFB QC laser emitting at 5.4 yum
(described in 4.4).

In order to achieve a high-frequency modulation with constant amplitude for the calibration
of the detector response, optical heterodyning was performed by D. Hofstetter and coworkers
(see measurement principle in 4.5). As illustrated in Fig. 5.2(a), a frequency limitation of
16 GHz was measured and attributed to the impedance of the contacting 2.5 mm bonding
wire. In parallel, a direct modulation intensity experiment was also performed with the same
detector as shown in Fig. 5.2(a). This latter experiment was obtained by the modulation
of the DFB-QC laser by a 3 GHz bandwidth transmitter (Rhode and Schwarz SMLO03) at
a temperature of -33 C with a dc current of 320 mA (8 mW output power). The collected
signal was amplified (MITEQ AFS-5, 26 dB, 21 GHz and HP83006, 26 dB, 26.5 GHz) and
acquired by a 26.5 GHz spectral analyzer (Agilent E4407B).

By subtracting the two curves (squares in Fig. 5.2(b)), the frequency response of the gen-
erating system is obtained. As the figure shows, the modulation response remains relatively
flat up to roughly 1 GHz. As discussed in the following subsection with a simple electrical
model, the observed modulation response can be explained entirely by the laser’s insufficient

high-frequency packaging.
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5.1.2 Laser high-frequency packaging

(a)

high-frequency
connector

(b)
launcher Lwire1 Lwire2 _— _ _ _ _
| I
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| I
© i

holder QC laser

Figure 5.3: (a) Photograph of the high frequency housing setup (b) and corre-
sponding RLC electrical model.

A picture of the laser housing is shown in Fig 5.3(a). The connection between the launcher
at the end of the 50-Ohm cable and the laser is ensured via the pad by bond wires. The
laser and the launcher are fixed on a copper piece screwed in the plate on the Peltier cooler
and can be removed for the bonding. The equivalent RLC circuit is displayed in Fig 5.3(b).
According to this model, the ratio between the measured bias and the modulated voltage as

a function of frequency, %(u}), can be described by:
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Uneas () = iwRCpaa( R + iwLyirea (1 + iwRC))
Umod' "~ R+ iwLyires(1 + iwRC) — w2 Lypire1 Cpag( R 4 1w Luirea (1 + iwRC'))

(5.1.1)

where w is the angular frequency, R=5 0 is the differential resistance of the laser, C the par-
asitic capacitance of the laser, and L,;..1 and L,;..2 are parasitic inductances of bond wires.
Due to its low value (measured a value of 4 pF) and the considered frequency limitation, the
capacitance of the pad C),q is negligible (confirmed with similar result obtained with C,q=0
in simulation). On the other hand, we can estimate the value of C, Lyre; and Lye2 based
on the physical dimension. For the capacitance of the laser with a surface of A=480x1500
pum? a thickness d=300 nm, and using SiO, as dielectric (e=7.5, £0=8.85x1071% A s/V m)
we get C=eeo(A/d)=166 pF (the capacitance of the active zone is on the order of 1.5 pF
and can be neglected). For a gold wire with a length of 1=3 mm and 1.5 mm, a radius
r=12.5 pum, and py=4710"" H/m, we get an inductance of L=(1/27)uol[In(21)/r-1]=3.1 and
1.5 nH respectively. Using the expression of the RLC circuit and these calculated values,
the frequency dependence of the packaging of the QC laser housing is plotted in Fig. 5.2(b)
and agrees with the experimental curve. Aside from a small resonance peak around 1 GHz,
which we ascribed to a too large estimation of C, the experimental data is well fitted by
the theoretical curve. On the other hand, the frequency limit is strongly depending on the
inductance of bond wires. Therefore, the presently used configuration is not ideal: due to
the height of the launcher, long wire bonds are needed to connect the it to the pad. This
height was initially planned to connect the launcher directly to the laser without damaging
the latter, but bad adhesion of the launcher resulted in a pad for the connection. For very
high frequency limits, an optimized impedance matching with microstrip lines should be

implemented.
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5.2 MCT detector

5.2.1 Large bandwidth detecor

For the purpose of having a detector with a higher room temperature sensitivity and a
larger detection wavelength range, high frequency experiments with a commercial Mercury

Cadmium Telluride (MCT) detector were performed.
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Figure 5.4: Frequency response of the MCT detector at 5.4 pm by heterodyning
(blue line) and the direct intensity modulation experiment at 5.4 (red squares)

and 9.1 pm (black triangles)

The MCT photodiode is an interband detector based on a semiconductor with a small
bandgap energy. Photons with an energy larger than the direct energy gap create electron-
hole pairs which are being spatially separated by the internal electrical field across the
p-n-junction. Relative to the size of the energy bandgap, the signal detection is in the 2-12
Jm range.

To exploit the spectrally broad detection capability, two direct intensity modulation experi-

ments were performed with a QC-BH-laser emitting at 9.1 pum and a QC-DFB-laser emitting
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at 5.4 pm (similar to those reported in 4.3.3 and 4.5 respectively). The laser emitting at
9.1 pm was modulated (Marconi 2022, 1 GHz, and a 50 dB amplifier, with a total peak to
peak amplitude of 0.79 V) at a temperature of -20 C with a constant current of 870 mA.
The signal acquired by a 3 GHz spectrum analyzer (Agilent E4402B) after an amplification
of 38 dB (Sonoma Instruments 317) is reported in Fig. 5.4. As a result, a cut-off point at
763 MHz is obtained.

A similar detection scheme was used for the modulation experiment (Philips PM 53905, 1
GHz, and a 50 dB amplifier, with a total peak to peak amplitude of 0.4 V) using the 5.4
pm wavelength laser operating with a dc current of 316 mA at a temperature of -30 C. The
cut-off frequency of 380 MHz obtained in this latter experiment, see Fig. 5.4, does not agree
very well with the measurement at 9.1 pum. The exact reason for this behavior is not clear
yet; however, in order to separate at least the influence of the detector itself onto the above
experiments, we made an optical heterodyne experiment with one of the lasers.

For this purpose, two similar 5.4 pum wavelength QC-DFB lasers were used (setup and
lasers described in 4.4 and 4.5). The comparison of the detector response under optical
heterodyning with the one under direct intensity modulation in Fig. 5.4 demonstrates that
the frequency limitation is in this case mostly due to the detector. This behavior confirms
also the calibration of the high frequency generation with a flat modulation response until

1GHz (Fig. 5.2(b)).

5.2.2 Calibration of the modulation

For the measurements of Henry’s linewidth enhancement factor using the technique described
in the following chapter, it is important to characterize the modulation of a directly modu-
lated laser. Since higher order harmonics start to occur if the modulation current exceeds the
value (I-I;;,), it is important to know the limit RF amplitude for the laser. The calibration

of the modulation was measured at a low modulation frequency of 80 MHz.
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Figure 5.5: The calibration of the amplitude modulation index m

The modulation index m was measured with a direct detection using the fast MCT detector.
The calibration of the amplitude modulation index m is achieved by monitoring the strength
of the fundamental peak and the first sidebands of the amplitude modulation at the modu-
lation frequency as a function of RF power. All these peaks have been measured with an RF
spectrum analyzer. Such sidebands start to show up as soon as the sinusoidal modulation
leads to a drop of the injection current below the lasing threshold. A change in slope of
the linear dependence between amplitude of the fundamental frequency peak and the RF
amplitude indicates the point where 100% modulation is achieved (m = 1) as reported in
Fig. 5.5. The slight discrepancy of the measurement with the theory is due to the source
and harmonic generation for large signal modulation (m > 0.5). A modulation current value
of I,,,4=72 mA peak-to-peak was confirmed by the measured light-current curve. It is clear

that heating effects can be made partly responsible for the higher harmonic peaks appearing
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even below m = 1.0. For this reason, only the size of the fundamental peak was taken into
account for the fitting procedure. The latter was based on a Fourier transform of truncated

sine-curves.

5.3 Up-conversion to a Si detector

Yet another possibility to detect high frequency modulated signals at mid-infrared wave-
lengths is the use of an up-conversion in a non-linear optical crystal, and subsequent detection
with a standard Si-photodiode. Although no linewidth measurements were performed using

this setup, the frequency modulation measurements will be shown here for completeness.

LD

980 nm
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! R e ALY
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Si BP-810 SP-930 Non-linear  Dichroic Mirror

Crystal
Figure 5.6: Schematic of the experiment of the upconversion detection on a Si
detector: the laser diode pump (LD) is focused out of the fiber into the crystal
with two lenses. It is overlapped on the mid-IR beam using a Germanium window

as a dichroic mirror. The pump is filtered with PBS and filters.

The approach was to detect the radiation indirectly on a Silicon avalanche photo diode
(APD), APD-110, from MenloSystems with a quoted bandwidth of 800 MHz, via nonlinear
sum-frequency generation. The goal of this approach was to achieve faster detection with a
high bandwidth commercial detector.

Fig. 5.6 shows a schematics of the optical path used for an upconversion detection of the
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QC laser. The nonlinear up-conversion of the source was done in a Silver Thiagollate (AGS)
crystal. The highly divergent QC laser CW source emitting at 9.3 pm was collimated with
a high numerical aperture (NA) aspheric Germanium infinite conjugate lens and focused
into the crystal with a second aspheric lens. It then entered the APD through a germanium
window with 95 % transmission at 9.3 um and 50 % reflectance at 980 nm. The pump
beam for the up-conversion process was provided by a 200 mW pigtailed 980 nm diode laser,
delivered through a polarization controller and an APC end-connector. The pump laser was
collimated with a standard high NA aspheric lens and passed through a polarizing beam
splitter (PBS), selecting the polarization parallel with the source beam. The polarization
controller was adjusted to maximize transmission through the PBS. After the PBS, the
pump beam was focused into the crystal with a standard lens doublet via reflection on the
Germanium window. On the far side of the crystal, we used a second PBS rotated 90 degrees
relative to the first one and some filters (a narrow band interference filter, as well as a long
and short wavelength pass filter) to block the pump and source beam. A lens doublet was

used to focus the up-converted light onto a Si APD with a 500 pm cross-section.

15 N 1 | 1 | 1 | 1 | 1 _
C v N
o oF ugggau'gﬂguuu 3
S, - v On .
Q - v N
[72] o -
s -15F o ]
2 - Yoo ]
q>) '30 __ v __
® " .
O C N
X 45l o Up-conversion (Si detector) v —
C v MCT detector 0
6.0 B ] ] ] ] ] ] ] 1Y 7

0

0.2x10° 0.4x10° 0.6x10° 0.8x10° 1.0x10°
Frequency [HZ]

Figure 5.7: Comparison of the frequency response of the MCT (black triangles)

and the upconversion system based on a Si detector (red squares)
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In the final stage, the signal of the Si detector was amplified with a Sonoma 317 Broadband
Amplifier, and connected to a spectrum analyzer used to measure the relative modulation
amplitude as shown in Fig. 5.7. An upper frequency limitation up to 800 MHz was achieved
for the upconversion technique due to the high bandwidth of the Si detector.

This experiment shows a nice measurement alternative to typical mid-infrared detectors. It
uses the well developed Si-based technology used in telecommunication to characterize QC
lasers. In particular, single photon counting[115] as well as quantum key distribution[116]

have been performed based on this system.



Chapter 6

Direct measurement of the linewidth

enhancement factor of QC lasers

As shown in sect. 2.5.2, a direct-current induced intensity or amplitude modulation (AM)
results in a simultaneous frequency modulation (FM) in the electric field. A direct measure-
ment of the FM by an optical heterodyne experiment (sect. 4.5) is performed. The mixing of
two lasers emitting at closely spaced emission frequencies, which corresponds to an RF beat-
ing signal at the frequency difference, is measured on a fast detector and sent to a spectrum
analyzer. The ratio between the central line and the first sideband intensities determines
the a factor.

For frequencies below 100 MHz, the amount of FM is mainly attributed to the current
heating. For higher frequencies, the amount of FM is only due to the carrier-density variation.
As for QC laser the carrier variation should not affect the linewidth enhancement factor, no

FM should appear on the power spectrum.
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6.1 Setup
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Figure 6.1: Setup for measuring the linewidth enhancement factor o based on
heterodyning of a reference distributed feedback quantum cascade laser (QCL-
1) with a high-frequency modulated distributed feedback quantum cascade laser
(QCL-2). The beams are superimposed by a ZnSe beam splitter and mixed onto

a high-speed MCT detector connected to a spectrum analyzer.

We employed a direct measurement of the linewidth enhancement factor that uses a variant
of the experiment proposed by Harder et al.[92]. The optical setup is shown schematically
in Fig. 6.1. Unlike the original setup, the optical spectrum is no longer measured with a
scanning Fabry-Perot interferometer. By using optical heterodyning, we mixed the optical
frequency of the laser down to frequencies in the RF range. This allowed us to utilize an
RF spectrum analyzer as spectrometer. Heterodyning was obtained by optically mixing a
reference distributed feedback (DFB) laser with an AM modulated DFB laser on a fast, room
temperature, MCT detector (described in section 5.4). The principal optical components
of the setup consist of two ZnSe lenses (f/1 and f/1.5) to collect the two QCL’s radiations,
a ZnSe beam splitter to superimpose the beams geometrically and a germanium lens (f/2)
to focalize and mix them onto the detector. The detector signal is directly displayed in a
9 kHz-3 GHz spectrum analyzer (Agilent, E4402B) via a 38 dB amplifier. The mixing of

the two beams depends on some critical alignment procedures to overlay the two beams.
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The alignment procedure can be skipped in a first lecture. First, the focal length of the
lenses should be precisely determined. This was ensured by aligning the lenses of the two
laser beams far behind the beam splitter (~ 5 m) on a small and sensitive detector. In
addition, in order to guarantee a sufficient overlap of the two beams, the beam splitter was
horizontally adjusted to maximize the two signals on a detector placed just behind the beam
splitter. Once the signals were optimized on the detector used for the alignment, the beams
were focused on the fast detector. The latter was tilted to avoid optical feedback in the QC
lasers. During the entire procedure, the reference laser was first used to align the optical
components, and the beam splitter was used to align the test laser.

The two DFB QC lasers used in this experiment are described in section 4.4. They operate
under constant currents of 461 mA at 263 K for the reference laser and of 316 mA at 243
K for the test laser. The electrical powers are generated by stabilized current sources (ILX
Lightwave, LDC-3744 and LDX-3232) and the temperatures are controlled by Peltier coolers
from commercial suppliers (Alpes Lasers, TC-51). Under these conditions, single mode
emissions at 5.46 pm with average optical powers of 10 and 5 mW for the reference and test

lasers, respectively, are observed.
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6.2 Measurements
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Figure 6.2: Spectra with same modulation index of m=0.4 are reported for three
different frequency modulations of (a) 500,(b) 80, (c) 20 MHz. The spectra are

normalized with the amplitude of the unmodulated beat note signal.
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Normalized optical spectra of the modulated QCL with a modulation index amplitude of m
= 0.4 and modulation frequencies of (a) 500 MHz (b) 80 MHz and (c¢) 20 MHz are shown in
Fig. 6.2.

At 500 MHz, the spectra show only one pair of symmetric sidebands as expected and il-
lustrated in Fig. 6.3(a). The measured value of the sideband amplitude (0.13) is close to
the calculated value for a pure AM modulation (0.1) corresponding to the Fourier transform
of Equ. 2.5.21. This result implies a low value of . The symmetric sideband peaks are
explained by the calculated phase of 1)=0 for this specific carrier-density variation.

For lower modulation frequencies, the first sideband amplitudes increase first (80 MHz),
followed by the appearance of higher order sidebands (20 MHz) (Fig. 6.2). These results
clearly indicate an increase in the amount of FM modulation with decreasing modulation
frequency (Fig. 6.3). This behavior is attributed to the thermal chirp described in sect. 2.5.2.
The phase associated to this FM behavior is vy=m, attributed to the delay of the temperature
response due the current modulation heating. However, the spectra are not symmetric
as it is expected. This is explained by our simple model that predicts an abrupt phase
transition at 100 MHz from 7 to 0 (Fig. 2.4). This transition is in fact a smooth one,
and the measurements at 20 and 80 MHz correspond to a phase transition, that implies an

uncertainty on the phase and thus on the a factor determination.
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Figure 6.3: a) The time domain display of an AM carrier as well as its associated
frequency domain (spectrum analyzer). This is the expected spectrum for high
frequency modulation for a negligible « factor. b) Effect of an increasing FM on
the spectrum analyzer corresponding to the effect of current modulation heating

at low frequencies.

Systematic measurements of the center line and the average of the first sideband peak ampli-
tudes as a function of modulation depth for various frequencies up to 990 MHz are reported
in Fig. 6.4. The investigated frequencies are limited by the radio-frequency generator
(Philips PM53905). The increasing importance of FM modulation for decreasing frequency
is also clearly apparent. This FM modulation is attributed to thermal effects due to the

device heating by the current modulation as discussed above.
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Figure 6.4: (a) Normalized amplitude for the central line (circles) and first side-
bands (squares) observed in the power spectra for a modulation frequency of
20MHz. Solid lines correspond to the calculated spectral amplitudes of central
line for different values of 8. Dashed lines represent the value of first sideband

amplitudes. (b) Higher frequency modulations of 80 (circles), 500 (squares), 990

MHz (crosses).
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In order to determine «, the amplitude ratio of the first sidebands and the main peak needs

to be considered. This is shown by the simulated curves in figure 6.4: the higher the

normalized sideband amplitude, the larger the linewidth enhancement factor.

The detected signal of the mixing of the fields of the modulated (E,,(t) from Equ. 2.5.21) and
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the reference lasers (E,.(t) = E3 cos(wst), where Ey is the amplitude and ws the frequency of

the reference laser), is given by

I(t) 1/ \Em(t)+Er(t)]2dt:/ (B2 (t) + L (t) + E2(t))dt (6.3.1)

Tdet Tet

where Ty, is the integration time of the detector. Due to the bandwidth limit of the detector

and the sampling at Ty (w1 — wy K ), the detected intensity is approximated by the

mixing product I,,,.(t). To obtain this latter, the modulated field E,,(t) is expanded into
Bessel’s functions (in general, by the use of Chowning’s formula, cos[wt + 3 sin(Qt +0) + ] =
S Ji(B) cos([(w + kQ)t + kO] + ¢), where J;, are the n'" order Bessel functions) and the
amplitudes I° (w; — wy) for the center line and 19 (w; — wo 4= Q) for the first sidebands are

calculated. By doing so, spectral densities of the radiation at the center frequency w; - wo

and of the first sidebands at (w; — wq) £+ Q are given by

Plor—w) = PLRB)+ mAI(B) cos ) (632
Pl —w)£9) = 2R+
(T8 + R F ZH(B)I(B) + L(8) sin ] (6:3.3)
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Figure 6.5: Ratio of the sideband peaks by the center line in function of 5/m.
This relation is given by the Bessel functions calculated by the mixing of two

beams.

From these equations, the linewidth enhancement factor « is found graphically by measuring
the ratio of the first sideband with the center line amplitude for an intensity modulation index
of m=0.4 as represented in Fig 6.5. The corresponding values of o are 8.2 £ 0.5, 2.0 & 1.0,
0.8 £ 1.4 and 1.0 £ 1.6 for 20, 80, 500 and 990 MHz respectively. They are illustrated with

the thermal behavior due to the modulation current heating in Fig. 6.6.
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Figure 6.6: Linewidth enhancement factor is plotted as a function of modulation
frequency. The first measurement is obtained with the measurement of the ratio
of the average of the first sideband to the central peak amplitudes (squares)
and the second measurement correspond to the measurement of the difference of
first sidebands amplitude (triangles). The solid line corresponds to the thermal
model values considering the thermal chirping which is in agreement with the

experimental values.

For 500 MHz, the difference of first sideband amplitudes can be used to deduce the carrier
density. As the RF source itself seems to increase the sidebands peaks (see the ampli-
tude modulation calibration), this technique results in a better accuracy with a value of
a=0.0240.2.

For a QC laser emission close to its gain peak (5.44 pm), a linewidth enhancement factor
of @ = 0.06 is expected|70]. The accuracy of the present measurements is limited by the

current stabilization. Due to current instabilities, the beat note has a large frequency un-
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certainty. This effect limits the signal integration time and the accuracy on the mean of the
sideband amplitudes. A more accurate determination of « is thus expected with a better
current stabilization[117]. Additional improvements are potentially possible by the use of
an improved laser housing for direct current modulation, and a faster detector with a flat
response up to several GHz, for instance a quantum cascade detector. Overall, we have per-
formed a measurement of the linewidth enhancement factor of a mid-infrared QC laser. The
experimental result, although having a relatively large uncertainty, confirms the theoretical

predication of a being close to zero.



Chapter 7

Conclusions

Quantum cascade lasers are nowadays the most advanced mid- to far-infrared light sources
and are even commercially available. Thanks to their rapid development within the last
decade, they open new avenues for interesting experiments in basic physics, as well as in
applied sciences. Falling in the latter category are all applications of spectroscopy, especially
in the mid-infrared wavelength range. Being rather on the basic science side are experiments
involving for instance effects of high magnetic fields on the operation of quantum cascade
lasers. For the spectroscopy work, most people need lasers emitting in a single longitudinal
and lateral mode. The most convenient way to achieve singlemode operation is without any
doubt the use of distributed feedback, where an optically periodic structure is introduced
into the laser cavity. For precise spectroscopic systems, the knowledge of the laser linewidth
constitutes an important piece of information.

While several attempts were made in the past to determine the linewidth of DFB-QC lasers,
most of these experiments suffered from either the insufficient precision of the method used
of the quality of the laser. In the latter case, the fact that the lasers would function in CW
mode only at low temperatures was certainly a large hindrance to make a decent experi-
ment. For this reason, this work focused on two aspects: First, nearly room temperature
operated singlemode DFB lasers were fabricated and characterized in terms of threshold cur-
rent and emission wavelength. Second, these lasers were incorporated into a sophisticated

measurement system involving optical heterodyning and direct current modulation.
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One big task of the presented work was the optimization of the fabrication procedure, es-
pecially in terms of active layer doping, and geometrical optimization of the structure. The
correct cross section of the optical waveguide has indeed a big influence on the laser per-
formance, and needs to be controlled more carefully than possible with simple chemical wet
etching procedures. Another important aspect is the quality of the regrowth used for fabrica-
tion of buried heterostructures. It has turned out that a leakage current-free laser structure
based on this concept is not so straight-forward to realize. Several attempts were necessary
to come with a growth recipe that resulted in negligibly small leakage currents.

The best devices fabricated during this thesis had threshold currents on the order of 350mA
and emitted in the 5.4 ym wavelength region. Several milliwatts of singlemode output power
could be observed from such lasers. We then built an optical heterodyne experiment which
overlaid two of such singlemode laser beams with closely spaced emission wavelengths. One
of the lasers was, in addition, directly current modulated in order to induce, via Henry’s
a-factor, an additional frequency modulation. The beating between the two lasers was used
to being able to measure optical frequency down-converted in the GHz range accessible for
an RF spectrum analyzer.

As a main result of this thesis, we obtained a Henry linewidth enhancement factor on the
order of 0.2, which is very close to the theoretical prediction. Further improvements of
the measurement setup such as temperature stabilization, faster detectors, and better RF
modulation capabilities of the laser housing box could lead to a more precise determination

of this value.
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