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Abstract

This work consists of a study on quantum cascade lasers under the influence of strong
magnetic fields. In particular, we stidied structures based on the so-called photon-assisted
tunneling (or diagonal) transition. These intersubband lasers are optical sources emitting in
ilie mid-infrared (helween 3 and 25 pam), and, as recenily demonstrated, in the far-infrared
(abont 70 gan). Both experinenial and theoretical aspecls are investigated in this thoesis,
leading 1o new resnlts.

Quantimn cascade lasers differ i fandamatal ways fromn semicondnctor diode Tasers such
as those being nsed in CD plavers: (i) ihe electronic iransitions ocenr belwoen subbands

i1} they nse a nmliistage cascaded structnre

nivolving only one type of carriers, tlic electrons;
allowing vach eleciron Lo gencrate many photons; {iii) their minission waveleugth is not an
intrinsic properiy of the material used, but can be tailored by changing the thickiesses of
the different epitaxial layers. Due te their various particularities, these lasers have very
iteresting applications. As most of molecular gases have their fundamental vibrational
maedes it the mid-infrared, the gnantum cascade lasers are particularly uselul Tor gas sensing.
Since the atmosphere has iwo transparent regions jnst at 1he wavelengihs where the guantnn
cascande lasers anil efliciently, they have also important. applications lor frec-space aplical
data transmission (lelecom).

Fronn a phiysical poiut of view, there are sUl many intersting ficlds lo explore. As the pholon-
assisled lnineling Lransition is sorl of a 1wo-level system, a moded is derived for the infection
and exitraction processes of the clectrons. In particular, the transport ineasnrements and
the behaviour of the threshald current as a function of the temperature are computed and

compared to the experiments. This work alllowed to deduce an escape tunneling time which



lead to the development of new lasers with very high performance.

Plioton-assisted tunneling transitions were also studied in the far-infrared with the demon-
stration of clectrohiminescence from these stimctnres.

The sinlation of a gnanbnm hox laser by applying a stroug wmagnetic field on these strnetinves
is also an fmportand. subject of this work. Indeed, by applying a magnetic field perpendic-
ularly to the layers, the quantum-inechanical dimensionality decreases. In the mid-infrared
the lifetime is controlled by optical plionon emission. The quantization of the system into
Landau levels by the application of 2 magnetic field will quench the optical phonon emission,
leading to a perforinance increase. ln the far-infared, where we can reach a point where the
iitersubband transtlion energy is stnaller than the eyclotron energy, luminescence intensity
enliancement, and lifetime increase were observed. These measnreinends in sirong magnetic
ficlds were perforined in a eryostat containing a superconducting coil allowing to reach mag-
netic fields on the order of 14 Tesla (i.e. 100 larger than the magnetic field of a permianent

magnet).



Résumé

Ce travail consiste en une étude des lasers & cascade quantiques sous l'effet de champs
magnétiques intenses. Un accent a €té particulierement mis sur les structures basées sur une
transition diagonale. Ces lasers intersoushandes sont des sources optiques qui éinettent dans
Pinfrarouge inoyen {(entre 3 el 25 jan), ainsi gne, depuis récennnent, dans Finfraronge lointain
{autour de 70 pm). Tant les aspecis théoriques que les aspeets expérimentaux tonrnanl,
antonr de ces lasers sond abordés dans cetie thése et wménen, & de nonveanx résultals.

Les Tasers i cascade quantignes different. de maniére fondamentale dos diodes Tasers semicon-
ducirices telles que celles se trouvant daus les lecteurs de CD: (i) les transitions électzoniques
onl. lien entre sonsbandes inpliguant. an senl type de porteur, les dlecirons; (i1) il ntilisent
une strmetnre en cascade permctiant a chaque électron d'énetire plusicurs photons; (i) leur
longueur d'onde demission nest pas une propriété intrinseque des matériaux utilisés, mais
peut étre fixée en choisissant judicieusement I'épaisseur des différentes couches épita.xia]és.
Par leur particularités diverses, ces lasers ont de teés intéressantes applications. Comime
la plupart des gaz molculaires onl lenes modes vibratiommels fondamentany dans 1o moyen
imfrarouge, los lasers & cascade quantignes sont done particnligrenent utiles pour Panalyse
de gaz. Latmosphere ayant denx fenétres de transparence dans ces longenrs d'onde, les
lasers & cascade gnantigues ont cgalement d'importanies applications dans le domaine des
télécommuunications pour les transmissions optiques de dounées dans I’air sans avoir a re-
courir aux fibres optiques.

Du poinl. de vue physique, il resie encore de nombreax domaines i explorer. Connne la
transition diagonale est une sorte de systéme & deux niveaux, un mod#le est dérivé pour les

processus d'injection et d'extraction des électrons. Iin particulier les mesures de transpori. et
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fe comportement du courant de seuil en fonction de la température sont calculés et comparés
avec les expériences. Ce travail a permis de déduire un temps d'effet-tunnel qui a conduit
au développement de nonveanx lasers qumi fonetionnent avec de irés bonnes performances.
Une telle transition diagonale a également été dndide dans infraronge loimtain par la dinon-
stration de I’électrolminescence sortant de ces échantillons.

La simulation d’un laser & boite quantique par Papplication d'un champ magnétique intense
sur ces structures est également un sujet important ce ce travail. En effet, en appliquant un
champ magnétique perpendiculairement aux couches, la dimensionnalité quantique diminue.
Dauns Pinfrarouge moyen, le temps de vie est contrdlé par I'éniission de phonouns opliques. La
guautification dn systéme en wiveanx de Landan par Papplication d’nn chamngy magnétique
va dimimuer Pémission de ces phonons optiques, augmentant ainsi les performances. Dans
Finfrarouge lointain, on le ¢as ob Iénergie de transition intersonsbande st plug pelite gne
I'"énergie cyclotron peut &lre atteint, une augmentation de l'intensité [umineuse et une aug-
mentation du temps de vie ont été observés. Ces mesures en champs magnétiques intenses ont
éé réalisées dans un cryostat contenant une bobine supraconductrice permettant d'obtenir
des champs de Fordre de 14 Tesla (100 fois plus grands que le champ magnétique d*un aimant

[rerntancnt).
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Chapter 1

Introduction

1.1 General introduction

The demonstration of the first intersnhband lasers i the InGaAs/ln AlAs malerial systeni,
callod tlie quantnnn caseade lasers (QCL), ot ATET Bell Laboratories in 1994 [1] represented
a major breaktivongh for mid-infraved (MIR) optical sources (from ~ 3pnn up 1o ~ 25an).
The quantum cascade Jaser differs in fimdamental ways from semiconductor diode lasers:
(i) it relies on electronic transitions between subbands involving only one type of carriers,
the electrons; (ii} it uses a multisiage cascaded structure allowing each electron to generate
many photons; (1) the non-radiative scattering lifetimes are deterniined by optical phonon
crmssion and lie in the pg range. AN Lhese points will be discussed in detail in the following
chaptaors.

As the matier of lacl, the QCls have shown room-temperalnre operation virtually across
the whole mid-infrared region from 3.5 g (using strain compensated inGaAs/InAlAs [2])
up to 16 pm (nsing InGaAs/InAlAs materials on Inl” {3]). The emnission wavelength was
aven pushed up Lo 24 gancin o chirped superlaltice al cryogenic Lemperalures {4).

The achievement of such a laser was possible becanse of lhe capahililies of quantuim engi-
neering of electronic encrgy stales and wavelunctions using vltrathin layers of semnicondue-
tor compounds with different compositions [5]. Experimentally, the advent of the molecular

beant epitaxy (MBE) allowed the growth of 111-V heterostructures with sharp interfaces and

H


ultrat.li

2 Ceneral introduction

excellenl compositional control [6].

After the first achievement of lasing operation in QCL, the performances of these lasers
kept on improving. The first room-temperature operation was performed in 1996 at lell
Laboratories [7]. "I'he highest operating temperature of single mode QC lasers of 150 °C was
achieved in 2001 at Neuchdtel University, while the record high temperature of 200°C was
reachied recently by the gronp of G. Absireiter in Munich nsing the same aclive region design
and high-refleciion coaling on boih facets [8]. The application of the QC technology was also
achioved nsig other material system sueh as GaAs/AlGaAs, in which Jaser demonstration

was obtained in 1998 [9] and room-temperature pulsed operation was reached in 2001 [10].
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Fignre 1.1; Operating temperature of quantum cascade lasers during the last years

showing the progress achieved in pnlsed and continnous-wave lasing operation.

Aunother tmporiant mnilestone for conunercial applicalions is room-temperature operalion in
collimions-wave, which was recently achioved al Neuchalel University [11]. The progress in
operating tanperatnre of quantum cascade lasers during the last years are shown w Fig, 1.1
for pulsed and continuous-wave operation. The research groups responsible for the different

results are also indicated. Iu the mid-infrared range, the quantum cascade lasers are the



best performing semiconductor lasers and are nore powerful than competing nterband laser
diodes in both pulsed and continuous-wave operation.

It wonld he desirable to nse the techuology of the qnaninm cascade lasers in the far-infrared
(FIR), or teraherlz, range (for pholou encrgies smaller than Lhe oplical phouon enargy, i.e.
A > 34pm), where Lhe lack of canvenient sources is especially obvians. Tolersnbband elesiro-
hiniucseence was abserved al Nenclidte] University in a vertical transition-hased gnantmn
cascade sfructure at A = 88um in GaAs/AlGaAs material system in 1998 [12], but with very
low power. llowever, in the frame of an european project collaboration (WANTED), IKéhler
et al. [13] and our group in Neuchatel [14] succeeded very recently in the realization of las-
ing operation in a chimped superlatlice at A ~ 70um. This is a imporlaut step showing 1liat
{he quantann cascade lechnelogy allows realizalion of laser sources in the complete mifrared

range, in the mid- as well as in the fap-infrared.

A long-standing wish for microelectrenics technology has Troen (lie inlegration of seinicon-
ductor lasers onto a silicon chip. Uufortunately, the indirect band gap of the group 1V
materials (in particular 8i) is a hindrance to Si-based active optical compouents, implying
that radiative transitions must be accompanied by a large menmentum trausfer. Using the
quantnm cascade technology, these probleins can he circumvented, since transitions oconr
between subbands: the fransitions oconr without momentvn transfer snd the nalure of the
hand gap is irrelevant. Electroluminescence in the 10 jim-range, with a narrow linewidih,
was firsl demonstrated in 1he $1/8i1Ge material system by using the QC concept in 2000 [15).
Compared to the 111-V QC lasers, the Silie material system needs to work in the valence
band with coupled heavy and light lioles. This result coustitutes a step towards establishing
the feasibility of 5i1/SiGe-hased QU lasers.

Thanks to an increasing interest in their applications, several groups are nowadays involved
in the developinent. of quantwm cascade lasers. The main players inglude Bell Tahs, North-
western University, Shanghai Tostitute of Melallurgy for the TnGaAs/TnAlAs material system
and Thales, TU-Vieuna, University of Shellicld, University of Glasgow, Cavendish Labora-
tory at Cambridge for the GaAs/AlGaAs material system. University of Neuchétel and the

Walter Schottky Tnstitute Munich are working with both material systems. The terabertz



4 Other infrmred sonrces

region is investigated by T'U-Vienna, Bell Labs, Cavendish Laboratory at Cambridge, Quan-
tum Institute at the Umversity of California Santa Barbara, M1T at Cambridge (USA), the

physics lab of the Scuola Novmale Superiove in Pisa and Uuiversily of Nenchilel.

1.2 Other infrared sources

In the ninelics, several lypes of mid- and far-infrared sonrces have emerged nside the achicve-
ment of the QCLs. The research in these fields hns aliracted mmnerous gronps, for Miese
lasers have potential applications in a wide range ol applications from liber-optics [ frec-space
telecommunications, molecular spectroscopy, gas sensing as well as medical diagnostics. In
this seclion, we present some of these other infrared sources.

A connmon mid-inlvared laser is certainly the GOy laser, which operates around 10 gon. |
is highly eflicient and can prodnce 100 W i contimmons-wave operalion. Nevertheless, its
relalively narrow speciral cmission rauge (from 9.2 10 10.8 pm) and the discrele speclenm
it ils application for gas spectroscopy. A dillevent, mid-infrared techmology, which is
used in some applications, is based on iuterband lead-salt diade lasers which have been
demonstrated in a wide spectral range ronghly from 3 to 30 ym. These lasers operate at
room-temperature (with very low power) in putsed mode approximatively up to 3 pm, hut
necessitate cryocoolers at longer wavelenglhs, T praclical syslems, these devices operale
al low temperatures, and have low power. For a recent review on lead-sall lasers, sce (or
example [16). For emnission hetween 1.9 and 3 an, anlimonide-based QW lasers have also
demonsirated good perfoninances, incliding continmons-wave aperation al rooin-leniperalure
at A ~ 2um {17}

‘The cascading scheme of the QC lasers (see Sec. 2.5) was also used in another type of
seinicomdnctor laser, namely the interband cascade (IC) lascr, proposed by R. Q. Yaug in
1995 [18]. This laser is hased on oplical Lransitions between Lhe conduction and valence band
in Ly pe-TLgnantinm well strucinres, snch that, the fash non-radialive oplical phonon scaliering
in intersubband QC lasers can be circumvented while retaining the advantages of cascaded

injection and wavelength tailoring. Such a laser is based on InAs/{In)CaSh/(In)AlSh type-



Il material system for the active region and comprises an injection region consisting of a
digitally graded InAs/AlSh superlattice. Following the observation of mid-1R (3.6 - 3.8 gm)
cleetrolnminescence i these structures [19], the fivst Aype-11 IC Jaser was demonstirated in
1997 [20]. The performances of such lasers are characterized by very low thireshold currents
(even in eontimions-wave less than 100 A/an® al pitrogen temperalnre), an ontpnt power
exceeding 4 W/lacet at 80 K, a peak power efficiency exceeding 9 % |21}, and a slope efficiency
of more than 780 mW/ A, corresponding to a differential external quantum efficiency of 480 %
[22]. However, the maximum operating temperature is still only 250 K in pulsed mode and

130 K in continnous-wave {21].

An alternate type of wiipolar setnlcondnclor laser relying on nilersubband cmission is the
sa-called gnanbnn fountain (QF) laser which emits al A ~ 14.5 — 15.5um hased on apical
excitation [23, 24], instead of clectrical pumping. Here, the aclive region consisis of pariods
of two GaAs/AlGaAs-conpled qnanlnnt wells exlibiting Lliree honud electron siates. The
electrons are optically excited from the n = 1 ground state to the n = 3 upper state by a
COy laser. Although their operation imposes an external pumping source, QI lasers offer
the advantages of a simplified design and of less stringent material requirements as compared
lo QO lagers. Willi no current flow, doping of ihe cladding layers and metal conlacls are
not sccessary, which results in low internal losses al loug wavelonglhs dne to [ree-carrior
absorplion.

There are even lewer far-infrared sonrees available than mid-infrared sonrees. Ooeis the free
electron laser (I'LXL) which can generate tunable, coherent, high power radiation over a large
part of the electro-imagnetic spectrum. 'The FEL's operating eharacteristics are primarily
determined by the type of accelerator that generates its electron beam. For example the
FIR-FEL of the University of California in Santa Barhara can be {uned between 63 and
338 yan. The FEL is a device thal converts tle kinelic encrgy of free (unbound) electrons
Lo clectromagnielic vadialion, s main disadvantage is its hmge sizer il occnpies an entire
buildiug.

Another alternative to achieve far-infrared sources 1s to take advantage of intersubband

transitions i semiconductors. By using transitions between Landau levels if a magnetic
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ficld is applied (as discussed in this thesis, but applicd to gquantum cascade striucinres) in
Imlk semiconductors, p-Ge lasers have been demonstrated more than a decade ago 23],
These lasers vely on ¢rossed electric and magnetic ficlds as well as inlersabband scattering
hetween light- and and heavy-hole subbands or light-hole cyclotron resonances [26] io create
an inverted hot hole distribution in the valence band of weakly p-doped Ge. They can
be operated al wavelengths between 70 and 300 um and are tunable by changiug either the
maguctic licld or the clectric field. Unfortunately, they require temperatnres helow 10 W and

amagnelic field of a few Tesla for operation and do not have continnons-wave operation.
1 1

1.3 Applications of quantuin cascade lasers

1.3.1 Gas sensing

Masl. moleeular gases have their imdamental vibrational modes in the inid-infrared region
spanning approximately from 3 to 15 g, These vibrational lines are very sirong, allowing
very sensitive chemical detection Lo be performed, wilh sensitivitics down to below part per
hillion. Quantum cascade lasers are particnlarly useful for snch gas sensing applications and
in particular in the two so-called atmospheric windows lyiug between approximately 3-5 jan
and 812 um. The high transparency of the atmosphere in these two windows allows precise
remote sensing and detection,

One of the detection techniques for gas-sensing is photoacoustic spectroscopy {27, 28]. In
this techmique, the optical beam of the laser is periodically amplitude modulated before
illuminating the cell containing the absorbing chemical. Through periodic absorption, the
gas in the photoacoustic cell expands periodically; this creates an acoustic wave which is
detceted by a conventional microphone. The signal can be greaily increased when working
at a resonance fregnency of Lhe photoacoustic cell. The lwo very impartant advantages of
photeaconstic detection are: 1) it gives a positive signat {i.e. there is a signal only if the gas
is present) and i) ik does not require & cooled mid-IR. detector. The ultimate seusitivity is

usually luniled by the optical power of the source.
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Another detection technique is a direct absorption measurement. The change in intensity of a
Ieam is recorded as the latter crosses a sampling cell containing the chemical to be detected.
This measurentent techuigne has the advantage of simplicity [29, 30]. A more sophisticated
version of this technigne is the fregnency inedulation teclmigne (TILDAS). The Mequency
of the laser is wodulated sinusoidally so as 1o be pertodically in and out of the absorption
peak of the chemical. The absorption in the cell will convert this M modulation into an
AM nodulation which is then detected usually by a lock-in technigue. The main advantage
of the ‘T'ILDAS technique is its sensitivity. I'irst of all, under good modulation conditions,
an AC signal on the detector is present only if there is absorption in the chemical cell.
Sccondly, this signal diseriminates efliciently against slowly varying absorption backgronnds.
For this veason, this technigne tsnally works well for narrow absorption lnes, requiring also
a monomode emission from the laser itsell. This technigue has abeady been snecessfully
applied with distributed feedback QC lasers (DFB-QCL) [31].

Ansther ultrabigh-sensitivity trace-gas analysis is cavity ringdown spectroscopy, which is
based on detecting the rate of decay of light exiting a high-finesse optical resonator. The
application of this Ltechnique with ammonia was recently demonstrated by nsing a continnons-

wave DFB QC laser [32).

1.3.2 Telecommunications

Further important applications for high performance qunantinn cascade lasers are in the field
of free-space optical data transmission [33]. In contrast to fiber optical telecommunications,
this technique has the advautage of not requiring additional cables to be buried in the
ground. Such a fast free-space optical data link conld be particularly convenient in urban
areas. QC lasers in the atmospheric windows around 5 and 1 gny are very suitable for such
applications. Morcover, the fast internal Nifeiimes of the devices shonld allow inodulation at
frequencies of several mndvreds of gigahertz and possibly up Lo ~ 1 THz assnming negligible
parasitics [33, 34). This modulation banudwidth is more than cue order of magnitnde greater
than that of the fastest diade lasers. Recently, Martini ef al. published results of an optical

data Nink using a high-speed modulated, liquid nitrogen-cooled QU laser over a distance of
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70 m nnder laboratory conditions [35]. They also succeeded iu Lransmilting a video hnage
via a commnon TV channel frequency. We demonsirated an optical dala link between two
different. binldings separated by ~ 350 m and nsing a Pelticr-cooled QC laser as well as a
room-temperature HgCdle detector, taking full advantage of the existing technology [36].
The shortest transmitted pulses measured 1.5 ns in duration and the highest transmitted
modulation frequency was 330 MHz. We could also test the link under foggy conditions
(with o visihility range of below 100 1) and the signal dropped to ~ 80 % of its nitial value,
which proves thal almosplieric {ransmission at a wavelength aronnd 10 g is nol adversely
affected by Inanidity. We also nsed 1he QC laser to oplically (ransinit data between two
compaters over a distance of 10 1 between two optical tables. Tin such a confignration we
achieved a data rate of 115 kbit/s using the serial port of the computers. When the laser
power was decreased, the link still worked successfully down to a measured signal-to-noise

ratio of 3.

1.3.3 Terahertz sources

There are niany possible applications for compact, convenient solid-stale sonrees soch as
far-infrared quanium cascade Tasors operaling al. terahertz egnencies. Areas of special in-
terest include wireless communications for local aveas, space-based communications, medical

imaging, gas or plastic components spectrometry or even security screening.

1.4 Scope and organization of this thesis

As shown, there are many applications using guantum coascade lasers. lence, improving
their performance remains a conlinuous challenge. l'rom a plysical point of view, there
are still many interesting fields to explore. This thesis is mainly devoted to the so-called
photan-assisted tuuneling Lransition which is at the base of one of the various existing active
regions which have shown lasing operaiion in the mid-infrared, but which reachies thresholl
by oscillator strength tuning. Such a transition allows therefore by iis first-order Stark-shift

a wide lunabitity range. 'The population nversion solely relies on tunueling. As such, it can



also be used in L far-infrared or with nog-polar mnaterials (as for examnple 5i-Ge alloys)
where resonant oplieal phonen scatlering cannol, he inplemnented. As the pholon-assisted
tnmmeling Lransition is sort of a two-level system, it is a “model systemn™ which allews (o inodcl
the injection and extraction processes. In particular, the transport (voltage vs. current)
characteristics, as well as the threshold current as a function of the temperature, can be
computed and compared to the experiments, Taking into account a finite non-zero lower
shale lifetime, we were able 1o deduce an escape lunneling time which is mnch longer than
thonght up to now, The mmderstanding of ihis effect allowed the realization of new active
rogions which have pecformed extremely well. We have also ntvesligated such photoun-assisted
tnnnchng transitions in the far-infrared witl the demeonstration of cleclhrohiminescence fron

these structures.

An other important subject investigated doring this work is the simmlation of a quantum
box laser. By applying a strong magnetic ficld perpendicnlarly Lo the layers, the quantum-
meehanical dimensionalily can be decrcased. Tn the mid-infrared, the Tifetime of the upper
stale is conirolled by oplical phonon emission. The application of a magnetic field is expected
to quantize the system into Landau levels and to quench optical phonon emission, leading
to a performance increase. In the far-infrared, where we cau reach the point where the
intersubband transition energy is smaller than the cyclotron energy, lumiescence intensity

cuhancement and lifelime increase were obsoerved.

This thesis is organized as {ollows. We start i Chapter 2 with a few theoretical aspects
concerning the guantum cascade laser by presenting the main fundamental characteristics
of these lasers. We will focus on the photon-assisted tunneling transition-based design. The
effects of a magnetic field applied either perpendicularly or parallel to the layers are discussed
theoretically. The experimental setup for mid-infrared and far-infrared measurements is de-
scribed in Chapler 3, as well as the growth and processing Lechniques. The resulls concerning
mid-infrared guantnm cascade lasers are proscuted in Chapler 4, n particular meagirements
performead on lasers hased on plioton-assisted innneling transition, meluding ihe maodeling of
this type of laser. Measurements performed on a superlattice with mid-infrared electrolumi-

nescence will be presented as well as measurements in parallel magnetic field. The last parts
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of ihis chapter are devoted to the investigations of the effects of parallel and perpendicular
magnetic fields on various quantum cascade lasers. Chapter 5 addresses experimental mea-
surainents performed on far-inrared quantum caseade structures based on verlical as well as
diagonal {photon-assisted innneling) iransitions. Chapler 6 will ssmmarize the main vesulis
obtained iu this work and suggest some futurc possibilitics of mvestigations. Finally, a review
of the parameters of the samples mcasured during this thesis is presented in Appendix A, the
band-structure calculations in Appendix B, the population inversion engineering of the laser
transition with a review of working devices using different designs in Appendix C, and the
properties of the InSh detector used during far-infrared electroluminescence measurenents

in Appendix D,



Chapter 2

Theory

2.1 Introduction

This chapter summarizes a few theoretical aspects necessary for the understanding of the
exparimental work perforined along this thesis. 1 beging with the disenssion of o -
portant. feature of the gnantinn cascade laser, e indersubband frausitions, {ellowed Dby an
introduction to snperlatlice heterosimctures. The first proposal of intersubbaud emitiers of
Kazarinov and Suris is then presented. The next section. devoted to the quantum cascade
laser itsclf, presents the theoretical framework concerning laser operation as well as the cas-
cading scheme, the design philosophy and the lifetimes involved in intersubband transitions.
The photon-assisted tunneling transition-basec design is then described in detail. In the
last. sechion of the chapter, the effects of a magneiic ficld applicd on the siructures both

perpendicular Lo the layers as well as parallel Lo the layers are disenssed.

2.2 Intersubband versus interband transitions

In solid-stal e and gas lascrs, the optical transitions occur between two discrete energy lavels,
the popnlation inversion being achieved by optical or electrical pumping. For example the
reby (A = 0.6943um) or He-Ne (A = 0.63pm) lasers emit in the red and the argon laser

principally in the blue and green (between 6.488 yum et 0.514 gmj. In contrast, conventional

11
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semiconductor diodes lasers, including quantum well lasers, rely on transitions between en-
ergy bands. The lasers used in CD, DVD or for telecommunications belong to this category.
These so-called urlerbane transitions occnr then hetween energy bands in which conduction
baud clectrons and valence band loles, injected inlo the active fayer Lhrough a forward-
biased p — »n junclion, recombine radiatively across the band gap. The band gap esseutially
determines the emission wavelength, as shown in Fig. 2.1 a). In addition, the gain spectrum
is quite broad due to the fact that the electron and hole populations are broadly distributed
in the conduction and valence bands accoreling to the Fermi’s statistics. ''his gain is lhmited
for these interband transitions by the joint density of stales and saturates when the electron
and hole quasi-Fernn levels are well within the conduction and valence bands, respeclively,

The resulling racdiative lifetiine is relatively loug: abont 1 us,

a)

a
k

-.-q-:f: ..‘ r-v:f{ ..... mrw
—>k,
T~ 1ps
$ gain 1 gain
E E
Ey; Ejo+2Ef Ej2

Fignre 2.1: Real space band diagram, dispersion of the electronic snhbands in k-space

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

The device stadied during this thesis is a real new semicondnctor liglt emitier. Indeed the
unipolar intersubband laser or quantum cascade laser differs in many fundamental ways from

conventional diode lasers. I'he main feature of the quantum cascade laser is its unipolarity:
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it relies on only one type of carriers, the elecirons. T'he unipolarity is relied to the nature of
the aptical transitions that occur here between conduction band states (subbands) arising
froin size quantization in a semiconductor Leterostructure. These ransiiions are called inter-
subband Aransitions. As shiown in Fig. 2.1 b}, the initial and final stales of the intersnbband
transitions are hoth in the conduction baud and therefore hiave the same curvalure it the
reciprocal space, i.e, if one neglects the non-parabolicity, the joint density of states is very
sharp like for atomic transitions (Fig. 2.1 b) bottom). I contrast to interband transitions,
the gain linewidth is now indirectly dependent on temperature through cellision processes
and many body effects. Moreover, the intersubhand gain is only linited by the amonnt of
chrrent one is able to drive in 1he struclure 1o snstain populalion inversion. The nuarsub-
band devices are also less seusitive Lo the temperature than interband devices. The dominant
intersubband scatlering mechanism is eplical phonan emnission {for a subband spacing larger
than the optical phonon energy) which leads to a very short intersubband lifetime, tvpically

1 ps.

The emission wavelength of a quantum cascade laser is not an intrinsic property of the
semiconductors used, as in conventional semiconductor diede lasers, hut can be tailored
by changing the thicknesses of the different epitaxial layers. Using for example the Ln-
GaAs/InAlAs malerial systamn, il can be tuned over a wide range of wavelenglhi: between
A~ 3400 2] and A ~ 24pm [4]. Morcover Lhe population inversion is nol caused by some
intringic physical property of Llie systent, but mnst be designed by a suilable engineering of
the wavefunctions. Ultimately, the largest photon energy is fixed by the conduction band
discontinuity which is Afi, = .52 eV in In,53Gag.47As/ Inp 52Alp 4sAs lattice matched mate-
rial systemn, but is only Ak, = 0.295 eV in GaAs/Alns3GagerAs material system. On the
long wavelength side, there are no fundamental Hinits preventing the fabrication of quantum
cascade devices aniliing iu e far-infrared (or terahertz region). Until now Leraheris lasing
operation was only demonstraled in a chirped superlaitice. Between these two wavelength
ranges, tliere is a region where ight cannol. propagale, called Resisirallcuband, becanse the
material iz dispersive and heavily absorbing due te the interaction of the light with the

optical phonons of the material (for InGaAs, this region takes place around 30 - 60 pm).
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2.3 Superlattice heterostructures

Tn 1970, Esaki and Tsu cousidered theoretically a one-dimensional periodic potential, con-
sisting ol a periodic sequence of the same quantinn well-barrvier systems, which they called
superlattice, in monocrystalline semiconductors [37]. The superlaltice, i term of multi-
layers structure, is one of the basic concepts of the quantum cascade laser. It was the first
proposal of quantiin confinenient witly an heterostructure and opened new areas of investi-
gation in the field of semiconductor physics. 1f no electric field is applied to the superlatiice,
the electron wavehmetions along the growth direction are described by delocalized Bloch
finctions. The formation of coergy-bands and -gaps ocenrs i Lie same way as in & crystal.
However, die Lo the larger period, the energy bands are ek smaller (meV instead of ¢V)
aud therelore called winibands. The idea of Esaki and Tsu was to create minibands whose
width can be changed by changing the thicknesses of the wells.

In the low field regime, defined by ef’d < A, where el'd is the field drop per period, A the
miniband width, e the electron charge, f* the external electric field and d the Sl period,
the miniband piciure {37, 38] is employed theorelically to investigate Lhe properties of the
SL. AL higher fields the semi-classical model has Lo be replaced by a quantum mechanical
deseription. The minilaud then splits into the Wanaier-Stark (WS) ladder[39], that consisis
of a series of stationary states, each extending over a few periods and separated in energy
hy el’d. With increasing field the WS states localize until they ave finally confined to single
wells and resemble the quantinm well ground states,

Tn a howmogeneously biased S, the current coutinuity requires the ground states in each
wall to be eqnally populated. Thus, no populalion mversion and, therefore, 1o net gain
is expected from a diagonal interwell transition hetween adjacent ground states in a fivst,
approximation, i.e. withoul taking into accounl the Bloch gain. The original proposal of
optical gain via photon-assisted tunneling for a strongly biased SL in which the ground state
is lifted above the first excited of the adjacent well has been given by Kazarinov f al. [40, 41}

as discussed in the next section.
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2.4 Kazarinov and Suris proposal

It the early seventies Kazarinov and Suris predicted amplification of light in a strongly biased
suportallice[40, 41]. This theoretical treatinen! based on a delailed density matrix analysis
marks Llie basic idea of unipolar lasers based on intersubbaud transitions in semiconduclor
heterostrirelnres. .

If the electric field " applied to the superlattice satisfies ef'd > Fy — L), where d is the
superlattice period and k| and E; are the energies of the ground state and the first excited
stale respectively, the ground state level i the #-th well is lifted above the first excited stale
level in the (# 4+ 1)-th well, In this sitnation (see Fig. 2.4) amplification may veenr dne bo
the possibility of tnumeling of electrons fromi the growd state in the a-th well to the excited
state in the (n 4- 1)-th well accompanied by the simultaneous emission of a photon of energy
g = el d—{E;~ £). Following non-radiative transitions from the excited to the ground state

within one well the electrons are "recycled” for another photon-assisted tunneling process.

.

E |
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Fignre 2.2: Schematic represcatation of the snperlattice prapesed by Kazarinov and
Suris for far-infrared cmission. The photen shonld be emitted diring an interwell or
diagonal photon-assisted tunneling transition belween the gronnd state of the n-th well

and the first excited stale of the adjacent (2 + 1)-th well.

This sequence of photon-assisted tunneling processes leads to amplification, provided the

initial ground state is more populated than the final excited state of the adjacent well.
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Population inversion is maintained if the lifetime of the ground slate exceeds the lifetime
of the excited state. T'he expecied relatively long non-radiative lifetime of the ground state
associated with a “diagonal™ (ransilion into the adjacent well compared to the shorl, intrawell
lifetime of the cxcited stale favors this condition.

However, the simple picl ure neglects 1hat clectrical transport in superlattices mherently
features negative differential resistance {N1JR)([37, 42, 43], which leads to the formation of
electric field domains and renders the structure non-stable. Regions of NDR occur whenever
the structure is biased beyond curvent peaks due to resonant tunneling beiween states of
adjaceni wells. The point of operation of the Kazarinov and Suris proposal lies precisely
in the NDR. This effect prevents to sustain a high current simntancously with a correct,
alignment between the conflined states, Nevertheless, this seriinal work was on the basis of
the large vumber of proposals for intersnbband lasers.

Following the proposal of Kazarinov and Suris, an intense research in the field of intersubband
physics started, particularly afler the first observation of intersubband emisston in a two-
dimensional electron gas formed at. the Si-Si0y interface in silicon metal-oxide-semiconductor
ficld-effect transistors (MOSFET) by Gornik and T'sui [44]. The first intersubband abscrp-
tion in a GaAs-AlGaAs undti-gquantnm well was performed by West and Eglash in 1985 [45].
Experimoental implementation of the praposal of Kazarinov and Suris led to the observalion
of spontancons far-infrared intersubband luminescence from a GaAs-AlGaAs superlatiice
excited by sequential resonant tunneling by M. llelm in 1989 [46]. Diagonal {interwell) and
vertical (intrawell) emissions in the mid-infrared las been reported by Scamarcio ef af. [47]
in a doped 1nGaAs/InAlAs superlattice.

Many theoretical proposals followed dealing with structures with resonant tuuneling injection
from Lhe ground stale of a quantain well info the first, exciled state of an adjacent quantim
wall [48, 49, 50], into a superlattice miniband [31] or into abave-barrier quasi hound states
[52]; the laser action shonld ocour belween the Talter and the ground state, repeated through
many wells. So far, it turned out to be too difficult 1o achieve population inversion using

such tunneling schemes.



17

2.5 Quantum cascade lasers

2.5.1 Cascading scheme

Anolher fundanental featnre of the inlersubband gquanimm cascade laser is its nmliistage
cascrde schemne (electron recycling), where clectrons ate reeyeled from period to period, con-
tributing each time to the gain and photon emission, as shown schematically in Fig. 2.3 a).
In a ideal case, each electron injected above threshold will generate the same number of plo-
tons N as the numiber of period N, leading to a differential efficiency and then also optical
power proportional to ¥. Gmachl ef al. [53] have made modeling and an experimental study
of the cascading behavior of gnantum cascade fasers as a funclion of the nmnber of stacked
aclive regions (periods), including the first non-cascading (with only one aclive region) in-
tersubband laser [54]. In particnlar, they confirmed Lhe cascading scheme manifested in a

differential slope efficiency effectively proportional to N,

2.5.2 Active and injection regions, doping

Figure 2.3 b) shows schematically one stage or period of a quantum eascade structure, which
consists of an active region followed by a relaxation-injection region. 'Y'he active region is the
region where population inversion and gain takes place. It comprises usually an energy Iadder
of three states engineered in such a.manuer to maintain the population inversion between the
two highest energy stales. Assnming a simplified model withont. non-parabolicily (atomic
pielnre) and a 100 % injection efliciency in the n = 3 stale, Lhe populalion imversion condition
is 732 > 13, where 730 is Lhe non-radiative scattering rale from levet 3 to level 2 and 75" s the
total scattering rate out of level 2, The non-radiative channel 3-1 is usually not negligible
and, therefore, this condition on the lifetime is less stringent than the condition 74 > =
between the total lifetimes of stales n = 3 and n = 2, Moreover, the lifelime 7 is principally
determined by the scattering rate 7, to the lower subband n = I. 'This ladder of states can
be obtained in a variely of nlti-quanium well strnetures (soe Appendix C).

T'he relaxation-injection region is the section of the period where the electrons cool down
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(Te ~ Ty, where T, and T} are the clecivonic temperalure and the temperature of the laltice
respectively) and are reinjected in the next period {see Fig 2.3 b). The stracture mnst alse
be doped 10 overcome thie breaking into dilferent eleciric field domains observed in nidoped

superlatiices (as in the proposal of Kazarinov and Suris [40, 41]).

one period
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Figure 2.3: a) Principle of cascading: an electron cascades down emitting photons at
each step. b) Quantum cascade design philosophy: eucl repeated period consists of an

active (gain) region followed by a relaxation/injection region.

1o obtain a laser structure, we need a Lomogenous and siable electric field distribution in
the structure. Therefore by doping the structure, the integraled negative charge Is always
compensated by the fixed positive donors imber even in the silnation ol strong injeclion to
prevent space-chiarge formation. Moreover, the operating point of 1lie: Taser musl be a stalble
peint ol Lhie curreni-vollage chiaracterisiic 1o prevent the breakdown of the aclive rogion
inio different field domains. 1aist ef al. have shown that electroluminescence spectra of

intersubband transitions exhibit a band lall effect due to impurity disorder if the dopants



2.5.2 Active and injection vegions, doping 19

are located in the active region [55). Removing these dopanis of the active region strongly
rednees the clectrohiminescence linewidth, Thad is why the relaxation-injection region is
doped. Experimentally, this doped region is resiricted to the center of the injection ragion
in order to have a modulation doping of the ground state of this injector, reducing the
scattering and thus enhancing the injection efficiency.

"T'he eigenvalues and the squared moduli of the wavefunctions, as well as the optical phonon
emission lifetinie, are computed nmnerically. This allows to optimize the different, parain-
elers as wells and barriers thicknesses ot injector and active regions designs. The inethod
of computation of thesc electronie states i quantum cascade strinctures is presented in Ap-
pendix B. To take mto account the doping, we use a self-consistent approach. The total

[Tamiltonian is given by

;'2
H ==V 4 Voole) + Vin(2) (25.1)

i~

where Vge(#) is the confinement potential due to the quantun wells and Vg (z) the Coulomb

potential of screened impurities and electrons,
"T'he charge density can be calculated by

() = eNp(z) — ¢ 3 _nifdil2)]* (2.5.2)

where Np is the doping profile of ionized dopants, ¢;(z) the probability density and n; is the
wnmber of electrons per unit area in the i-subband. The Fermi energy Fr (calculated from

the charge conservalion condilion} is obtained from

Zn.— = Z /p,-(E)f(E}dE (elecirons) (25.3)
= frV'D(z)dz= n, (impurities) (2.5.4)

where pi(££) = ﬁli—ﬂ(l_‘} — I;) is the density of states of the i-subhand, #(£ — [} is the

Heavyside function, f(F) = is the Fermi distrihulion function, and n, is the

1+wp(£}?—£)
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total areal electron concentration, which is equal to the impurities concentration. Inserting
the charge density of Equ. 2.5.2 into Poisson’s equation eeaV2¢(z) = —g(z), ane obtains
P v . .
= — Y ndei(z)F - Np(2)| . (2.5.5)

d: geq

The calculated new space charge potential Viy(z) = ed{z) can be inserted in the llamilio-
nian for the next iteration. Equation (2.5.5) and the Schrddinger equation must be salved
iteratively. Both are coupled via space charge distribution of thie electrons.

The clectronic sheel carrier density per period n, induced by Lhe doping can he measured
by capacitive measirements, In fact the doping can nol. he measured on samples bascd on
InGaAs/InAlAs material system, because the Schottky barrier height on n-In(GaAs is too low
{~ 0.2 eV). But the barrier height is about 0.9 eV far GaAs/AlGaAs material system allowing
C-V measurements. “lo create the Schottky barrier, the samples are etched to remove tle
highly doped top contacts Jayers above the active region and Ti/An conlacts are evaporaled
o il. The dependence of the capacity ¢ on bias allows to determine the sheel density.

. . . . d AL
[ndecd the differential capacily can be writlen [56] as C(V) = ﬁ = (53‘-;-—‘) B U F

d1”

Lhe average density Ny as a finclion of the depletion length W is Ny(W) = %ﬂcd[ . where

z7)

€ is the dielectric constant and go the vacuum permittivity.

2.5.3 Lifetimes

As ihe pepulation inversion between subbands in quanmium cascade lasers does nol come
fromt an intrinsic properly of the material bul fromn guantam enginecring, il is hoportani
to know and design the different scattering times involved in intersubband transitions. The
daminant non-radiative scattering mechanism involved in intersubband transitions of more
than an optical phanon energy (i.e. > 30 meV) is the emission of optical phonons. "T'his
process is very efficient and always allowed, so it gives lifetimes of the order of a picosecond.
T ¢comparisou, the acoustical-phonon emission remains more than several lnmdred times less
efficient. al. T = 0 K than the oplical-phonom enission (57}

The computation of the optical phonon emission rate is thus important for the design of the
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structures. The lifetime 7;; of the heterostructure eigenstate is computed following Ferreira
ane 13astard [57) using the Fermi golden rule and the electron-phonon Namiltenian, which
containg the electron-optical phionon interaction (Frélich) term (earlier calenlations were Hrst
deseribed by Price [58; 59]). They showad ihal the non-radiative scalicring rate from an

imitial state 7 Lo all final stales [ dne to longitudinal-oplical-phonon emission at T =0 K is

equal to
i _m ‘e wm ~qiplze=e’) 4 oot o 9
- = T [z [ s aaia1ema06,) (2.5.6)
where
2m*(Fip — fwro) aE e
dir = 2y — hwio) J;f_, (2.5.7)

is the moementum exchanged i the transition and 5;' = g7l — 7', where e, and ¢, are
the high-frequency and static relative permittivity of the material. lor GaAs, &, = 70z
(€os = l0.0eq and £, = 12.91ey) and for IngsaGayarAs, &, = 7222y (£ = 11.092y and
£, = 13.1eq) {60].

The transition rale for phonon cmission at T # 0 is oblained by multiplying the zero-
temperatnre result (Eq. 2.5.6) by (1 + »), where » is the thennal popalation of optical
plonons, according to the Bose-Einsiein factor for stimulated absorption and emission of

optical plhonons

ne__+ . {(2.5.8)

A
e Fr — 1

The: optical plionon-limited electron lifelime decreases then with increasing temmperature; a
property which is inhcrent Lo phonons in a single crystal. The perforinances of Lhe quan-
tum cascade laser (threshold current increase, slope efficiency decrease) are then strongly
influenced by this property.

One of the most important consequences of these calculations is that the optical phonon
emission beeones more efficient (7 ~ 0.25 ps) il 1he subband spacing is equal 10 the optical
phonon energy. This effect is nsed in the design of several structiaes to allow a fast clectron
escape from the lower siate of the transtiion. The lifeltine is also proportional o Lhe overlap
belween the wave functions of the states involved in the transition (value of the integral in

Equ. 2.5.6). That meaus that the lifetiine of a vertical transition is of the order of 2 ps and
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conld be more than 20 ps lor a diagonal dransition (sce Appendix C), in which this overlap
is smaller.

‘I'be physics of intersubband transitions in the far-infrared, when the energy belween the
iwo subbands is smaller then the optical plonon energy, is very different from the mid-
mfrared, becanse the scaticring mechanisiis are not. anymore dominaled by oplical phionons
ainission, The Fig. 2.4 sketchs Lhe relevant scatlering processes for inlersubband rolaxation

in this sitwation [61].

50

40

30

20

Energy [meV]

10

X

Figure 2.4: Schematie view of intersuhband relaxation for the far-infrared, i.e. where
the energy between the twvo snbbands is smaller than the optical phonon energy. The
main scatiering mechanisms are electron-electron scattering (ee), acoustic-phonen enis-
sion (ac), ionized-impurity or interface roughness scattering (i} and optical phonon

emission {op).

At high teinperature, the optical plionon emission keeps on playing the most iinporiant
role, becanse Lhie clectrons can have cnongll excess erergy to emil an optical phonon even
if the intersubband energy separation is less than the optical phonon energy [62, 63, 64].

Al low temperature the main scattering mechanisms are electron-electron scattering [63,
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66, 67], tonized-impurily scattering and inlerface ronghuess [68, 69]. The eleclron-clectron
mileraclion varies willl the sqnare of the carrier density and becomes then inporlant for
large carrier density (> 10" em™?2). s corresponding scatiering time is of the order of
a picosecond. TFor very low densities (< 10 em™?), the intersubband scattering may be

dominated by acoustic plionons [66).

-1
raif

The radiative rate for spontaneous photon emission for a two-level system wilh a tran-

sition energy fiw is given by [70]

v, 2 2
o frwtet o, qtm P Anmq B.s? 28
vad = wearo % = a—aga Bt = a—rave Fiidij (2.5.9)

3ncdlic Irlegh Seorhi? A

where n = /¢ fep is the refractive index, g the electronic charge, ¢ the light velocity, g the
vacuunt permnittivily, Ey; the transition energy and z; the dipole matrix element B. 'The
Adependence makes (e radiative lifetime guite Jong al far-ifrared wavelenglhs commpared
to e mid-infrared valnes (abonl 5 yes and 80 nis Tor a vertical ransition in a square well
of respoctively 380 A-widlii and 100 A-widih). The rdiative efficiency for spontancons
emission is then given by

T, T .
toag = —1T v T (2.5.10)
Trad + Tnr Trod

where the non-radiative lifelime 7, 38 dedveed from Eeg. 2.5.6. This radiative efliciency is

1]

then on the order of 1675 in the mid-infrared and 107% in the fFar-infrared.

2.6 Photon-assisted tunneling transition

As already nieutioned, most results of this thesis are based on the photon-assisted tunueling
{or diagonal} transition. This transition occurs across a barrier, the population inversion
being miainly duc to tnnneling [71, 72, 73], withoni nsing an optical phonon resonance for
the exlraction, as in Lhe first demonstraled so-called three-gnaniam well active region f1].
The typical active region of sieh a photon-assisted tumicling transition is shown in Fig. 2.5
in comparison with the three-quantum well active region. In fact, many different ways to

achicve population inversion between subbands have already been dentonstrated. They can
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be distingnished by the eharacter of their 3-2 transition (sce Fig. 2.3 b). A disenssion abont,
the population inversion engineering with a review of the different. quaninm cascade laser

designs which have demonstrated lastug action is given in Appendix C.

a) b}
...:I I:l - - Optical phoron \ .
I'J resonance - Tunneling
3QW | - Tunneling Diagonal
Sy -» —»

Figure 2.5: a) Three quanlnm well aclive region based on oplical phonon resonance
extraction of the lower state of the transition and b} active region based on photon-
assisted tunueling (diagonal) trausition, withont nsing an optical phonon resonance for

the extraction.

As shown schematically in Fig. 2.6, one period of a phoilon-assisted tunnceling transilion
structure comprises a trapezoicdal well consisting of a short period superlattice and a quan-
tum well with two tunneling barriets. Under suitable applied bias, photon-assisted tunneling
emission occurs across the injection barrier upstream from the quantum well. The down-
stream barrier allows electron escape into the nexi. well by tamieling.

At low electric fields, the trapezoidal well creates a Uick effective barvier hefween the ground
stales of the wide gquantnm wells {dolted lines in Fig. 2.6 a), and the corrent Bowing througl
the structure by hopping is negligible. A significant current starts to flow in the structure only
for applied fields large enough to compensate the conduction band gradient of opposiie sign
in the trapezoidal well, as schematized in Fig. 2.6 b). Above threshold, the ground state 1 of
the injector is energetically separated from the ground state 17 and the excited state 2° of the
well in the adjacent period downstream, as schematized in Fig. 2.6 ¢). This prevents resonand
tunneling injection into Lhese two lalicr staics and thus negative differential resistance. The
transport belween states 1 and 17 is then described i terus of plioton-assisted tunneling.
This insures a stable injection without high field domains in the whole operating range of the

laser, unlike in the resonant tunneling structures proposed by Kazarinov and Suris described



25

in Sec. 2.4. ln this field range, the ground state n = 1 of one period, which is also the
upper state of the laser transition, has a lifetime which is by design much longer than that
of the olher states, echiding the lower » = 17 stale, and, therefore, coutains the majority of
the clectron population. In ihis desigu, the threshold condition is then achicved by keeping
the upper state population essentially constant while increasing the oplical matrix element
of the laser transition with electric field. ‘This is in marked coutras.t to other QC lasers,
wliere the threshold condition is achieved by increasing the population inversion, either by

electrical or optical pumping.

a)

— F=0

Z117 211

G o (ny-ny) - <zq>2

F=25kV em!

Figrire 2.6: Schematic band diagram of 4wo preriods for different applicd clectric field
(@) F=0,b) PP~ 25kV cn~! and ¢) ' > Fipreshala) showing the principle of laser
action in a diagonal transition. The electron population is majoritary concentraled in
the lowest state of the triangular well created by the applicd field. Laser action occurs
when Lhe latter is increased until the oscillator strength of the 1 — 1" transition salisfies

the threshold condition. The wavy arrow indicales the radiative transition.

The Lotal gain can be writlen as the product of the popnlalion difference An = (ny — ny)
belween the states 1 and 1) the dipole matrix element squared and tlie transition enargy,
As below threshold, the population difference An is essentially constant, the electric field

dependence of the gain is due to: ) the increased dipole due to the enhanced spatial overlap
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between the 1-17 states; i) the linear Stark cffect which increases the transition energy
Ejy- One has then laser action hy oscillator strenglh tuning in a photon-assisted tmmeling
transiion.

BBecause of the spatial separation between the centers of the wavefunctions of the laser
transition, which is very large in this type of active region design, this design offers in
addition the potential of very wide electrical tunability defining the ultimate limit in the
cleciric funability of QU lasers [74, 72].

Such lasers may also be seen as a kind of “model system” whicly is casier to describe fhan
conventional QC straglures. In particular, the injeciion process is easy to model since it
is just a capture process into the lower state of the injection region. The transport {V-1)
characteristics can therefore be computed “ab initio” from the values of the optical phonon
scattering rates. ln contrast, V-1 characteristics have also been computed in conventional
QC sirnetures, hut the imodel requires the introduction of a phenontenological roadening
parameter, the in-plane scatiering time [75]. We perfonmed detailed characterization and
modeling for such a photon-assisted timucling transition. Tn particular, ihe inflneince of
a non-zero liletime of the lower slate of {he transition on the vollage-corrent (V-1) and
‘threshold current versus temperature characteristics have been studied both theoretically
and experimentally. This model is presented, together with the experimental results for

comparisons, in Sec. 4.1,

2.7 Magnetic field

One poal of this thesis was to study gnantnm cascade structures in a sirong magnetic field.
T'his paragraph is therefore devoled to the analysis of the motion of a quasi bidimensional
electron gas snbjected 1o a static and nuiforin magnetic field B [76]. Lei us consider fist,
the general case where the magnetic field is 1ilted by an angle # with respect to the growth
axis (z-axis) of the structure (see Fig. 2.7). This chaice of axes defines the magnetic field §
in the y — z plane, whereas the confinement potential V,,,.;(z), due to the conduction-band

discontinuity, is along the z-axis. Using the Landau gauge (div/-f = (0}, the potential vector
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A of B is relatively simple to deduce ([f =V x Li‘) and one sets:

0 Bzsing
Maguetic field 5 = | Baino Potential-vector A = | Brcosd {2.7.11)
Beost 0
By

B|

Fignre 2.7: Magnetic field confignration for a quantum well structure. The z-axis

corresponds to Ulie growth axis. The Llwo cases presented further are also shown as

By(8 = 90°) and By(6 =0).

The [lamiltonian is given by

1 = , =B R
H= 2m*n’+ Vieens(z) + ' g7 B (2.7.12)

with IT = £ — ¢4 belig the canonical momentum, m* the eflective mass, and g the charge
of the carrier (§ = —c¢ for electrons, e > 0). The last tern takes nto account the electron
spin & which interacts with the maguetic field adding to the particle energy the quantity
g 11ed - B, where g = 5%'; =9.27 - 107 J/T is the Bohr inagneton and g is the effective
Landé g factor of the carrier. The operalor & has the cigenvalues :i:%. We ignore here the
efleclivee mass difference between the well and the barrier. itroducing the expression for

the miomentwn operator P = —iFV and for the position operator Z = z, as well as the

notations Bsind = B and Beosf = B, (see Fig. 2.7), the hamiltonian 2.7.12 becomes


file:///BcosOi
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1 , . P2 . = B
H = o (P By 2) + (P + eBUXY) 4+ 55 + Vs (2) + 9157 - B

1, , .
=5 (P24 2By Pk + B2 + Pl + 2e 5, P, X + 1 X7%)
m*
F? o
ot Veonf(2) + g pgd B
1 2 a? H 6 .2 1 ¥ az : 3 2452 ,.2
= Dy (—ﬁ E—z — QFBB"ﬁ,aZ + @ B"z + 5; —-h :9? - QreBJﬁ%m + e B_Lﬂa

a2 Vo s e B
_ﬁa—z—i-l- eonf(2) + ¢ 187

(2.7.13)

1, is now possible Lo separaie the orbital and spin variables. The spin term is rotationally
invariant. Therefore, if we quantized & along a fixed direction (say y}, we will obtain the
same spin eigenvalues i%g‘ﬂgﬁ. ‘'hus the spin-splitting is onty depending on the modutus
of i3, not on its direction, The value of the effective Landé g factor is about g* = —0.4 for
GaAs wells [77, 78], whereas the bulk vahie al. low lemperature is abont -0.44 {79, 80}, This
valug increases for thin wells as shown theorelically [78] and experiinentally [81]. Tor halk
Ing.s3Gagar s, g* is aboul -4.1 theorctically [82] as well as experimentally [$3]. Again, this
value is expecled Lo increase for thin wells [82, 78], The spin splitting %g";th al 12 T is
therefore about 1.4 meV for lnGaAs and 0.14 meV for Gads.

Lot us take the orbital part of the Hamillonian 2.7.13. We notice thal it is y-mdepondent,

Thus the wave fumction ¥{z,y, z) is given by a function of z and z and by a plane wave in

1he y-direction

Uz, y,2) = pil, ) - ¢ (2.7.14)

Thi: Schivoedinger equation HW(r,y,z) = E¥(a, y, 2) is i (his case

i? gt oo 1 \
—— et Vpuy(2) = — — — (hk B
2m* 9:* * () 2 da? + 21t (fiky + e 17)

1 . ] .
+5— (r.’“\l?[‘iz.2 - ‘214:B||iiaz)]<pk(u:,z} = Byi(r, z) (2.7.15)
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We can now decouple the problem in two different cases stuclied separately :

a) Magnelic ficld perpendienlar to the layers (parallel to tlie growth axis): # = 0, B =

(0,0, B1). This case will be treated in paragraph 2.7.1.
b) Magnetic fcld parallel to the layers: 8 = 90°, B = (0, 8.0). This case will be treated in

paragraph 2.7.2.

2.7.1 Perpendicular magnetic field

Witl a magnctic ficld only perpendicular to the layers, 1he Sclirosdinger equation 2.7.15 is

reduced lo

[ R P h? o 1

~ o 5~ o B + %F(hky + eBLJ:}2 + \’;,,,_,_f(z)] wp(r, 2) = Bz, 2)  (2.7.16)

The wave function @, z} can be factorized into
wr(m, 2} — @aln) xmlz) (2.7.17)

Substituting 2.7.17 in 2.7.16, we ohtain the following equations for ¢.{2) and y,.{2)

[ h? &

2t Jz?

+ Vctm_,'(z):l Xm(z) = Em,\'m(z} (QT.TSd,)

a? Tz

Poalz)  2m' [ Rk QMkeBix  eBix?
2m* 2t 2m*

] walz) =0 (2.7.18h)
Xm{z) are the wave functions for the z motion corresponding to the m* state (hound or

unbound) of energy &, for the heterostructnee Hamillonian without magnetic field. Tniro-

_ ky _ Ek,

ducing w, = % in Fen. 2.7.18b, which iz called eyelotron [requency, and g = B = e
one can wrile

Houle) 2m* [ mwl

Foulz) B = T2 (4 1 )?| () = 0 (2.7.19)

dz? h# 2
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‘T'his equation is identical to the Schroedinger equation of a harmonic oscillator oscillating at
a frequency w, around the point ¥ = 2p. One concludes that the constant F, is the oscillator
cnergy which can lake 1he values (n + 1/2)w,, 0 being an integer.

Tlms one obtaing the eigenvalues of Eqgn. 2.7.19 which are ky-independent and evenly spaced

in Jiwe., They are the well-known Landan tevels [84] (see Fig. 2.8):

(3%
-1
b
=
—

E,.(k,,):(wé)nwc  n=0,1,2... (2.7.

a) E & b) . Es .
L] ]
\ '
' .
' '
s '
— —
[ i g )
A ] ]
h(!)c ' N
L\\ ‘I
5 -k, 5 >k,

Figure 2.8: Dispersion relation for the two subbands a) in the absence of magnetic
field and b) with a perpendienlar magnetic lield present. The subbands split in this

case in Landau fevels separated by fw,.

The eigenstates |#) = Jm,n, k) of the Hamiltonian in Equ. 2.7.16 consist of Landau level
ladders which are attached to each of the zero field heterostructiures bound {(or unbounl)
states. The energy levels of a particle in a magnetic field perpendicular to the layers is

therefore

1
E.=§.+ (n + E) fhw, (2.7.21)

‘The carrier motion is then entirely quantized. 1ndeed Ve, (z) has quantized the z component

of the carrier motion, whereas the magnetic field alonrg the growth axis (perpendicular to
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the Tayers) has guantized ihe in-plane molion.

2.7.2 Parallel magnetic field

Tn LInis second case, with anagnetic field only parallel Lo the layers, the Sclivoedinger equation

2.7.15 is reduced to

1 2 0" o O 232 TR 0 :
s - e li e + Wk, + e Bjjz" — .:‘.rr:B"haz + Veons(2) | tonli, 2} = Foi(m, 2)
(2.7.22)

The wave hniclion @z, z) can be simphified becanse the latter Hamillonian docs 1ot contatn

the x coordinate. So we will look for
oilT,2) = pu(2) - e (2.7.23}

and thie equation 2.7.22 simphifies in

L PP 12 2eByk,: € Bjs 12
s 4 Vs () 4 5 (kf+—’! F |+ gk ) = El2)

2, I
(2.7.24)

‘T'he magnetic field can now he treated as a perturbation; this allows us to find the eigenvalues

o

of the Hamiltonian [85, 86, 87]. The presence of crassed electric and magnetic fields has
been also treated withond applying the pertnrbalion procadure [88, 89]. The lirst-order

purturbation-theory calenlation gives the energy as [90, 913

_ PR fi2 2By fi 2 Bi(z?)
£ = En k2 12 = 2.7.25
ony (2} + Dt ¥ g T + Dt (2) + 2t (2.7.25)

whare Eeony(2) i the confinement, energy due o the polential Vi, {z). The three first tenns
are the cigenvalues of 2.7.24 if the parallel magnetic field is zero. The two last terms are
the resubl of the perturbation theory {(pr(2) |Hpere| wx(2)}. The terms (%) and {z} are the
expectation values of the respective operators for the unperturbed wave functions. lu fact

{z) represents the position of thie gravity center of the wavefunction @,(z) in function of


ca.se

a2 Magnetie field

the origin of the z-axis. One can rewrite the expression 2.7.25 by forming a square such as

(k, + ALy,

S AT S BN L Bl 0 g7
L_bmn!(‘)-{-&!m.‘k” 2m* (A e fi +'2.m. ()~ ") (2.7.26)

One ohserves that thie nsual K2-dispersion changes it a parabola shifled by a quantivy called

- (z The last term ({z?) — {z)?) is independent of the chaice of the origin. It

Kahife =
represents a diamagpeiic shift which changes ouly slightly the energy and can be neglected
for thin wells. These effects are shown schematically in Fig. 2.9 for the two subbands involved

in a diagonal transition.

IMigure 2.9: Dispersion relation for the upper and lower state of a diagonal transition in
the absence of magnetic field (dashed cnrves) and with a parallel magaetic field present.
(solid curves). According to 1heor\ the parabola are shifted in the &, direction by

—il— and raised in energy by ;_,m {(=%) — (2)?). The arrows indicate the maximum

and migimimm encrgy splittings.

It is clear now that the kuip-effect is a pure diagonal transition effect. Indeed, the value
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ol {z) can be chosen Lo be the zoro of 1he z-axis (Tor exanple for the lower state of the
trausilion}. So the ke-dispersion of Lhe npper slate of the lransition will be shifted with
respect Lo the lalbier. For a vertical transition, {z} is the same for the two slates involved in
the transition and therefore the dispersion relations will not be changed. If the parabola are
shifted as in Fig. 2.9, the transition energy can be different depending on where you are in

the dispersion curve: for example at k. = 0 or ks = kopige.



Chapter 3

Experimental setup and sample

fabrication

T the first sections of this chiapter, we describe Lhe experimental setnp which was developed
to perform mid-infrared measureiments in a magnetic field as well as far-infrared magneto-
transport ineasureinents and electroluminescence in a perpendicular magnetic field. Then
will follow a description of the sample growth technique, the molecular beam epitaxy. The
last section of the chaplor is devoled 1o the deviees processing, both for mid- aud far-infrared

samples.

3.1 Magnetic field cryostat

Allimecasnrements performed in a magnetic field have been done in a eryostal. which contains a
sipercondneting coll allowing ns to reach a magnetic field of 14 T, wheu using a lambda plate
above 12 T'. This cryostat was supplied by Janis Research Company, Inc.! and comprises a
1lle dewar which can contain up te about 23 Liters of liquid helinn allowiug an autonomy of
about 60 hours before vefill {without pumping on the sample tube or using the maguet). The
rmagnet inductance is 31.5 Il and the maximum magnetic field of 12 T at 4.2 K corresponds

Lo a raled cirrent of 78.3 A, while the maxinmur magnetic field of 14 T al 2.2 K corresponds

VJauis Research Company, (nc., PO Box 696, ¥ dewel Drive, Wiliuinglon, MA 01887, LISA.
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the detecior. This allows o ncasure the magicetic ficld on the detector (see Sec. 3.3). Two
holes allow 1he passage of Hall probe wiring. A spring loaded ball bearing is located into a
small Liole: in the side of the light pipe Lo mandain the assanbly in place. The speclra are
then performed by sweeping the detector magnetic field (small coil) while keeping the sample
maguetic field (hig coil} constant. To know the absorption wavelength of the detector, we
have to convert the rated current (or magnetic field) of the small coil in energy. As the InSh
has an efleclive nass of m™ = 0.0139%n,, the cyclotron energy (at which the detector absorbs
light) is fwo, = %2 = 8.324 - B [n1cV] (or 2.706 - T [meV]).

The use of this magnetically tunable cyclotron-resonance detector has an inferior spectral
resolution than the I'TIR spectremeter (see Appendix D). A schematic drawing of the
standard IR electroluminescence setup is shown in Fig. 3.4 'The light cormting from the
satnple s collected by an off-axis parabolic mirror with an f/1.5 aperture and senl thvongh

a FTIR spectroneter in a liguid-helinn cooled 51 bolometer 2

Si Bolometer

FTIR
| -
Cryostat —
Lock-In = 2
Amplifier Pulse Generator
Oscilloscope

Fignre 3.4: Schiematic drawing of the FIR electroluminescence sctup [12].

? A optical calibration of the $i bolomneter has Leen perforuied using a blackbody radiation source. A large
difference belween the electric aud optical responsivily has been observed. Indeed the optical responsivily
was found 1o be only 139 of the claimed elecirical responsivily specified by Uhe manufacturer.
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The use of the two setups together will give the possibility to work with a high spectral

' or better with 1"I'111) on one side and offer the possibility of applying a

resolution (1 cn”
strong magnetic licld on the strnetires on Lhe other side. This new FIR scinp has also a
Mmrilier advantage besides allowing Lie micasnrement of a sample with an applicd wagnetic
field: it shonld have a mnch betder signal to noise ralio compared to our standard eleciroln-
niinescence setup. lndeed, high-performance F1R. detectors are usnally limited by the room
temuperature 300K thermal background radiation. By hmmersing the whole setup in liqud
Helium, we completely remave this noise source. After measurements performed at 4.2
and having an insufficient signal to noise ratio, we decided to work at a lower temperature
(3 1K) by pumping on the sample tube. By decreasing the temperature, we deerease the
Jolinson noise and thiere s also an inerease i Lhe ToSh detector resistance, Therefore we

shonld have a provonneed improvenient in 1lie NEP. The V-1 corves and maiu characteristics

of the detector are discussed in the Appendix D,

3.3 Hall probe

We use a home-made two dimensional electron gas (2DEG) sample in the standard-Van der
Pauw geometry as a [1all probe to accurately measure Lhe maguetic field due to the small aud
thiee big coil felt by the detector. Indead, the big 14 T-coil induces a non-negligible magnetic
ficld o the detecdor, nainty because of the short distance separaling the center of then
[~ 25 em). Therefore Lhe spectra perforined at high magnelic field have 1o be corrected in
encrgy. We ineasure the Hall voltage hy the Van der Panw Lechuique nsing a Hall enrrent
of 100 pA. Typical Hall measurements performed at magnetic fields of 0, 4, § and 12 T in
the big coil at 3 K as a function of the magnetic field in the small coil are shown in I'ig. 3.5
a). These measurements allow also to deduce the 2DEG sheet carvier concentration n, since
Lhe saple resislivity pyy (ratio of the Hall transverse vollage V' divided by the longitadinal
enrrent [ is given by [76]
T, B

1%
7= = (3.3.1)

1,8 ity

11

Py

where m* is the eflective mass and w, = ﬁ}% the cyclotron frequency.
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‘The Hall resistivity increases then linearly with the appiied magnetic field. We obtain a

2DEEG sheet carrier concentration of n, = 2.1+ 10'% cm~2

2

The oscillations observed for

maguelic fickd higher iban 1.5 T are due to Laudan quantizaliou, i units of a mindameuntal

conslaut, (g%), known as the guantized Hall effect [94, 95, 46, 97].

)

o

Hall signal [mV]

Shift [meV]

IMigure 3.5: a} Typical Hall measurements as a function of the magnetic field in the
small coil at 3 I\ and b} carrection in energy (shift. of the raw speatra) dedneed from

these Hall measurements duc to the magnetic field indneed by the big eoil an the

detector.
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‘T'hese all measurements allow us to determine 1he quautity which we have 1o sublract ai
the emission energy detected by tlie InSb detector. With the value obtained for different
magnetic fields in the big coil, we deduced that the raw data should simply be shilted by
a quantily of 0.2419 . B, where B is the held in the big coil (or by 2.796 - 1, where s the

rated current of Lthe small coil), as shown in Fig. 3.5 h).

3.4 Growth

i the course of this thesis, all samples, both on InP- and on GaAs-substrate, were grown by
molecular beam epitaxy (MBE). The quantum cascade lasers consist of 111-V heterostruc-
tures. The group 111 elements are aluminium (Al), gallium (Ca) and indium {In}, with
arsenic {As) being the ouly V element. MBE is basically an evaporation technique under
ulira-high vacuum (Y¥HV) conditions (hase pressure < 107'% mbar), which allows the growth
of very thiu layers (< 5 f\) wilh sharp interfaces and an excellent compositional cantrol (for
a review, sce for example [6]). MBE systems include e sitn analysis capabilities. For ax-
aniple an electron gun for reflection high-cnergy electron diffraction (RHEED) which allows
the analysis of the growing surface to wonitor and control the growth conditions. There is
also a inass spectroweter to analyze trace gases which is in particular very useful to detect
micro-leaks. The typical MBE growth rate is in the order of one monolayer per second,
correspouding to approxumatively 1 pm per hour. I'he quality of the growth can then be
controlled by X-ray dJiffraction. Fig. 3.6 is a transmission clectron microscope {TEM) image
of a partion of the cleaved cross scciion of & quantmn cascade laser active region: the gnality
of the interfaces 1s really excellant.

The MBE growth of the sample studied during this thesis was carried out by Dr. Maltias
Beek (usually the InP-based samples) and Dr. Ursula Oesterle (usually the GaAs-based
FIR samples) al IMO, EPFL in Lausanue and also by the Cavendisli Laboratory’s group at
Cambridge {UK) for somne GaAs-based FIR samplos.,

A complete listing of the structures studied during this thests can be foind in the Appendix

A, with the layer sequence of one period, the doping and the number of periods of each
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far a laser al about A ~ 10 (Lypically laser 81548 extensively measured) is shown in Table
3.1,

An other important fealure of the waveguide design is to minimize the optical losses due to
[ree carriers. This is oblained by redncing the doping level around ilie wavegnide region o its
minimum valne while maintaining low resistivity. The made profile, offective refractive imdex
and opiical losses are calenlated by solviug the wave equation for a planar wavegnide with
a complex propagation consianl and modeling each layer with its complex refractive index.
‘I'he {ree-carrier absorption losses (imaginary part of the refiactive index) are obtained using

the Drude model [98, 34].

Material Thickness [nm] Doping [em~3]
GalnAs 1050 7-10'®
AllnAs 1050 L5- 10"
GalnAs 300 6. 10
35x Active 1700
GalnAs 700 6. 108
P I1-5.10"7

Table 3.1: Waveguide layer siructure for a laser al about A ~ 10umu.

For laser characterization, the structures are usually processed inte ridge waveguides of 28
pm-width by wet chemical etching. A thick isolation layer (normally Si0, or SizN, depending
of the emission wavelength) is then deposited by PECVD, but during this thesis we tried
also with ZnSe evaporated by e-gun. 'I'/Au ohmic contacts are evaporated on the top.
Thinming (to reach a Mhickness of aboutl 150-200 jan), back conlacling with Ge-An-Ag-An
(usnal respective thicknesses of 12-27-50-100 nm) and cleaving complele the processing. The
{wo mirvors of the laser cavily are then provided stinply by the cleaved Tacels. A schomaltic
drawing of a processed laser stripe is shown iu Fig. 3.7 a). The devices are usually cleaved

in 0.5- to }-mm-long bars.
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fo the top of the highly doped cladding laver. This buried heterostructure QC laser yields
both lower optical losses (higher slope efficiency) and a higher thermal conductivity, allowing
ligher average powers and higher duty cycle operation [99, 100, 11].

For lmmineseence measnrements, the strucknres ave normally provessed in mesas of helween
220 g x 220 jon and 450 pom % 450 g instead of laser siripes, as shown in Fig. 3.7 b).
That is to avoid optical feedback and gain. The light is then coupled out the structure
through a polished wedge which forms a 45° angle with the plane of the layers. The 45°
angle-wedge Is provided to collect as much light as possible. In fact the light is deviated by
an angle of aboul 33° belween the air and the seiviconductor due 1o the vefractive index
change al the interface.

The cleaved Taser devices, or hininescenee devices, are then soldered epilayer up lo a coppar
holder, wire-bouded with Au wires and mounted in the cold head of a temperature controlled
helium flow eryostat, on a Peltier-cooled laser housing or on specific sample mounts for the

magnet-cryostat.

3.5.2 Far-infrared or terahertz structures

For the clectroluminescence experiments, the FIR samples were processed into mesas of
typically Dobween 220 g x 220 pan and 450 yam x 450 gan with An/Ge olunic contacts
ol Lop. The light was extracled from the structores through an evaporaled Ti/An melal
grating of 13 jum periodicity, as explained below. To see whethor the far-infrared striuctures
have gain, we have to embed them in a waveguide, as for the mid-infrared QC lasers. But in
the far-infrared, waveguides based on pure dielectric confinement would require a cladding
thicknesa on the order of 20-50 pm, which is unreasonable. This technological difficulty
can be avoided by using a metal justead of dielectrics for the mode confinement. Sirtori ef
al. nsed first this Lechuigque in a waveguide based on surface plasmons with a QC laser at,
long wavelength [101]. The FIR wavegnides nsed for some sanple in this thesis arc based
on metal-diclecbric-metal, or donble plasmon confinement. [102]. The metal layer helow the
active region is replaced by a heavily doped GaAs layer. which leads to similar guiding

properties as a metal-semiconductor-metal confinement, but with slightly higher waveguide
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3.5.2 Far-infrarved or tevahertz structures a7

losses. However, these wavegnides allows a drastic reduction of the cladding thickness and
achieve larger overlap factor.

For the strmclires designed to emit in the lar-inlrarved, or leralieriz, range, the light nmst
he coupled ont by a metal graling. Indeed, the selection rules for intersubband transitions
reqnire that the emitted light has an eleciric field polarized pempendicularty lo the confining
layers. The light with this polarizatiou will then travel parallel to the layers, i.e. in the
plane of the sample. As the absorption of the free cartiers tu the substrate is proportional
to the square of the wavelength, it is impossible to extract the light with a 45° angle facet
as in the mid-nfrared. We use then a diffraction grating which converts the radiation
polarized perpendienlar to the interface into a plane wave radialing from the snrface. The
period of the grating amsl. be smaller Lhan the wavelengih corresponding o the respective
Lransition divided by the refraclive index of thie material. [l has been observed experiimentally
[103, 46, 64] and theoretically [104] that the coupling efficiency decreases very rapidely
towards longer grating periods, but quite slowly towards short periods. As the wavelength
of the transition in the GaAs material is about 25 ym, we have chosen a grating period of
L5 g, If we focus on waves wlose wavelength for a given frequency cannot propagate in
the bulk and wlich are trapped on the surface, their decay lenglh is given by the following
relation [103): {2r/A)? = (2x/d)? — 1 /8% Here A is the wavelength ol the emitbed light in
Lhe GaAs, d the grating period and 4 the thickness of the aclive region. We gel an oplimal

grating period of 15 pm, using § = 3o and A = 250, in agreement with the chosen value.
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Chapter 4

Mid-infrared quantum cascade lasers

This chapter of the thesis presents the main results obtained on mid-infrared structures,
in particular a detailed analysis of the laser structure S1548 based on a photon-assisted
tunncling transilion (sec Sec. 2.6 Tor theory). The second parl of the chapler shows elec-
{roluminescence incasurentents performed on a superlattice, incliding a presentation of a
method 1o investigate gain in such a superlattice, followed by a a discnssion of the effects of
a 1)1%1';1”(:] nagnetic field. Measurements performed v parallel magnetic ficld, incloding h-
minescence dependence of diagonal-based QCL and threshold current dependence of various
QCLs, are presented in Sec. 4.4. Finally the effects of a perpendicular magnetic field on the

threshold current of various QCLs are discussed in Sec. 4.5.

4.1 Photon-assisted tunneling transition-based QCL

We present here a detailed characterization and modeling of long-wavelength (d ~ 10um)
quantum cascade lasers based on photon-assisted tunneling transition. Such QC lasers have
alrcady shown a promising degroe of performance al & = 6.5 g witl puised operation up to
T =280 K [71]. Tn Sec. 4.1.1, we present 1he design and the characterization of Lhe laser. In
Sec. 4.1.2, we develop a model based on an non-zero lower stale lifelime and study voltage-
current (V-1) and threshold current versus temperature characteristics both theoretically

and experimentally. The V-1 curves have been calculated at finite temperature, whereas
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50 Photon-assisted tunneling transition-based QCI.

previous studies were limited to low temperature. I'his model enables also the computation
of gain saturation with temperature. A comparison of the model predictions with experi-
maul is then discnssed. Conthmons-wave operation and a speetral analysis with wavegnide
loss measuranents will be shown in Sec. 4.1.5 apd See. 4.1.6, whercas electrohoninescenee
measnreraents and the electrical tuning belavior of these Tasers are presented i Sec. 4.3.7,
We conclude this discussion in Sec. 4.1.8 with the presentation of two new designs. For
both of them, we used a finite value of the lower state lifetime that was deduced from the
experiments. We performed also measurements on a new photon-assisted tunneling desigu

which shonld operate up to room-temperature.

4.1.1 Laser design and characterization

Each period of the laser strnelnre 51548, as shown in Fig. 4.1, comiprises an Algysings2As
[ Ing s3Gag 47As superlatlice injeclor coupled Lo a 7.4 min thick Tug s3Gag.ezAs quantnm well
snrrowrded by two 2.5 nm thiek IngseAlpasAs tunneling barriors. Under suitable applied
bias, photon-assisted tunneling emission ocenrs across the injection barrier npstream from
this quantum well {see Sec. 2.6). The downstream barrier allows electron escape into the
next well by tunneling.

Typical light vs. corrent (L-1) and voltage vs. corrent (V-T) enrves for a 28 pmi-wide, 1.4-
nun-toug device are shown in Fig. 4.2. The current pulses were 100 ns long willi a pulse
repetition frequency of 5 kHz, At low femperatore (830K), we observed a Uireshold current
densily of 1.1 kA/an? and a inaxinmm outpnt power up to 160\ for 13 V bias voltage.
This threshold current density is lower than the 3 kAfcm® [105) or the 1.4 kA/em? [74)
reported for this kind of QC lasers and at these long wavelengths, The laser operates up to
200K, with up to 20mW at 190K for the best device. The emission wavelength was on the
order of 10 g depending en electric field and temperature,

As shown in Fig. 4.2, the L-1 characteristics of the device are not lincar. The initial slope
ofliciency 1s very poor hul increages rapidly with vollage. We alirihule this hebavior 1o the
too small voltage at which the luser operates initially; at this sioall bias, the lower state of

the laser transition is thermally populated due to its proximitly (A 2 30 meV) to the Fermi
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sea of the injector. Shorter devices having larger mirror losses and therefore operating at

higher biases did in contrast exhibit a linear 1-1 curve above threshold.

Injection barrier

™~ \ doped to 9.2-10" cm™

o

One period

———
46

4.2

Figure 4.1: Self-consistent computation of the energy band diagram of iwo periods of
the structnre S1548 nnder an average applied clectric field of abont 55 kV/em. The
moaduli squared of the relevant wave functions are shown. The wavy linc indicates the
transition respousible for laser action. The thickness of the dillerent layers is indicated

in nanometers.

‘The shape of the V-1 curve (Fig. 4.2 and I'ig. 4.8) is well understood: between 0 and about
4 Volts, the current is very small, because the injector states are not aligned (the electric
field is simall). The graded region creates a thick effective barrier between the ground states
of the wide TnGaAs guantainn well and therefore the enrrent, lowing through the sicucture
by hopping is negligible. When tlic voltage increases up to 5 V (corresponding to an clectric
ficld of 32 kV /cm), the injeclor states align and cleclrons can cascade o the stracture, At
the threshold voltage, we see in the V.I curve of Iig. 4.2, and particularly in Fig. 4.8, an

abrupt slope change. ldeally {i.e. if the lower state lifetime 7y, were negligible) the differential
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resistance above threshold should be zero, pinuing the bias voltage at its threshold value. But
biere, due to the finite lifetime of the lower n = 1’ state, the change in diffevential conductance
al threshold is siall. We show iu the nexi scction thatl ihe ralio of the conductances helow

ad above threshold i3 a weasure of Llie ratio of the lifelimes of the states 1 and 1°.

Current density [kA/cm?]
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14 T T T T T T T 160
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210 N ] 3
- . f 4100 g
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Current [A]

Tigure 4.2: L-! carves in pulsed mode of a 28-n-wide and 1.4-mm-long QG laser

neasnred at different temperature. Also is shown a V-1 curve measured at 8018,

4.1.2 Rate equations

In this approach, and i contrasl Lo previous reports [71], we Lake nbo account i) a non-zero
{but assuwmed constant) lower state lifetime 1+ and 4} the fact that the total integrated
charge in a period 7y, remains constant. lor simplicity, we neglect the population of the
other excited states of the injector and keep only the population n,: of the lower state of the
laser Lransition. Therefore we are, in our madel, lelt with ouly iwo states (1 and 1°). Their

populations a1y and 1y [lhll the equation

Mot =1 (411)
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[i: sieady state, the rate equation for state 1 can be written as

Ty

—— — g 50—} +
Ti

oy, (4.1.2)

=
where § [em™? . 57! is the plioton flux per unit leugth per petiod and g. [cm] the gain cross
section [34]. The laser threshold condition, gain equals the total losses ayy, is

g ({m —mp) = . (4.1.3)

By design, the cross section gain g, aud the lifetime 7 are not coustant iu photon-assisted
fanmeling structures, Howaever, according o onr calenlations, the product g. - 7 is coustant,

within 4% in ihe range of the clectric field between 55 and 70 kV fem:
g =4 , (4.1.4})

where A [em - 8] 18 a constanl, eharacteristic of the heterostrueture. Tnoaddition, the cross
seetion gain g, is, with good aceuracy, proportional to (he applicd vollage V belsween 55 and
70 kV/em:

Vg, . (1.1.5)

I is convenient Lo express the lifetime 7y (g,) and 17 as a fanclion of the cross seclion gain

go needed by an (idealized) device with zero lower stake lifetime, Lo
o et = Gy {4.1.6)

and

g-mv=4 (4.1.7)

s0 that the ratio of #-/m{gg) 1s the inverse of the eflective cross section gains g/g..
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4.1.3 Lifetime ratio and condition for lasing

Equations 4.1.1-4.1.7 altow a prediction of the nornalized -1 and V-T ¢urves. T particnlar,
the carrent density § was oblained fromn the lower laser stale population nyp using j =

grny-gfA. The photon flux becomes then

p -~ 2
e G—fe 0 — 0 44
S{gelg0) = = ,’;A . (4.1.8)
24 e o

The slope efficiency dP/d[ is given by

dr d8
— =N -
17 Nphieor, TR (4.1.9)

where N, is the number of periods, hw is the photon energy and a., are {he mirror losses.
P I! s ! &Y

The current density below threshold (S = 0) can be expressed as

. Nt - o} .(}'.q':
il e =l f - , 4.1.10
Jo(ge/g0) ) (g n ,qc) ( )

and the current density above threshold is

. o ¢ {7 - {9 — & ‘
Jule/90) = =5 ’(“’ (;_g ")) . (4.1.11)

The total curreut density is therefore j{g./gs) = max{fy, ju). Inversely, the cross section

gain g. over gy can be expressed as a function of the current density, below threshold, as

5 i) .
9elgpo = —i— (4.1.12)
90 (513 — j)
and above threshold as

" oty .
= 4.1.13
Ge /.qD “!olq.“} - 2J A ( )

The tolal cross section gain, which is proportional to the bias voltage, is therfore g. /g0 =
min(g2/go, g2 /g0)- The resnlt of this medel is plotted in Fig. 4.3 for different values of the

ratio @/gn. Tor large values of the ratio §/gy {thus for low lower state lifetinmies), ihe change
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in differeutial conductance at threshold is clearly visible and the laser exhibits a large slope
efficiency. If we use for the ratio §/gy in our model values less than 6, we observe the
somewhal surprising facl that lasing is not possible. T fact, the linit valuc for the ratio
&/ a0 is obtained by imposing S(g./g0) > 0. T ollicr words, a ratio of al least /g > 3+2¢/2

(= 5.8) is required to make such a laser operational (independently of A).
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gc/ go (bias voltage) [A.U.]
S (photon flux) [A.U.]
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Fignre 4.3: V-l and -l curves compnted by the model for three different values of
Tiof1, ie. of §/go. Lusing iz impossible if the lower state lifetine is longer than 6

tines Lire upper state lifetime al the gy Lhreshold,

‘This sensitivity to the lower state lifetime has its origin in a kind of positive feedhack loop.

As the lower state lifetime is increased, the population on this state increases and therefore
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decreases the population of the upper state (since the folal popnlation is conserved, sece
Eq. 4.1.1). The increase of gain needed 1o overcomne: this decrease in popnlation difference
can only be oblained al the cost of a firther reduction of the npper state hfelime. This
fact has important consequences for the design of high performance QC lasers based on
plioton-assisted tunneling transition.

In Fig. 4.3 (particularly visible for §/ge = 20}, we observe also a saturation of the photon flnx
accompanicd by an increase of the differential resistance, as observed experimentally [106].
This is the result of a strong reduction of the effective upper state lifetime due to stimulated
emission (77}, = 77" +73'). The saturation of the photon flux can be deduced analytically
by demanding dS(g./q)/dg. = 0. Using formulae 4.1.8 and 4.1.11, we can calculate the

value of the current density for which the photon flux is maximum (assuming di/dg, = 0):

j(Smaz')= ’121—‘:‘&'(.(}_ \@) . (4]]4)

Computing analytically the ratio of the differcntial conductances just below Gy and just
above G, tlreshold, we obtain, assuming that g, ~ go and § 3 go, that this lalter is roughly

Iall of the ratio of the lifelimes:
= _— {4.1.15)

where g is the n = 1 state lifetine at a bias corresponding te s gain go, i.e. 110 = Afge. The
inscl of Fig. 4.4 displays the exact solution (solid curve) and the approximation of Eq. 4.1.15

{dashed curve} for a ratio of the conductance /G, between 0 and 15.

4.1.4 Comparison with experiment

W are then able to deduce the lower state lifetime by measuring the ratio of the conductances
below and above threshold. Looking at the V-1 curves of all measured lasers (as {or exanple
in Pig. 4.2 aud 4.8), we determined the ratio of the lifetintes 7,/ from the ratio Gs/G,

{using the exact solution displayed in the insert of Iig. 4.4) and the threshold current density.
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We then calculated the lower state lifetime for each laser using the fact that

s Yo

i = - =
Jih 4

(4.1.16)

where 7y = 1, - ¢/jin. The Fig. 4.4 shows the value of 7 calculated by this method as a
function of the threshold current density for several measured lasers. One obtaius a mean
valie of 7 = 2.6 ps. The nncertainly of Lthese points is a resull of bolh the inlrinsic

uncertainly for n, and lhe fact thal n, 15 nol the exact value of Lhe density of the staie 1.
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I'tgure 4.4: Lower stale lifetime 7y- as a function of threshold cnrrent for several lasers,
calculated using the exact solution for the ratio of the conductances G,/Gy. Inset:
exact solntion (solid enrve) and approximation of q. 4.1.15 (dashed curve). 'I'he small

reclangle represetts the regiou of the values obtained for our lasers,

The: ratio hetween 1he lifetimes al threshold {71 /7)) is (lien about 8, becanse 1 1s approx-
imaiively cqual to 20 ps in this stmictare [71]; this is enough for lasing, bnt much smaller
than for previons lasers based on the same pholou-assisted (nuneling iransition ai lower
wavelength (more than 40 for exarmple for 132150) [71]. 'The small rectangle in the inset of

Iig. 4.4 represeuts the region of the values obtained for our lasers.
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The density of state I and the current flowing through the structure allow us to defermine
the lifetime =/ of this n = 1 state. With the values of this lifetime as a function of the
electric ficld, we are then able to simulale the Lransport eliaracteristics (V-1 curves) of the
slruciure. We took inle account the phonon absorption and the population decrease of slate
1 al higher teperature by populating the higher states including the first excited slate 2°
(see Iig. 4.1). Indeed, the electroluminescence spectra show an intensity increase of the 2'-1’
verlical lransition with temperature (see below and IMig. 4.11); thus the current due to this 2’
state gets important at high temperature and therefore becomes an important current leakage
channel. We assumed also an injection time into this 2' state of twice the lifetime of the state
itsell {abonl 1.2 ps), changing the popnlation of the stale 27 by a ralio of 2. We calenlaied
the corrent and the population of state 1 by iteration taking into account the popnlation of
the lower state ny = J- 70/q. As explaived above, the non zero lifelime of this lower state
has been deduced from the ralio of the Fifetimes at threshold (calculated to be about 2.6
ps). We calculated the current density vs. voltage for different temperatures and compared
them with the cxperimental curves measured on the electroluminescence sample (see below),
as shown in Jig. 4.5, Good agreement with the experimeutal curves was obtained after
dividing the calculaled current by 1.17. An adjustment of the current. was also perforned
in Ref. [T1], andl is probably due 1o an micertainly of 1he dopig level andfor 1he Injection

barrier thickness.

Since the gain cross seclion g. is

Arg®s3. I

e = e 4.1.7
7 eon Lp(27)A ( )

the differeut quantities used in the model can be related to the malerial properties. ln
Eq. .17, A = 10.1pm is the emission wavelength, » = 3.2 the material’s refractive index,
I' = 0.52 the modal overlap factor, gg the vacunm permittivity, L, = 31.6 wu the period
tlickness, 2 the matrix conent of the Taser transition and (29) = 12 meV the Toll-widtl
at half-maximum of the luminescence peak (see below). oy are the total losses (wavegnide,

6y, a0d WIrror, am, losses: ar = oy, — ~in( ), where R = 0.26 is the facet reflectivity and
: t I !
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L the cavity Yength). The peak material gaiu s then &y = £y —wyp).
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Figure 4.5: V-1 enrves of Inminescence sample at different temperature (respectively

140, 150, 200, 250 and 300K) with corresponding calculated cnrves.

The calculated matrix elements of the transition at different electric fields atlow us ta de-
ternving Lhe gain cross seclion g. of the device. In a second slep, we caleulaied the peak nel.
modal gain Gar = g.(ng —nye) Tor dilferent, temperatures as a function of the current, taking
into acconni. the densily of stale n = 1° ag well. The resnll, of these caleulations is shown
in Fig. 4.6 for different temperatures between 0 and J00K. We observe a gain saturation for
1" > 180K, This explains the abrupt degradation of the laser performance for temperatures
above 1501, Indeed, by using the threshold condition (Lq. 4.1.3), we could calculate the
threshold current density. QG lasers with the same waveguide at 11.5 um and about 10
pn exhibiied wavegnide losses of oy, = 74 an™' and o, = 40 an™! respoctively [105, 74].
Assmining a value for mg (= Gar at threshold) of 57 cin™' {dashed curve in Fig 4.6), we
get a [T dependence whicli is in good agreement with the oxperimental datia as shown in
g, 4.7, Assuming mirror losses of oy, = 6.4 em™! {with L = 2.1 mm of the device shown in

Fig. 4.7 with squares}, we find waveguide losses of about e, = 50.6 cn™'. A discussion about
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these waveguide fosses with measurements using the ilakki-Paoli method will be presented

n the Sec. 1.1.6.
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Figure 4.6: Peak net modal gain Gy = g. (1 ~nye) derived by the model as a function

of the current density. The dashed curve represents Lhe total losses of our device (57

em™ ) used in Fig. 4.7
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4.1.5 Continvons-ware and spectinl analysis a1

T'he experiments show an abrupt increase of the threshold current above I = 150K which
is well predicted by our model. The model also predicts that laser action stops at 220K
while experimentally a maximum operating lemperature of 200K was observed. Therefore
rooin-lemperalnre operation is uol poseible with this strnclure. To got higher maximum
Lempeealnre operation, we need to deceease the lifetine of he downstrecan n = 1" stale and
increase the energy of state 2* (i.e. lncrease the energy difference between state | and 2°).

We expect that such chauges in the laser design should improve the performance of the laser.

4.1.5 Continuous-wave and spectral analysis

The spectra of ihie laser in pulsed mode are strongly mmnitiniode. In continuous-wave (CW),
the specirum slightly above threshold is monomede, with a measured linewidlh limited by
the resolntion of onr spectromeler {0.1 em™'). When increasing the electric field, the device
becones mulliimode. CW L-T enrves are sliown in Fig. 4.8 Tor a 0.782 nimn-long, 18umn-wide

butied heterostructure device.
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Figure 4.8: L-1 curves in continnous wave of a 0.782mm-long, 18um-wide buried het-

erostructure laser at four different temperature with a V-1 curve at 10K.
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Indeed such a device give really better performances in continuous-wave than the devices
processed in the standard way (see Sec. 3.5). The laser operates up to 50K with a maximum
onipul power of 45 1uW at 10K from a single Tacel measured by a powermeter. The threshold
currenl. is § = 280 A, corresponding 1o a thvesliokl current densily of Jy, = 1995 A om?
wlich is higher than in pulsed mode heeause of hicating of the active vegion,

Tn order to tmeasure the linewidih of Lhe laser with ligher accuracy, we nsed a confocal-planar
Fabry-Pérol resonator in an open-loop weasurament. The distance belween the bwe mirrors
i 16.8 cm, resuliing in a free speciral range of about 0.9 GHz and a minimal full width
at half maximum (FWIIM) of the resonance peak of div ~ 2 Mllz. The latter value was
calculated using a reflectivity of the mirrors of R~ 99.3 % at 10.1 um. As shown in Fig. 4.9,
we have been able to detect a linewidth of ~ 3.9 Mllz on the device shown in Iig. 4.8 driven
with a current of 306 mA (corresponding to 2.2 kA /cm?®) in continuous-wave. The linewidth
oblained is ouly twice Lhe it of Whe setnp. QCL linewidihs in the kilohiertz lovel have been

aceomplished by nsing clectrouic gervo teehniques frequeney [107),

10 1 | _
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o j=22kA/cm?
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0 I
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Figure 4.9: lligh resolution Fabry-Pérot spectrum of the device shown in Fig. 4.8
driven in continuous-wave al a carrent of 306 mA {corresponding lo 2.2 kA/ceni?) and
al a stabilized 1emperature of 42 K. The PWHM obtained is only 3.9 MUz. The origin

of the frequency axis is coincident with the emission wavelength of 10.1 ym.
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4.1.6 Waveguide losses

We altained wavegnide lasses on the order of 50 eni™! by comparing the threshold enrrent,
density temperature dependence of our laser with the model (Sec. 4.1.4). We can also
determine these waveguide losses experimentally using the Hakki-Paoli technique [L08]. This
technique allows to evaluate the gain below threshold through high-resolution measurements
of the Fabry-Pérot oscillatious in the luniinescence spectra. We use in fact a technique hased
on tle analysis of the Fonrier transforms of subtllireshold emission spectra (interferograms).
This method takes into acconnt, hotli shiape aied conlrast of the Fabry-Pérof. fringes, and is

therefore superior to the classical Hakki-Paeli technigue [109].

Starting from the herferograms of Whe ligh-resolution luininescence spectra, 1his feclmique
measnres Lhe peak nel modal gain minus waveguide losses Gayp — v, or nel gain. We por-
formed these messurements in continuous-wave. The 0.782 mm-long, 18 pm-wide buried
heterostructure laser whose performance has already been shown (IFig. 4.8) was used for
these measurements. The results are reported in Fig. 4.10 where the net gain is displayed for
different nicreasing injected currents. The plot of the peak nel gain versns injected enrrem.
density § shows alineardependence with aslope Py = 64.5cm /KA, where g = %‘i = -‘Ic("—'r;"ul

1

is the gain cocflicient. The extrapolalion at 3 = 0 yickds wavegnide losses of 111.8 an™',

whicli is nmeh larger than the 50 ¢cm~! dednced by the model.

This large diserepancy could have several reasons. First, the wavegnides of the investigated
lasers are not identical. The waveguide of the laser used for the comparison with the model
is a standard waveguide with a ternary top cladding, while the one of the laser used in the
Hakki-Paoli measurements is syimnmetric with two InP cladding layers (one of them regrown).
13t the use of two different waveguides cannot. explain such a big difference in the waveguide
loss. Anolher reason could be cither thatl current and gain are nod linearly depending on eacli
other or Lhat, the mai hematical analysis itsell has a problem, mainly beranse of an inaccuracy
in the measurement of the backgronnd. An additional, bul non-negligible, possibility is the
current-depending lifetime of the lower stale which leads to an increasing re-absorption at

low cnrrent densities. 'This effect was not taken into account in the calculations.
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Figure 4.10: (Upper) Peak net niodal gain measurements using the Fabry-Pérot. [ringes
of the luminescence spectra in contimious-wave for increasing current (Hakki-Paoli mea-
surements). The temperatnree is 10 K and the measnrements were performed on the
device shown in Fig. 4.8. {Lower) Peak net gain Gy — o, a8 & functiou of the current

denstty.

Indeed, we considered a coustant lower state lifetinie, but we can observe a amall overall
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change as a function of the threshold current density in Fig. 4.4, leading to an approximative
value of 4 ps by extrapolating at zero current. The ground state population is thus large
cnongh to enable residual infersubband absorplion [rom the ground stale to the excited
slates. This cfect leads to an over-cstimation of the wavegnide loss nsing the Hakki-Paoli

MeAsSNeImaents.

4.1.7 Electroluminescence and tuning

The intersubband electroluminescence was investigated as a function of applied electiic field
i order to study the nature of the photon-assisted tunneling transition. Luminescence
spectra performed at 80 K for different voltages are displayed in Ifig. 4.11. A strong first-
order Stark-shift is easily observable due to the interwell 1-1' transition. This is because of the
large spatial dillerence z;y — 2y between the center of Lhe electron prehability distribution of
slates 1 and 17 The measnred electrolmiinescence peak shifis from 13.38 g al low carrent,
densities (4.9 V)to 9.27 pam at 13.0 V. The sccond peak observed in the clectrolnminescence
spectra at high bias s due to the vertical interwell transition 2*-1° in the 7.4 nm-wide well.
The third peak is attributed te a transition between miniband states. ‘I'he full-width at
half maximum of the luminescence peak is about 12 meV. T'his is significantly larger than
the one observed for a vertical bransition strctore ab similar wavelengths {~ 8 mic¥V) 110],
The reasan for this broadening is thai diagonal lransifions are more sensitive to interfacial
ronghness than vertical ones (sce Appendix C).

The inset of Fig, 4.11 plots the measured transition energy £y of the electroluminescence
peak as a function of the voltage. The Stark-shift of this transition can be written as
AL\ = 9AP[z — zy¢], where q is the electron charge and AF is the increment of the
electric field in the region between states 1 and 1'. AF can be expressed as AV, /L, where
AV, is the vollage increment across one period (here V/50) and Ty, is the thickness of one
period (31.6 nm). From the data of the inscl of Fig. 4.11 between V. = 6.3 V and V =
13V, we dednee a valne of 7 1 Tor zgp — 2942 AV low Dbias, the experimental Stark-ghill
deviales slightly from the siraight line due to the screening regime where the electron charge

progressively transfers from the doped regions into the n = 1 state [71].
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Iigure 4.11: lutersubband electroliminescence spectra ai 80K between 4.9 and 13.0
V. The transition energics arce labeled by the states nnmbering in Fig. 4.1. T'he inset
shows the position of the clectroluminescence peak as a function of applied voltage.
The dashed line is & linear it between 6.3V and 13V which yields a value of 6.97 nm

for 213 — 2.

We also tested the clecirical tnning beliavior of 1hese lasers [F1, 74]. Tlie top contact miel-
allization consists of two segments of equal tength (0.75 nnn) separated by a small gap. We
are then able to inject different current densities J; and J; (and thus different voltages ¥4
and V;) in each section; this allows us to acjust electrically the laser photon energy towards
large energies. In Fig. 4.12, the electrical tuning of a [.9-mm-long laser at 80 K in pulsed
mode with two sections of equal lenglh is presented. For this measurement, the arrent, i
in the first seclion was sel to some arbilbrary value and the carrenl 75 in Lhe second section
was inereased mtil threshold. We measured also 1he voltage in cach section; Lhis is shown
in Fig. 4.12 as well. 'T’he tuning range cbtained for this laser is about 85 cin~! (9.47 pum to

10.31 pn). We observed thus a Luning factor of 4% = 8.3 %. This value is larger than the
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ones seen 1 other structires based on the sane photon-assisted inneling transition: 6% at
G g [71], 3% for a bidivectional laser at about 6.5 pm [111], or even 4% for an anticrossed
transition ail 10 pm [74]. However, the last resull, was measured close to room-temperatine,

which males the laser very suitable for spectroscopy of liquids.
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Fignre 4.12; Laser tuning at 8¢ K at threshold showing a taning range of 85 em™!
corresponding to AMA ~ 8%. (a) Representative spectra at different corrents. (h)
Voltage in the two sectious vs, lasing energy, The dashed curve shows the Stark tuning

ohserved in the electroluminescence measnrements {see Fig, 4.11).
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4.1.8 Conclusion

We have shown modeling of QC lusers based on a photon-assisled tawnncling transition Laking
into account a finite lifetime of the lower siate of the laser transition. 'This tunneliog escape
time is about 1 ps computed under the assumption that the injection region behaves as a
continuum, and was then often underestimated and considered to be zero in the models uged
nnbil now. In fach, we Tound in this work that the escape I.{1|1(: is 2.6 ps, which is mnch longer
than 1 ps. This was already shown by Faist al. [112]. The new value found lor the lower
state lifetime is therefore not negligible and is important for all designs, in partienlar for
the threc-quantun well active region, since nltimaicly ihe popntations of ihe lowest siales
are extracted into the injection/relaxation region by a tunneling process. 'I'his long escape
lime can create an effective bottleneck effect [113] and therefore decreases the performance
of the lasers. On the contrary, no bottleneck is foreseen in a superlattice active region
(sue Appendix G.3), since bransport in the lower ininiband provides a very efficient, electron
extraction. Nevertholess, the injection elliciency is not optinmni in these supertatiice active
regious, and is less efficient than for the thiree-quantim well design,

These considerations led recently to 1le proposition and experimental demonslration of new
designs which combine the advantages of the resonant tunneling injection feature of the
three-quantum well design and the electron extraction efficiency of the superlattice design.
These new approaches are hased on a bound-to-continuum transition [114] or on two-phonon

resonances [115] {see Fig. 4.13).

a) b)
S Sl

i:p;m; 3'|+ ‘
ﬂk“LJU ~JL ]

Denble optical phonon™
Bound-to-continuum resonance

Figure 4.13: New designs recently demonstrated. The active regious are bused on

bonnd-to-continunm or two-phonon resonances.
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In both cases, one uses the h.igh injection efficiency inlo the upper state of the transition pro-
vided by the fact that the upper state wavefunclion penetrates significantly into the injection
barrier (Lhree-quaniinn well active region characteristic). In the bound-lo-continemin design,
a ligh extraction clliciency is achieved by having il lower stale of the trausition belonging
to a mimiband, whereas the high extraction efliciency of the two-phonon resonances design
1s obtained by spacing the lowest three levels by an optical phonon energy each [1173].

Significantly better performances than the traclitional design based on the three-quantum
well active region have heen obtained with these two new designs, promising useful room-
temperature applications using quantum cascade lasers, Continuous-wave operation at 39°C
with few milliwatds of optical power has recenlly been demoustrated using the (wo-phonon

resonances design [11],
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Iigure 4.14: Self-conststent coruputation of the energy band diagram of two periods
of the InGaAs/InAlAs stricture 52007 under an average applied electric field of abont

75 kV/em. The thickuess of the different layers is indicaled in nanometers.

Another result obtained in this work is the good agreement between theory and experiment

for the voltage vs. current density and the threshold current density vs. temperature char-
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acteristics. To eventually obtain lower threshold current and pulsed mode operation up to
room temperature, instead of only 200 K, we have to decrease the lifetime of the downstream
slate and design the siructure in such & way lo increase Lhe energy difference between the
stale 1T and 2°. This will avoid a population of slate 27 with hot clectrons. We designed and
grew such a slrncture (sample $2007) in which this encrgy difference is more than 140 meV,
compared to about 60 meV in the laser structure 51548, as shown in Ing. 4.14,

1-1 and V-1 curves in pulsed mode of a 1.B75mm-long, 28im-wide laser are displayed in

IVig. 4.15 for four different temperatures.
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Vigure 4.15: L-1 and V-I curves I pulsed mode of & 1.875mm-long, 28pm-wide laser

52007 based ou the new design at fonr differeni Lemperatures.

The performance is not as high as predicted. lndeed, using our model, we predicted room-
leniperatnre operation (see the prediction of Lhe peak net modal gain for Lhis stimotore in
Fig. 4.16) and this laser operates only up lo 120 K with a voltage threshold much larger
than expected. A 3 innclong laser worked up 1o 200 K. The high threshold voltage canses
the NDI observed in the V-] curves, which corresponds to a dramatic breakdewn of the

laser. At this point, electrons are injected in higher states and the structure is no longer
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well aligned. Another probltlem, which was not taken into account, is the re-absorption into
the upper lasing state. Indeed, at voltages slightly above the predicted threshold voltage
(alrcady at 80 kV /cin), the cuergy differcnces belween stales 1 and 17 (Lhie trausition energy)
and states 1 and 2' becomne roughly e same, leading to a subslantial re-absorplion. This
re-absorption decreases again if Lhe ficld heconies larger than 110 kV /em. The corresponding
voltage of 14 V is approximately the threshold voltage observed at 80 1. Given this design

bug, it is nevertheless surprising that {asing operation was obtained in this structure.
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Figure 4.16: Peak vel modal gain Gae = g, - {n) — n1.) derived by the model as a
function of the current density for the new design 52007, The dashed curve represents

the total losses of 57 cm™!, as in Fig. 4.6 for laser $1548.

4.2 Measurements on a superlattice

We observed mid-infrared electroliminescence [rom a doped supetlatiice and performed
measurements in which the superlattice was embedded in a waveguide to allow a comparison

between the spontaneons emission and the emission amplified in a cavity,
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4.2.1 Electrolumminescence in a superlattice

The superlattice studied is formed by 120 peviods of GagarlnpssAs wells of § nm and
AlpaslnasaAs barriers of 3.2 nm (sample 51390). For optical characterization, the san-
ple was processed into 180pn diameler circnlar mesas, instead of usual sqnare inesas (see
Sec. 3.5). In contrast to e nominally undoped sainple of Scamarcio ¢f ol {47], our sanple
ts highly doped.

Luminescence spectra at different voltages show both vertical (intrawell) and diagonal {in-

terwell} Lransitions, as shown in Fig. 4.17.

Increasing electric field

i I A I i l L
80 100 120 140 160 180 200 220

Energy (meV]

Figure 4.17: Normalized electroluminescence specira for different. applied voltage be-
tween 3.4 and 18V, The insert shows the conduction band diagram for an electric field
of 100 k¥ femn. The three arrows indicale the three different transition observed iu the

electrolnminescence spectrum.
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The luminescence specira consist of three peaks. The first peak centered at an energy of
about 120 meV is identified as the diagonal interwell transition between the lowest Wannier-
Stark stales ol lwo adjacent wells (1 — 1, see insel of Fig. 4.17). A firsi-ordor Stark-shift
is easily observable for this lrausition belween 107 k¥ /an (14.3 V) and 130 kV/an (17.5V)
as shown In Fig. 4.18. However, Tor small eleciric fields (< 100 kV/cin), the transition
energy is almost constant, which is explained by the formation of spatial field domains wish
different electric fields, where only a portion of the structure is electric field tilted. The
observed Stark-shift is weaker as expected by a simple calculation of the diagonal (interwelt}
1-1 transition corresponding to £, = el'd, where d = 11.2 nm, or even with taking into
acconnt, the anticrossing which ocenrs belween the gronnd state and the first exciled state

of the next well.
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Iigure 4.18: Transition energy as a function of the applied voltage for the diagonal

{(interwell) traunsition. The straight line represents the calenlated finear Stark-shift.

Tl second peak is identilied as the vertical (mitrawell) Lransition betweon Mhe first excited
stale = 2 and the ground slale » = 1 ils mneasared photon energy of 160 meV corresponds
well to the calculated value of 166 meV. The third peak centered at 195 meV is identified

as the vertical (intrawell) transition between the second excited state n = 3 and the first
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excited state n = 2, n agreement with the calculated value of 196 meV. The linewidths
of the two vertical intrawell transilion are narrower than that for the interwell diagonal
transition, which is a characteristic of the intersnbband transitions. As alveady mentioned
above (Sce, 4.1.7), Wis is dne to the Tact that the diagonal transitions are mnore sensitive Lo

micrface ronghness.

4.2.2 Measuring gain in a superlattice

Sleclrotragnetic gain i an inversionless, strictly periedic superlattice lias been calenlated
using the semi-classical miniband picture by Ktitorov ef al. [116] and Ignatov ef al. [38].
The dispersive AC conductivity, which corresponds to gain below and absorption above the
Bloch frequency, has yet to be demonstrated, although it has been clearly demoustrated that
Bloch osciflations couple to an external terzhertz radiation [117).

We prasent a lechnique which allows Lhe investigation of the superlattiee gain profile by
comparing the spontancous ennssion Lw) and the eumssion amplified in a cavity G(w) mnca-
sured on a snperlatiice embeddad in o waveguide. A red-ghift between both emissions should
indicate a dispersive Bloch gain.

'To obtain a laser stricture, we regrow an InP top cladding (2 ym n-doped to 1 x 10’7 cmn™?
and 1 g r-doped 1o § x 10" em™) outo 1he active region by Metal Organic Chemieal
Vapor Deposition (MOCVD). Thus the optical wavegnide is Tormed by Uie TuP subsirate on
ame side and by the TP cladding on the othier side. The wafer was then processed like a
laser into ridge waveguides of 28 jn width by wet chemical etcling. Oue facel was polished
al a 15° angle, but only on half the substrate thickness. T'bis way, the light could be conpled
out of the structure either by the facet (with passing the wavegnicle) or by the 45° angle (as
for luminescence experiment) as shown in Fig. 4.19.

Optical sucasuraments are then performed on these luser stripes. Fig. 4.20 (upper) shows
ihe signal neasured cither by the Tacet G(w) or by the 45° angle L{w) at 4.2 K. We find
iwo dilferences belween both emission profiles.  The peak correspouding to lhe diagonal
{interwell) transition between the WS states is indeed slightly red-shifted by about 2 meV. In

addilion, the emission peak whicl is attributed to the vertical (intrawell) transition between
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first excited and ground state is strongly suppressed.

InP’ cladding
InGaAs waveguide layers

Active region-
Ti/Au contact layer

Isolation layer

Figure 4.19: Schematic drawing of a laser stripe with the polished 45° angle facet.

The experimentally observed red shift can be explained by investigating the interplay of
three phenomiena thal might be responsible for the observed difference of tlie einission from
Lhe wavegnide (Tacet) aud the 43° angle, i, the wavegnide losses, the re-absorplion of the
anission into the first exeited state and the inbra-miniband absorplion (Bloch gain). The
waveguide losses, assumed to be dominated by free-carrier absorption, are calculated using

the following relation [34]:
e

e (1.2.18)

Tty (w} =

where the constant, € ~ 1,479 eV emn™! for our structnre. For the re-absorplion inta the
cxcited state, assuniing thatl this state is emply, we use a Lorventzian-shaped absorption

spectram, e
e? T n,l’

LlJa.n,c 12 (s — fog)? + 94, d (4.2.19)

fl'm(w) =

where z1; = 1.9 nm is the dipole matrix element, 2913 = 14 meV the full width at half
maxinmnt (FWHM}) ol the measired Aransition, n, = 3.2 the real part of (he relractive
index, ¢ the speed of light, d = 112 A 1he superlatlice period and T = 0.5 thic confincment
factor. This re-absorplion also resnlts in a red-shifl of the peak corresponding to the diagonal
transition.

The intra-miniband absorption, or Bloch gain, can be deduced {from the linear component
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of the AC condnetivity |38, 118]:

1 netn, L (AJ2KT) . | — twr, —winr,
eotiye | St L(A2KTY (L4 Wit (whnen, + {1 — fwn){ — iwr))
(4.2.20)

aplw) =

where wy = ef'd/li is the Bloch frequency, A the miniband width,

, 7,7t the energy
anel wmomentnm relaxation rates, ¥ = /AL the effective mmass al. Lhe botlom of the

miniband and [, are Lhe modified Bessel functlions,

The theoretical curves for G(w) and f{w) are shown in Fig. 4.20 (Lower). The thecretical
shift of ({w) due to the different absorption mechanisms of the originally gaussian lumines-

cence signal Lw) with a measured FWHM 2, = 16 meV is given by:
1
Glw) = Lw) - 7 / dz - ¢~lomle)tmalud)s (4.2.21)
u}

wlere the Bloch contribution has been neglected at first.

With a cavity length of L = 0.83 mm, we obtain a total shift of -2.52 meV due to the
re-absorption, whereas the contribution from waveguide losses are negligible. Thus, the ex-
perimental value of -2 meV can be alrcady explained by the re-absorplion of the signal by the
intrawell transition from the strongly occupied ground state into the almost empty excited
state. The re-absorption suppresses the high-cuergy shoulder of tiwe diagonal trausition and
thus pushes ihe lnndnescence signal towards lower energics. A mare detailed invesiigation
incInding the Bloch gain ag(w), Feu. 4.2.20 caleulated for a temperatiee of 80 K, reveals
that Lhe red-shift due to this Bloch gain amoumnts to only a small fraction (~ —0.4 eV} of
the red-shift due to the re-absorption [118]. In addition, we do not ohserve the predicted
shoulder at about 125 meV in ((w) (cdashed curve in Fig. 4.20), which is a signature of the

dispersive Bloch gain.

In conclusion, Lhis technique s indecd sensitive to gainfloss mechanisin in waveguide het-
crostructures. In a snperlattice, field domams are always accommpanied by a more or less
pronounced anticrossing of ground and adjacent excited states, which leads to an inevitable

re-absorption. Thus, it is questionable if it is possible to oblain a stable superlatlice sirucime
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with httle re-absorption.
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Fignre 4.20: (Upper) Experimental at 4,2 K and (Lower) theoretical electrolumines-
cence spectra {normalized to the 1-
results) for the signals coming from both the facet (G'(w), black curve) and from the

453° (L(w)), gray curve) for a current of 1.2A, at 4.2 K. The shift of the peak dne to

the 1-1 transition s clearly resolved.
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The dashed curve represenis vhe theoretical G{w)

curve taking into account the red-shift duc to the Bloch gain ag(w).

1 diagoual transition signal far the experimental
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4.3 Superlattice in magnetic field

4.3.1 Motivation: superlattice laser

The encrgies of the Wannier localized states in a superlatiice are subbands separated in
energy by eFd and show a parabolic dependence in A-space of the dispersion relation, as
shown in Fig. 4.2] a). As explained in Sec. 2.7.2, the main effect of a magnetic field applied
parallel to the layers is to shift the subhands one according to the other by the quantity

Kenige. This applies abviously to superlattices as schematically shown in [ig. 4.21 b).

a) b)

(]

/

4

Fignre 4.21: Dispersion relation of a superiattice {a) without magnetic field and (b)

with a magnetic field applied parallel Lo the layers.

The optical trausitions between a Wannier-Stark state ¢ and a second one »# + 1 occurs
belween ocenpicd stales if there is no applicd magnetic field. The motivation of the sindy
ol diagonal transitions in magnetic field comes then from the Tact thal, a high enongh kg
allows Lhe clectrons of the subbaud v to reach unocenpicd sltates of the (v 4+ 1)-subband.
A population inversion could be created simply by putting a superlaitice into a parallel
magnetic field. In the same way, one conld imagine to obtain a superlattice-laser.

In fact, ithe theoretical situalion is relalively complicated if a magnetic field is applied parallel

to the layers on quasi two-dimensional electron systems; in this case, we end up with a crossed


sl.ai.es
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clectric and magnetic ield systein (see See. 2.7.2), Nwimierous stndies liave been doue lor such
g 3

conditions: theoretically [91, 119] as well as experimentally (see for example [120, 121, 122]).

4.3.2 Magnetic field electroluminescence of a superlattice

This idea incited us Lo perforin electralnmimesconce specira of onr supertattice nnder applied
pacallel maguetic field. As shown in Ifig. 4.22 for spectra at a constant voltage of 14 V and
at 30 K, the diagonal (interwell) 1-1 transition is strougly quenched by increasing parallel

magnetic field in contrast to the expected behavior.

LR LI B L E RS B I
Viias = 14V Intrawell 2-1

T=30K

Interwell 1-1°

—_—T
——= 3T
-==. 5T
—_ 7T
wmmem 9T

Luminescence intensity [A.U.]

lllllllllllllln

80 100 120 140 160 180 200 220
Energy [meV]

Fignre 4.22: Electroluminescence spectra of a snperlattice at a constant valtage of 14

V for different. applied parallel magnetic field between 0 and 9°1

Morcover, the verlical (intrawell) 2-1 transiliou is on the conlrary increased in nagnetic
field, while the vertical (intrawell) 3-2 transition scems to be unchanged. So the basic idea
of the superlatiice laser in parallel maguelic field scoms not 1o work. To be sure, il wonld
be useful to do the same measurements on a superlatiice embedded in a waveguide identical

to the one used for the measurements presented upper 1 the text (Sec. 4.2.2).
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4.4 Quantum cascade lasers in parallel magnetic field

Following the latler measurcments performed on the superlattice, which are difficult to
explain hecause of the three different transitions observed are relatively important {see
Fig. 4.22), we present n this section expernnental measurements investigating the fle-
cnoe of a maguetic field applied parailel to the layers on onr QC laser 51548 based on
photai-assisted tunmeling transition. This Taser shows also the vertical (inlrawell) transition -
2-1, bul. with a strongly redinced inlensily (see Fig. 4.11). Therefore it is more adapted for
the investigation of the diagonal interwell transition in a parallel magnetic field, by studying

the behavior of the intersubband electroluminescence spectra in presence of such a field.

4.4.1 Luminescence dependence of diagonal-based QC lasers

Luminescence specira ab 30K oblained at a constant voltage of 13 V for different applied
magnetic ficlds are displaycd in Fig, 4.23 n). The inain peak due 1o 1he dingonal interwell 1-1°
iransition al about 130 meV presents three importand different beliaviors in funclion of the
applied magnetic field. First, the peak has a strong quenching of its inteusity. Figure 4.24
shows the decrease of the peak integral in function of the magnetic field (normalized to the
zero-field value). The light intensity is proportional to the oscillator strength and therefore
to the squared transition matrix clanent, This latier scems to strongly decrease i a parallel
magnetic field. We made computation of the energy band diagram and inatrix elements of
the transition kaking into account the effects of the parallel magnetic ficld by inserting the
hananltonian in owr model. The values of Whie transition malnix elements calenlated by ihis
mode! are shown by the dashed curve in Fig. 4.24. They decrease significantly less than the
experimental results,

The peak exhibits also a broadening and a small blue-shift. of the iransition encrgy. In
comtrast, besides the broadening, onr mode] prodicts a red shift, of the emission, as shown
in Fig. 4.24b). Here we made the assmnplion thai the matrix clanent of the transition is
conslant. This explains why the peak intensity does not change in the simulation. Measure-

ments performed at 10 V and at 200 and 300K at 13V have shown the same decrease of the
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peak integral of the Inminescence peak, as shown in Fig. 4.24. I'his effects seem to depend

neither on bias nor on temperature.

[|.|I||
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Figure 1.23: a) Luminescence specira ai 30 K for dilferent applied parallel magnetic
ficlds at a voltage of 13 V and b) simulated luminescence spectra predicting a broad-

cning and a red-shifu of the peak,

We performed the same measurements on a structure with has an identical design, but

which is five times less doped (sample 51672). Roughly the same three behaviors were seen.
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Luminescence spectra performed at 30 K and 150 K are shown in Fig. 4.25,

iimulation 51672 .
B 30K, 13V ]

E—8& 150K, 13V ]

51548
*— 30K, 10V
*—= 30K, 13V
—© 200K, 13V
+—t 300K, 13V

| N N P

Peak integral [normalized]

0 2 4 [ 8 10 12 14
Magnetic field [T]

Fignee 4.24: Peak integral as a function of the apphed parallel magnetic field for
structures 851548 (ciecles and crosses) and 51672 (squares) for different. temperatures

and voltages. Simulation is shown by the dashed curve.

T T YT T Y T [ T Y T[T Y YTy

T=150K — 0T

Light intensity [A.U.]
Light intensity [A.T].]

AdarthadiD = tr g - Eafhais A PP . L N ':I\;‘:!‘.V;T
80 100 120 140 160 180 200 8 100 120 140 160 180 200
Energy [meV] Energy [meV]

Figure 4.25: Luminescence spectra in parallel magnetic field of struclure S1672 at 13

V, at 30 K {left) ane at 150 K (right).

Nevertheless, we observed, before decrease of the peak integral at high magnetic field, a

small increase of the intensity and a narrowing of the peak, which is more clearly visible
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al 130 K. Due to the weak doping {n, = 5+ 10'" em™#), there are probably fickl domains
present without magnelic field and the strmeture s stabilized by applying a parallel inagneiic
field. We see that the intensity of the second peak at about 170 meV decreases strongly with
magnetic fleld. That is a signature of an electron cooling which proves that there is less
current flowing across the structure. This, in turn, means that the structure is in fact
stabilized by the magnetic field. Furthermore, the narrowing of the 120 meV peak between
0 and 3 T inight be due 1o the gnenching of impurily-indnced transilions. Those transitions,

which are produced by the weak doping, are allowed at zero imagnetic ficld.

We sen that our simiple model based on single-particle theory is in relatively good agree-
ent. with thie broadening of the Inminescence emission, while it predicis a red-shifi, of the
peak. This shifl. cannot be cancelled by many-body correclions as shown by Apalkov and
Chakraborty [L23], who have calculated the effect of a tilted magnetic field on our QC laser
design. They arrived at the same conclusions for increasing the parallel component of the
magnetic field: redshift, broadening and slight decrease of the intensity. In order to ex-
plain our experimental tiny blueshift of the emission peak, they considered the effect of the
disorder due to interface rongheess and due to eharged mpurities in the stroctare {124).
In both cases, they saw a large suppression ol the redshilt predicled for clean samples, as
shown i Fig. 4.26. The emission line at high parallel magnetic fickd is ahaost al the same
energy as for the zero field case. There is even a small blueshift of the peak due to band
non-parabolicity in the case of disorder due to charged impurities, as shown in Fig. 4.26 b),
Moreover, the intensity of the peak shows a rapid decrease in the presence of the disorder.
Onr experimental measurements can then be explained by the presence of disorder in the

slrnelnre,

The effect of the disorder could be observed by comparing quantwm cascade lasers with
abrupt ael with graded inmevfaces al the gunatim wells of the active region. Tadeed, To-
ininescence measirements at both cryogenic and room-temyperature have shown narrower
speatra and slightly better threshold current. densiiy for a graded inlerface device [125].
These hetter perlormances were attributed to ihe changing interfacial roughness, but are

still to be confirimed by investigating iu details two samples grown one after the other. T'he
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measurements in a parallel field can be one of these investigations.

{a) 0T

10T

100 130 160 190
Energy jmeV]

Fignre 4.26: Luminescence spectra of onr QC structure in the case of {a) eharge-
neutral tmpurities and (b) charged impurities in the presence af an externally applied
parallel magnetic field coming from Apalkov and Chakraborty [124]. The insert shows

our experimental results,

4.4.2 Dependence of the threshold current

Besides the clectroluminescence study, we performed measuremaents of the tireshold caeredt,
of various QC lasers as a funciion of the applied parallel maguetic field. The threshold
current norinalized by its gero-ficld value as a Frnction of the ralio of bw, over the Lransition
energy he is shown in Fig. 4.27 for six completely diflerent lasers. We measured two lasers

based on a vertical transition at about 4.6 pm (lasers D2065 and D2075 [(12]), a similar
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laser but at about. 5 gan (laser D2122 [7]), one laser based on an anlicrossed trausition at
aboul 104 fnn (laser 51397 [126]), onc GaAs/AlGaAs-hased anticrossed laser at 9.4 jpm
(lTaser 51543 [9]) and the [aser hascd on a photon-assisted lunneling Lransition al aboni. 10

pm (laser S1548).
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Figure 4.27: Threshold current as a fuuction of parallel wmagnetic field Tor various

QCls,

The dependence of the threshold current is approximatively proportioual 1o B? for cach
laser. More remarkable, their behavior scale very well together if plotted as a function of
Fw, /hv. The threshold current depends then more specifically on (’%)2. The exact reason

for this behavior is not yet known.

4.5 Quantum cascade lasers in perpendicular magnetic
field

M the magnetic ficld s applied parpendicularly 1o the layors, be. parallel to the electric ficld,
the Hamiltonian can be separated in perpendicular and in-plane motion. The in-plane states

are then localized into Landau levels, as explained in detail in Sec. 2.7.1.
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1 mid-infrared quantum cascade lasers, the lifetime of the upper state is controlled by op-
tical phonon emission (see Sec. 2.5.3), which strongly redices this [Hetime. 1t has been
proposed that a quantuin dot laser conld elliciently quench the oplical plionon emission and
Lherefore lower the threshold enrreut density substantially [127, 128, 129]. Predictions range
from ene Lo many orders of miagnilnde rednction i the threshold envrent density, However,
the manufacture of such a quantum dot structure for the observation of confinement effect
is a difficult experimental task. 1t has also been praopased that a magnetic field applied
perpendicular to the layer, by completely quantifying the system into Landau levels, woulel
liave the same qualitative effect [130], simulating then a quantum box laser, since the inter-
subband emission shoukl oceur between Landan levels instead of subbands. This approach
has already been ried for interband lasers [131].

This behavior is expected: the lifotime of the upper state will decrease (and the threshold
current density increase) each time the upper state can emit an aptical phonon resonantly
into a Landau leve], and increase in the opposile situation, singe the optical phanon emission

should be forbidden in this case (see FFig. 4.28).

quantum well quantum box
- ;_ ...... ?

Figure 4.28: Schematic drawing of the transilion in a qnantum well and in a qnantnm

box. The dashed arrows represent. Uie possible oplical phonon transitions.

The energy of the u' Landau level of stake i (which has the energy E;) is given by (Bqu. 2.7.21)

B3y = B+ (n + %) fieese (4.5.22a)

. (,, N i) _ el (4.5.22D)
2 m’ (J + -:,'—;)



where we took into account the non-parabolicity in the energy-dependent effeclive mass
m* (L) = m’ (l + %) where [I, is the material’s band gap (= 0.8 eV in InGaAs), and
which is valid i (n + %))Jw, & F;. So ithe magnelic helds Tor which there is a resonance
between the n™ Landan level of Lhe lower stale of Uhe Jaser transition (of energy F2) and the
firel Landan level of the upper state of the laser transition {of energy F3) mimus the oplical

phonon energy are simply given by the condition *

EL()( Ea) — ﬁmLo = EL,,U.':'Q} (4323)

The 1hreshold correni of several quantnm cascade lasers have been measured in a slrong
perpendienlar magnelic field to observe ihese resonances. Indeed the threshold cuerent
shows maxima when a resonance with the omical phonon ocenrs. First, a quantwn cascade
laser based on a vertical transition at about 5 gan (sample D2I60 [7]) was measured, but
no oscillations of the threshold currenl were clearly seen. A second test was done on a
device based on an anticrossed-transition at about 10.4 jun (sample §1397 [126]). As shown
in Fig. 4.29, oscillations of the threshold current have heen obzerved, but they cannel be

cxplained only with the energy of the Tasing transition Fy — Fy.

Unfortunately for our experiment, the design used for this QC laser requires two states
helow the upper stale of the lasing Lransition {stales 2 and 1, see insct of Fig. 4.29), which
then translate into bwo ladders of Laudau levels and therelore iuta 1wo dilferenl resonance
channels. The arrows indicate Lhe position of 1he resonances between stales 3 and 2 (solid})
and between states 3 and 1 (dashed). This decreases the average distance hetween Landau
levels and, due to their broadening, decreases the modulation of the threshold current density.
The mixing of these two scatering mechanisms (with different transition energies) in the
well where the transition occurs ltas to be taken into acrount to explain the oscillations, The
peak of Llie threshold current density at, abont, 10 T ¢an be explained by the simltancons

resonance between states 3 and 2 and the resonance helween stales 3 and 1.

"I'he energies of the states are calenlated from the bottom of their own well and we take info account
the energy difference belween the bottom of the two wells.
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Figure 4.29: Threshold current density as a function of the applied perpendicnlar
magnetic field for the laser $1397 based on a vertical transition at A ~ 10.4 gm. The
arrows indieate the paositions of the resonances (full lines for H; = 7y, dashed for
E3 — E;). The inset shows tlie energy band diagrain of two periods of the structure
under an clectric field of 41.6 kV /em. The laser transition occurs between state £5 and

£y,

In order to avoid this effect, we used a structure based on a photon-assisted funneling
trausition at 6;em (sample $1384, copy of sample D2190 [72]} in which there is only one
state below the upper state of Lthe lasing transition. 1n this way, we will have ouly one ladder
of Landau levels to which the upper stale can seatter, This shonld maximize the inodnlation
of 1he thireshold cnrrent. Oscillations of the Llireshold cnrrent between 9 and 14 T and a
curve of the light intensity versus applied magnetic field are displayed in IMig. 4.30.

Resonances wilh the optical phonou, which lead to increases in the threshold current, are
clearly identified in correspondence with the decrease of the emitted light. 'The arrows
indicate the positions of the resonances calculated using Liqu. 4.5.22h with an effective mass

of m* = 0.0469m, ®. The resonance occurring at higher maguetic field corresponds to the

T'Ihis effechive niass was obiained by fitting the value of 1he magnetic field of the experimental resonances
as a fuuction of the Landau level index of the lower state {n = 7, 8,9, 10} with Equ. 4.5.22b.
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resonance with the 7 Landan level of the lower state. A smaller energy diflerence belween
the states involved in the transition shonld give more ohvions eflects, secing thal. we shonld

observe resonances with Landan levels of smaller index.

T T T T T T
— 800 P 0K, AB=200 eV a—
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° 760 i
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Figure 4,30; Threshold current and light intensity as a function of Lhe applied perpen-
dicular magnetic field for whe laser $1384 based on a plioton-assisted tunmeling transi-
tion at G pm. The arrows indicate the positions of the resonances with w* = 0.0469n,
(see text). The inset shows the energy band diagram of two periods of the struclure

mder an electric field of 79 kV /e,

Thurelore, we measured the device already well stadied in Sec. 4.1 based on the pholon-
assisted onmeling Lransition Lransilion al, about 10 jan (sample 51548). Unlortuuaiely, 1he
measurements on this sample did not give a larger modulation amplitude of the oscillations
in threshold curvent, although their positions are measured correctly. These oscillations are
not dramatically different from those seen in the previeus sample, as shown in Fig. 4.31.
The arrows indicate the positions of the resonances calenlated wsing Equ. 4.5.22b with an
elfective inass of m* = 0.0472m0 3. I 15 not well nnderstoad why Wlis experiment, did nol.

lead Lo a elearer vesulty more detailed measnrements will be necessary to clanfy this point.

FI'is effective winss was oblained by fitting the value of the magnetic field of the experimental resonunces
a8 a funclion of the Landau level index of the lower state (1 = 4,5,6) with Equ. 4.5.22b.
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Figure 4.31: Threshold current as a function of the applied perpendicular magnetic
field for the laser S1548 studied in See. 4.1 hased on a phaton-assisted tunneling (diag-

onal} trausilion at 10 jrm.



Chapter 5

Far-infrared quantum cascade

structures

5.1 Motivation for the magnetic field measurements

In the far-infrared. where the subband separation energy E = L is larger than {lie oplical
plionan energy fropo, varions elastic scallering processes are allowed sncli as scallering by
ionized impurities, interface roughness scattering or electron-electron scattering, or inelas-
tic processes such as acoustic-phonon emission (see Sec.2.5.3). With the subband energy
spacing being less than the optical phonon energy, the emission of such optical phonons
is forbidden, but can be extremely eflicient as soon as the temperature is high enough to
thermally activate cloctrons with a snfliciently high cuergy. This relaxation process becoes
then again dowminant, at high temperainre [63].

Without maguetic field, all these scattering mechanisms, in particular intersubband electron-
electron scattering, can occur continuously in A-space, the energy and momentnm of the
carriers helug conserved after (e Ideraction. The main channel which contribules 1o ilic
npper stale depopulation is the 2211 process [65], i.e. an interaction hetween two carviers
initially in the exeilted state which seattor ilo the gronnd state with encrgy and momentam
conservation, as schematized in Fig. 5.1 a). This scattering is possible for a continuum of

energy changes AL, meaning that one electron undergoes an energy change +AFE and the

9l
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Motivation for the magnetic field measurements

other one a change of —AL,
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Figure 5.1: Dispersion relations in the case of a) no applied magnetic field and with an

applied perpendicular magnetic field (b, ¢, d). The magnetic field reduces the carrier-

carrier scatiering b) which is alimost forbidden in intermediale situations and c) allows

the intersubband Landau resonances sketched here for dn = 1. d) Full quantum limit:

liwe >l

We already noticed that the eflect of a maguetic field applied perpendicularly to the layvers

on {he strocture Teads o the appearance of the Landau levels and guantizes the in-plane

stales (see Sec. 2.7.1 for 1he Uhicory or Sce. 4.5 for experiments in the mid-inlvared).  As

theoretically predicled by several autliors {130, 132), these Landau levels create a dramatic

suppression of intersubband carrier-carrier recombination rates. This is because the only

energy changes A £ are now multiples of the cyclotron resonance energy: Nhw, = AE, with
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N being an integor, as sllm\"u‘:'m Fig. 5.1 ¢}. Of eourse discrete Landau levels exist only inideal
situations. In real stimclnres, these Landau levels are broadencd by impiritics or interface
rotghiness and carrier-carier scallering can ocenr uevertheless in intermediale sinations,
as schematized in Iig. 5.1 b). Moareover the eleciron-electron scattering rate is inversely
proportional to the associated change in energy and momentum [133]. So this scattering
is siuppressed more and more by increasing magnelic field, since the Landau levels splitting
is mcreased. In facl, the inlersnbhand emission should then ocenr between Landan levels
instead of snbbands, therchy efficiently qnenching the non-radialive scallering inechanisms,

and withont being inflnenced by the optical plionon emission as in the mid-infrared.

The internal quantum efficiency, which is the radiative transition rate over the total rate,
should increase since the latter is governed by the non-radiative scattering rates. The ob-
servation of an enhancement of the emission intensity, which is proportional to the internal
quantum efficiency, is then a direct measuwre of the suppression of the intersubband scat-
tering rates. This efleet was first observed by Ulrich ef al. 1134] and then demonstraled
in our verlical (ransition-based striclures as shown finther in the text. A Kfelime iucrease
or intersubband relaxation rate slowdown has alveady been observed in qnasi quantuin dols
[135] created also by magnetic confinement. and in a three-barrier, two-well haterostructire

[136].

Depending on the magnetic field, ene can have intersubband Landau resonances if the Landau
levels of each subband are at the same energy with a Landau level index-change dn =

1,2,3,- -~ (see Fig. 5.1 ). The condition for sueli a resanance is given by
Eirans = dn h‘-‘"c (511)

where Fgns 18 Ghe transition energy and we = ¢B/w* is 1l eyelotron freqnency. Goherent,
tnnncling between indersubband Landau levels with diflerent. indices is forhidden in ideal
enses, bhuk these resonances are possible dne to (e scallering between the Landan levels,
Since the current should increase in such resonant situations dire to the scattering mecha-

nisms being more efficient, magneto-transport measurements shonld allow the abservation of
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such resonances in the variation of the enerent (or the vollage) as a function of the magncetic
ficld. 71 the magnetic field is strong enough, i.e. when the cyclotron energy is higher than
the intersubliand transilion cuergy (al aboul 9.3 T lor GaAs systen and 5.9 T for InGaAs
system for v = 16 meV}, we are in the so-called full quantum limit and we simlaie the
ultimate quantum box structure, as shown in Fig. 5.1 d).

Trausporl in superlattices in perpendicular electric and magnetic fields ling been the subject,
of mauy investigatlions [137, 138, 139] and these resonances have beea first observed by Canali
el al. [140, 141] in an undoped GaAs/Al.Ga;_ As superlattice sitnciure. They called them
Stark-cyclotron resonances due to the Wannier-Stark-Landan localization of the electronic
states in the superlattice. Liu e al. have obtained similar results in sequential resonant
tunneling through Landau levels measurements [142].

The goal Tor the fa-infrared gqnantnin cascade structires was to mvestigate their behayior
wnder the applicalion of a sirong perpeundicnlar magnetic field and lo observe the effecls
discussed just above: current decrease, lifctitne increase, light indensity enhancemenl, nder-
snbband Landau resonances,. .. First, we will present the experimental results obtained on
vertical transition-based (intrawell) QC structures, followed by magneto-transport measure-
ments performed on a chirped superlattice. Then we will present measurements performed
on tweo diflerent photon-assisted Lamcling Leansition-hased QO structares, The first one gave
broad electrolnminescence peaks and we used magucto-teansporl measuremenis 1o conlirm
ihai the electronic specirun was due o the diagonal transition. The second strnclure used
the conclusion of the analysis of Sec. 2.6 and was designed 1o prevent liot clecirons doing

vertical transitions in the active region-well.

5.2 Vertical transition-based structures

5.2.1 Structures

We studied wo vertical transition-based (intrawell) structures, based on either InGaAs/InAlAs

lattice matched to an n*-InP substrate (sample 51431} or GaAs/AlGaAs laltice matched
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L0 a n-doped GaAs snbstrate (sample $1774). Tu fact the GaAs-based structnre s a copy
of the first design which gave far-infrared cleetroluminescence §12), bt with a higher dop-
ing thal cnables large injection envrenls (the NDR appears hore at § = 150A fem? al, low
temperature). Compared to diagonal {interwell) transitions, the vertical irausition has the
advantage of large oscillator strength and a narrower linewidth since it is less influenced
by interface roughness, as we will see below. Both structures consist of 35 periods of four
quantuni wells separated by thin tunnel barriers. As i mid-infrared conventional quaninm
cascade slructures, cach period consisls of an undeped active vegion, in which the sponia-
neons emission ocenrs, and a graded-gap injector. Both strncinres have been designed o
cwmit approximatively al the same wavelength (aronnd 1516 meV). The calenlated band

structures and thicknesses of the different layers are presented in Fig. 5.2.

a) Injection barrier b) ] Infiction barrier
I n
Aclive Region
052 eV 115eV
Injector Injector
Active Region
J 24 |
v 29 — 1 M | i
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34/380/14 1255/ 23 /2251 14/ 223 &0/250/25/ 180/ 50/ 1601/ 25/ 155
- InGaAs/InAlAs = 51005 coy - GaAs/AlGaAs M e
-F=19kV/cm -F=25kV/em
-hv =15 meV - hv = 16 meV

Figure 5.2: Encrgy band diagrams of two periods of the FIR vertical transifion-based
struetures a) i WpraGapazAsf g sz Al s As waterial under an average applied eleciric
ficld of 1.9 kV/em and b) in GaAs/Aly1sGaggsAs malerial nnder an average clectric
field of 2.5 k¥/em. The condnction bal offset is respectively 0.52 ¢V and 0.15 ¢V
for InGnAs and GaAs material systems. Shiown are the moduli squared of Lhe relevant.
wavefunctions. I'he wavy line indicates the transition responsible for electrolumines-
cence emissions between state 2 and | "Fhe tayer sequence of one period is indicated

in nanometers.
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The electroluminescence and magnelo-transport measurements were performed with the su-
perconducting maguet and using the 1nSb detector (see Sec. 3.2 and Appendix D). Tor
the clectrolininescence ncasnrements, we applied clectrical pulses between Lop and back
contacl al 6 kHz repetition rale and al a duly cyele of 50 %. For ithe magnelo-transport
measarements, we applied a continnous voltage on 220 jem % 220 gn samples and mcasured

the current while sweeping thie magnetic field between zero and 14 T.

5.2.2 Electroluminescence spectra in magnetic field

The electroluminescence spectra at a constant current of the two vertical transition-based
structures (/ = 40 mA for InGaAs sample and [ = 100 mA for GaAs sample) are displayed

in Fig. 5.3 for different applied maguetic fields.
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Figure 3.3: Electroluminescence spectra al 3K for different applied wagnetic fielkls on
botli verlical transition-based stractures. The cirves are vertically displaced for clarity.

T'he dashed enrves indicate the peaks due to cyelotron emission.
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We abserved an tcrease of the luminescence intensity for both materials. The light intensity
normalized to the zero field value is displayed for both materials in I7ig. 5.4 as a function of
{lte magnetic ficld (L-B curves), These measurenients show an increase by a factor of almost
G lnGaAs al 12 T and aliost 5 in GaAs at 14 T. An adiditionnal peak which {nunes lincarly
wilh applicd magnetic ficld is also observed in Fig. 5.3 (dashed curves); it corresponds fo
the cyclotron emission of the samples. Llectron injection into the excited Landau level is
suppressed when the cyclotron energy is larger than the intersubband transition energy,

quenching the cyclotron emission as abserved experimentally.

This enhancement of the light intensity for vertical transition-based structures indicates
trai the non-radiative lifetime of the upper state of the transition increases with applied
magnelic field, il we consider (hat the radiative lifetime should remiain constant. Al low
leniperalire, 1his non-radiative lifebine was measured Lo be 11 and 14 ps Tor InGaAs and
GaAs respectively [63]. That means thai the lifclime increases up to 66 ps at 12 T Tor

InGaAs and up to 70 ps at 14 1" for GaAs.

The width of the intersubband peak seems to be narrowed by about 30% for InGaAs and
about 20% for GaAs under application of inaguetic field {see F'ig. 5.3). But that is not the
true narrowing of the intersubband emission because the resulting spectyum is broadened by
the brrinsic bnewidth of the InSh detector. The experimental data are s convoludion hetween
the detector’s inmpnlse response and the intersubband transition peak. Using a laser [14] as
a probe of ihe TuSh intrinsic linewidth (dednced to be 2.8 meV), we have convelved this
response function with the expected unbroadened lorentzian shape intersubband spectrum,
obtaining an estimate of the varrowing due to the field roughly equal to 60% (in respect
to the zero field value). Siuce, for the tested structure, the linewidth at zero magnetic field
measured in a vacuwn FLIR is 1 meV, we can ¢laim that the real linewidth at high magnetic
ficld is only on ile order of 0.4 mcV. This zore ficld incasured intersubband linewidih is
oo large to ariginate from lifeliine broadening (0.06 meV = &} of the upper state whose
lifetine is estimated Lo abent 14 ps [63]. Consequenily we eannotl atiribule the observed
linewidth narrowing in magretic field to the increase in intersubband lifetime. However, the

measurenents are consistent with a picture where the intersubband linewidth originates from
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Vertical transition-based strachires

intrasubband scattering events that are efficiently quenclied by the magnetic confinement,

In Fig. 54, we sce 1hat Lhe light intensily inercases in an oscillalory manner, These os-

cillations are due to the intersubband Landau resonances (see lqu. 5.1.1). Minima in the

L-B curves correspond to maxima in the current (or minima in the voltage) vs. maguetic

field curves, since an increase of the current corresponds to an increase of the nou-radiative

scattering. The vertical dashed curves in Fig. 5.4 indicale Lhe positions of snch resonances

calenluted using m* = 0.0427 for 1GaAs and m™ = 0.067 for GaAs. There is a good agree-

ment with the observed cxporimental resonances exaept for the resonance occurring at high

field corresponding 1o §n = 1 (aronnd 5.5 T Tor InGaAs and around 9 T Tor GaAs).
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Figure 5.4; Upper: Light infenstly as a function of the magnetic ficld for both vertical

transition-based structures. 'I'he intensity is normalized to the zero field value. Lower:

current (or voltage) vs magnetic feld curves.

To understand Lhis effeel, we have displayed e respeclive positions of Lhe intersubband aud

cyclolron emissions as a function of the magnetic field in Fig. 5.5. The cyclotron emissions

of the two different materials are in good agreement with the theoretical values calculated
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willi an clfective mass of ™ = 0,067 for GaAs and m* = 0.0427 for TnGaAs (dashed curves
i Fig. 5.3). At the energics where the intersubband and cyclotron transitious energies are
approxhuately the sae, we observed an effect of repnlsion between them., In a perpendicnlar
magnetic field, Landau and intersubband confinements are only coupled in the presence of
elastic scattering events. This coupling will also lead to the repulsion between the cyclotron
and intersubband emissions, with an energy acale given by the strength of the scattering. 1t
is thercfore uot a surprise that the energy level repulsion observed in Fig. 5.5 1s on the order
of the linewidih of the miersubband peak (of 1 or 2 meV measured i the FTIR). Al Lhe
magnetic fields corresponding to this repulsion effect, the cyclotron emission overlaps with
Lhe ngersubband emnission which is al its ininiinnn, The dashed cnrves in Fig. 5.4 show the
expected behavior of the intersubband emission intensity, suppressing Lhe cyclotron emission.
So, based on the repulsion observed in IYig. 5.5 and the additional unexpected resonance in

Fig. 5.4, we can conclude that this resonance must be due Lo cyclotron emission.
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Figure 5.5: Intersubband and cyclotron transition energies of the electroluminescence
spectra in function of the magnetic field. The dashed curves indicate the Wheorctical
valnes of the eyelotron emission for both materials using m™ = 0.067 for GaAs and

m* = (.0427 for InGaAs,
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5.3 Superlattice structure

Graded superlattice quantum cascade lasers have shown high operation performance in the
mid-infrared above the veststralilen band energy [143, 4] (see Sec. C.3). We applied the
same Lechnology, e, emission belween minibands in a chirped superlaitice, for leraherlz
intersubband emission. This type of structure has the advantage thal the applied eleclric
field is compensataed by a gradually varying Shoand flal minibands can be oblained withount,

dopants.
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Figure 5.6: Energy band diagram of two periods of the superlattice structure under
an average applicd electric field of 2.5 kV/em. Shown are the meduli sqnared of the
velevant wavelinctions and the minibands. The thicknesses of the wells and barriers

are given in nanoueters.

Onr stracture, which has been vealized in the GaAs/AlGaAs inaterial system! consists of 120

periods embedded in a wavegnide based on a double-plasinon structure [101, 102] formed by

I"this structure was grown in Cumbridge (UK] by the Cavendish Laboratory’s gronp.
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the Al metallic contact grown in-situ in the MBE system on the upper side and a heavily »
doped (n =5 x 10 ¢m™1) CinAs layer on the other. A schematic band diagram is shown in
Fig. 5.6. One period of our siructure consists of a four well injeclor and a three well active
region leading in hoth cases lo 1wo well-defined minibands. The mjector’s lower miniband is
malchied to the active region 51.°s upper minihand throngh a 4.0 nm injection barrier. The
expected terahertz emission should be dominated hy a pronounced peak near the wavelength
corresponding to the minigap between tlie secoid and the first miniband. We have computed

this value to be close to 19.2 meV (corresponding to a wavelength of 64 pm).

For the experiments, the sanples were processed o 500 jan-wide stripes of varions lenglhs
between 220 and 880 pn. The samiples were powered by irains of 2 ps long current. pnlses
providing an overall duly lactor of 45 % at a frequency of 413 Hz, The light was then col-
leeled by an off-axis paraholic wnirror, sent through a hene-biill. Fourier ‘LTH.I]S[.OT]]’] infrarcd
spectrometer (IPT1R) under vacuum (principle identical to the one presented in Sec. 3.2) and
detected by the liquid-helium cooled $i bolometer to perform spectra; the entire light pass

was under vacuum. Representative spectra taken at I” = 10 K are displayed in I'ig. 5.7.
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Figure 5.7: Optical specira of the emitled radiation for different injected currents

hetween 300mA and 700mA for a 220 gm-long wavegnide,
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"They show that the lnminescence spectrum consists of one main peak centered at a photon
energy of 18.8 meV for a 220 jm-long waveguide. This Is in good agreement with the
calenfaled transition energy of 19.2 meV. The linewidih of the peak is relatively narrow (Av

=3 neV).
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Figtire 5.8: Current vs. magnetic field cueves for a 880 pm-long wavegnide taken at G
different volages. The different resonances are indicated by the vertical lines for the

thiree different trausitions (see text).

To mieaswre this transition encrgy nsing a different technique, we nsed, as already explained,
the magneto-transport measuremenis, i.e. the behavior of the current as a function of the

magnetic field. These I-13 curves are displayed in IFig. 5.8 for a 880 yim-long waveguide taken
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at 0 different voltages. T'he intersubband Landau resonances are clearly resolved. The solid
lines indicate the resonances of the lower state of the upper ‘miniband with the upper state
of the lower miniband (radiative transition) with én = 1 (around 11 T), én = 2 (areind
55 T) and 8n = 3 (around 3.7 T). The dashed lines indicale the resonances of the lower
state of the npper miniband wilh a staie in the cener of ihe lower minmihand with dn = 2
(aronnd 7.7 't) and dn = 3 {around 4.8 T'). The dotted line, finally, indicates ane resonance,

with dn = 2 (aronnd 9.4 'I'), of the lower state of the upper miniband with the hottom of

the lower imniband. Considering these resonances, we can derive the transition energy using

Equ. 5.1.1

Figure 5.9 a) shows, for Wi (lree different transitions, the comparisen botween transition
encrgy vs. voltage cnrves derived [roin the spectra and the one obtained from the inter-
subband Landan resonances with én = 1,2 and 3. The transition encrgies resnlting {rom
the calenlations are also displayed for each transition. Figure 5.9 1) shows the active region
of the structure at 2.5 kVfem. The arrows indicate the three different transition energies
(Ey — B3 =192 meV, B, — Iy = 255 meV and £, — Ey = 31.7 meV) observed in the
magneto-transport measurentents, We see that there is a very good agreement hetween
the transition cuergies deduced from magneto-transport. mensirements and calenlations as
well as with Lhie electronic spectra for the radiative transition Ey = Bs. Tr conelnsion, we
have demonstrated that the observed terabertz luniinescenee ocenrs thirengh an clectronic

transition belween the npper and the lower mimband of the stenctire,

The same supertattice active region was grown in a different waveguide structure. This
waveguide [144], which is similar to the single-plasmon waveguide used for long-wavelength
mid-infrared QC lasers [101], relies on the confinement provided by the interplay between a
metallic reflection at the top metallization and the quasi-metallic confinement provided by
a thin (0.3 pom thick) heavily doped (n = 2 x 10" em™) buried contact. This makes a much
lower compuied value of the wavegnide losses than Lhe donble-plasmon waveguide. Even if
the overlap faclor lias decreased, the figure of merit T'/ay, is abont four times larger for the
buried contact waveguide than for the double-plasmon waveguide. With such a device, a

proncunced linewidth narrowing was observed and lasing threshold was reached at a current
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Superlattice structure

density of 210 Afcm? [14]). Kohler ef al have also shown laser action in a similar striclure

[13].
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Figure 5.9: (a) Pransition cnergies vs. vollage derived from the intersubband Landan
resonances and for the calculations for the three different transitions qbserved corre-
sponding o £y — Es, Ey — By and Ey — E;. The elecvronic spectra of the radiative
trangition Fy — L3 are also displayed (full black circles), (b) Active region with the

three dillerent transitions observed in maguelo-transport.
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5.4 Diagonal transition-based structures

We studied two different structures based on photon-assisted tunneling transitions. They are
also called diagonal or even interwell transitions as already discussed in the previous part of
this thesis. First of all, we will present results obtained on a {hrec-quantinn well struciure,
mchuding emission spectra aml inagnclo-trausport measnreinents. The eanission speclra were
relatively broad and we used the intersnbband Landau resonainces to confirn the diagonal
behavior of the transition. Then we will show improved emission specira obtained from
a five-quantum well structure which has been designed differently taking into account the

results of Sec. 4.1.

5.4.1 Three-quantum well diagonal structure

As shown in Fig. 5.10, one period of our three-well structure (sample 51443) consists of
threr: GaAs quantuin wells of decreasing width separated by Ay 15Gagss As funuel barticrs.
The radiative trausition is diagonal in real space and ocenrs via a 3.0 nm wide AlGaAs
injection barrier between state n=1" belonging to the third, narrower, GaAs quantum well
of one period (width=13.5 nm) and state n=3 belonging to the first, broader, GiaAs well of
the following period (width=18.5 jun). In the bias voltage range studied, the ground state
conlains Lthe majorily of Lhe eleciron papulation i this photon-assisted Lnmieling transilion
{sce Sec. 2.6). A measurement. of the current flowing in the structure altows then to derive
the lifetime of the upper state (= 17) of the trausition. Compared lo vertical transitions
presended in he previous seetion, the diagonal transition has a smaller oscillator strength
and a broader linewidth due to the interface roughness, but it has the potential of a hetter
lifetime ratio for population inversion.

The clectronic sheet carriev density per period n, induced by the doping was measured hy
capacitive measnrements (see Scc. 2.5.2). We found for our sample (nnmbered as $1443) a
value of Ny = 2.95- 10" an™ leading to an electronic sheel cavrier densily of w, = 1.67- 10"
cm~? This is about twice as large as the expected value n, = 0.87 - 10" cmn~? from the

design.
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one period
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Figure: 5.10: Self-cousistent computation of the energy band diagram of two periods
of the structure under an average applied electric field of 5.3 kV/cm. Shown are the
moduli squared of the relevanl wave functions. The diagonal arrow corresponds to the
tadiative transition 1'-3 and the vertical one to the vertical transition 4-3 identified
in the himinescence spectra (see texr). The layer sequence of one period of the struc-
ture left to right and starting with Uhe injection barrier is 3.0/18.5/3.5/14.5/3.5/13.5

(thicknesses in nancmoters).

Optical measurements

Far optical characterization, bursts of 1.7 us long current pulses at 2.1 ps intervals were
injected into the device, providiug au overall duty-cycle of 40% at 413 llz, in order to match
the frequency response of the bolometer detector while minimizing heating effects.

A few representative spectra taken using the PTIR of 1Mig.3.4 at various increasing iujected
currents at I' = 5 K are displayed in I"ig. 5.11. They show that the luminescence spectrum
consists of mainly three peaks. The first peak centered st a wavelenglh of about A = 87 jyin
is identified as the desired n=1" to n=3 diagonal transition as its measured pholon encrgy
of ~ 14.3 meV correspouds 1o the calenlated values of aboul 11 to 17 eV depending on
the applied voltage. The second peak is identified as the vertical transition between the n=4

and n=3 stale in the 18.5 nm well; s measured photon energy of 28.7 meV corresponcs
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b
well Lo the calenlated value of 30.3 nicV. The oscillator strength (sce Appendix B) of the
diagoual and vertical transitions arc calenlated as 1.21 and 13.7 respectively for a voltage of
1.46 ¥V (corresponding to the spectrum taken al 100 mA). The ovigin of the peak al hy ~

37 meV, is attributed to a grating artifact.
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[Figure 5.11: Lmninescence spectra of the emilted radialion for three different injected

currents at 7' =5 K,

The ratio of the population of siales n = 4 and n = 17 allows Lo determine 1he electron
temperainre, because
M _ (5.4.2)
1y
where #24y, = £y — By, The ratio of the population is also proportional to the ratio of the
peak integral due to the n = 4 to n = 3 vertical transition and n = 1’ to n = 3 diagonal
transition:

gy ., f4r3 fl’B E;Q'a (543)

ny B Il’—3 f43 E,?:;
where [;_; is the peak integral of the transition i — 7, fi; is the oscillator strength, and £j;

the trausition energy, between states ¢ and 7. Taking into acconut the spectrum performed
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at 100 mA, we obtain an electron temperature of approximatively 30 K. The position of the
1°-3 trausition as a function of applied bias is displayed in IMig. 5.12 along with the calculated

valnes. The wagnitude of the Stark tuuing is significanily lower than the ealenlated values.
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Fignre 5.12: Luminescence peaks encrgy vs. voltage which corresponds to the ohserved
Stark-shilt and transivion energy obtained by the intersubband Landau resonances mea-
suremnents {see further in the text) with Fpg = & - fiw, lor dn = 2 {squares) and 3

(triangles). The dashed curve represents the calculated Stark-shift.

Lifetime with B=0D

Figure 5.13 displays transport measurements such as voltage vs. current (V-1) and light
intensity vs. current (L-1) curves which were perforined on the same device at T = 5 K.
In the V-1 curve, one observes a region where negative differential resistance (NDR) occurs.
This region was avoided in the electroluiminescence spectra, because NDR is an indication
Tor clectrical iustability of the device. As menlioned, one can, o these V-T corvey, casily
deduce the gronnd stale lilelime 7, as a funclion of the vellage nsing the relation 7, = "—;.'l,
whete 1, 18 the sheet density,  is the electronie charge and j the corvenl density. With
the value for the sheet density measured by capacitive measurements, one obtains a lifetime

which decreases between 7, =100 ps at 0.8 V and 7,,=20 ps at 2 V, as shown in the inset
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of Iig. 5.13.

In such structures based on photon-assisted tunneling, a necessary condition for electrical
stability is that ihe overall scatlering rate of the state n = 3 should increase wilh increasiug
clectric ficld, But, due to the Stark eflec, the transition encrgy Fps ncreases wilth the
applied clectric field and thus the electron-cled ron wee and elastic 10,4, scattering lend to
decrease with increasing momentum exchange Ak, i.e. with increasing subband separation
(0ee, Welastic ~ JL11—,1 and Ak ~ \/L_p;) To compensate the latter effect, the tunneling matrix
element between the states n=1" and n=3 should increase. ln contrast to the work of Ref. 8§,
this tunneling matrix element is basically constant with applied electric field and therefore
the structure 5 nob electrically stable in the range of voltage 1.3 - 0.8 V. As we will sce, the

NDR can disappear wilh the application of a nragnetic fiecld on the struciure.
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Figure 5.13; Lwnivescence inlensity and bias vs. injected current at T=5K. luset:
lifetime of tho upper state of the transition va. voltage. The dashed vertical arrows

wdicate the posilion of the luninescence spectra of Tig, 5.11.

Froma n = 1" to n = 3 optical matrix element of about 1.8 nm (for an injected current of 100

mAY}, we derive a radiative lifetime of 63 ps and a radiative efficiency 09 = Tor/Trad ~ 8.7 -
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1077, "The optical power P, is related to the injected curreut | by P = nmm),,,d!\’,,c,qluhu,

whete 1. is the collection efficiency, Ny the number of periods and L the photon energy.
If we take a collection efficiency of ~ 1.3- 1074 like in our previous paper (a valne confirmed
by new nieasurements on stenclures with vertical transition in GaAs and InGaAs wells) we
calenlate an expected optical power of 9.6 pW. This is between 4 and 5 tiines larger than
the oplical power obtained in luminescence measurermnents.

This discrepancy could have several reasons. Because of the small energy difference with the
n = 1’ state, the population of the n == 2' (£ ~ 3.7 meV) and n = 3 (£ ~ 7.1 meV)
eonld be increased if the eleciron Lemperatnre is high (caleulated fo be around 30 K). So the
liftiine of the » = 1! stale should decrease. Moreaver, the grating elliciency which involves
m e golleclion eflicicusy could strongly depend of Lhe processing. The malrix elanent of

the fransilion could also be sinaller than the calenlaled one.

Magneto-transport measurements

We measured V-1 and 1-B curves in a magnetic field perpendicular to the layers. V-I curves

are plotied at 2K for zero, 7 and 12 "Tesla in IMig. 5.14.
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Figure 5.14: Vollage vs. injected current curves al zero, 7 and 12 Tesla at T = 2K. A

NDR region ocenrs at zero and 12 Tesla, but. not at 7 Tesla,
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They show clearly ihat, at a fixed voltage. the current decreases strongly with increasing
magnetic fleld. This overall decrease 15 in good agreement with the picture in which ﬁhe
intersubbaid transitions ocenr between dispersionless Landan levels instead of subbands,
clficiently quenching Vhe non-radiative trausittons. Tn addition, the corrent range where
NDR occnrs shifts in corrent density and even disappears in the vange of 2 - 4 and 5.5 - 10
Tesla. 1"ig. 5.16 shows it gray areas the regions where NDR. occurs for sample 51443 as a
function of the magnetic field and voliage. The magnetic field seems to suppress the NDR,
in this particular range and then to stabilize the structure.

In order to study l.]'u‘. hehavior of the corrent (and lifetime) in the stenstonre as o funetion
of 1he magnetic ficld, 1-B eanrves were perforined Ly selting the external vollage to a fixed
valne while raniping B hetween zero and maxhnuin, 1 is now possible 1o plot the hifcline
as a function of the magnetic field as shown in Fig. 5.15. As already mentioned, the lifetime

is about 40-1 ps at zero field depending of the voltage.
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Figure 5.15: Lifetime of the nppet state of the transition vs. applied magnetic field
for different voltages at T = 2K. luset: 1-B curves with subiracted background current
(exponential fit nsed te better identify the resonance imaxima) for the same voltages.
The cirves are vertically displaced for elarity. ‘The dashed lines show the resonance

maxina.
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Depending of the applied voltage, one observes a substantial lifetime increase with the mag-
netic field up to about 400 ps, which is a factor of 4 compared to the value without magnetic
field. This increase became importani only above 6T, where hw, ~ 10.5 meV whicli is com-
parable 1o the Lrausition anergy of ~ 14 meV. It corresponds Lo the strong decrease of the

cuttent as a function of Lhe magnetic ficld observed in the V-T curves.

Intersubband Landau resonances

The 1-B curves sliow also maxima which we atlribnie to the intersnbband Landau resonances
explained in the boginning of this chapler, whose condition is given by Eqn. 5.1.1, These
resonatices are clearly resalved in the I-B curves {sce Fig. 5.15). For a beiler identification
of the resonance maxima, we fiited these raw data with an exponential fit, which was subse-
quently subtracted. ‘The inset of Fig. 5.15 displays such curves with subtracted background
current showing the resonances in I-13 characteristics for four bias voltages Vi, = 0.8, 1.0,

1.15 and 1.3 V.

Field at peak [T)
R W B D 0 W

1 P AP PR B PR B
03 05 07 09 11 13 15 17 19

Voltage at peak [V]

Figure 5.16: Experimental (B,,V,) points at Stack-cyclotron resonance with the fits
resumed in ‘Table 5. for sample $1443. The gray arcas correspond to the regions where

NDR occur.
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To confirm the intersubband Landau resonances with our experimental resonaices, we ex-
tracted tle positions of magnelic field peaks (B,) for several different external voltages (V,)
fron I-B curves. In Fig. 5.16, one can see the (By, V) poiuts plotted for the sample inca-
snred. According 1o the above egnation, a plol of 1lie magnetic ficld values for which a

intersnbbad Tandan resonance oconrred as a howetion of applied vollage should align on

straight lines.

S1443 S1351
S a[T/V] a(1)/a(én) & [T/V] a(1)/a(du)
1 2.8+ 03 1] 3.2+ 0.4 (1]
2 1502 194£02 164203 207%03
3 09+£062 314&£03 1.1x02 30403
4 0703 40+05

Table 5.1: Results of linear fil for Lhe data of Fig. 5.16 and Fig. 5.17. The intersubband

Landan resonances are identified by compnting the ratios of a{1}/a{én).

7

Field at peak [T]
o
|

8

T T

Figure 5.17: Experimental (B, V) points at Stark-cyciotron resonance with the fits

51351 =
IS T BT VU DU DU DU
1.0 1.2 14 1.6 1.8 2.0

Voltage at peak [V]

resnmed in Table 5.1 for sample S1351.
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Experimental points clearly align along lines [or the interval between 0.6 and about 1.6 V.
T'he slopes of these lines are inversely proportional to the Landau-level index change dn,
since Bpa-;—?:-. Table 5.1 summarizes the values of the [itted slopes. Looking at the ratios of
the slopes Lo the first one (al higher field), the intersubband Landau resonance conditions
for Lransitions will én = 1,2.3 and 4 arc perfectly identilied. Ti coutrast Lo carlier papers of
Beltram et al. {140, 141], we observed more easily the transitions with Landau-level index
change én =1, bui experienced more difficulty in measuring those with dn=4.

As Fig. 5.17 and the two last columns of the Table 5.1 show, we obtained similar results
on an other, lieavily doped, sample (51331: n, = 7.06 - 10" cin~? measnred by capacitive

neasurenients), except for fu=4.

Comparison spectra-transport measurements

We can derive the bransition energy with the inlersubbaud Landan resonances using the fact
that Fys = dn liw,. Figure 5.12 shows the transition energics as a funciion of the volt-
age deduced form the spectra and from the magneto-transport mmeasurements. 'I'he results
correspond to the intersubband Landan resonances with 61 = 2 and 3, which, 1n tura, are
equivalent to the resonances occurring ai a relatively small magnetic field. These magneto-
iransport easurements show good agrecinent with the caleulated Stark-shifl (dashed curve
in Fig. 5.12) given the uncortainty in the calenlation, and allow 1o confirm thie diagonal-iype
of the transition. On the other hiand, this figure shows that the Stark-shift from the clec-
tronic spectra is smaller than expected from caleulations and ghown by the location of the
resonances in transport measurements. ‘This difference can be explained by the fact that the
spectra are very broad; this makes it difficult to deternine precisely the transition energy of

the relevant transition.
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5.4.2 Five-quantum well diagonal structure

We designed a new far-infrared structure based on the same photon-assisted tunneling tran-
sition, but based on the conclusion of the discussion on the model described in Sec. 2.6 for a
mid-IR quantwm cascade laser. We observed that in such a structure the population of the
gronnd stale of one period decreases at higher temperalure; mainly by populating the liigher
states, and im particular the excited state of Lhe next period (state 5 = 3 in Fig. 5.19). So
it seems Lo be importanl to push this stale as ligh as possible. We chose also to design
this structure with a five-well period instead of a three-well period as for the previous one
in order to improve the stability of the structure.

Indeed, a necessary condition for the stability of the structure is that the overali scattering
rale should increase wilh increasing clectric field, This seatlering vate is ronghly propor-

tional 10 5 times the overlap hetween the wavelinctions of the bwo states involved in the

EYS
transition. In this plioton-assisted tuineling transition, the transition cuergy increases with
increasing electric field {Stark-shift}, which makes 1> decreasing. Therefore the design aver-
comes this effect in such a way that the overlap increases enough to compensate the decrease

of

shows that the structure is stabilized. Indeed, we do not see any NDR, as in the previous

sz, As shown in [ig. 5.18 (right), the V-1 curve of this new design (structure A2429)

strvcture (§1443). The V-T corves of both samples calculaled monerically is also displayed

on the left of Fig. 5.18. The scaltering rale of the m-axis 1s proportional to the cinrent.,

2'0;. 1 T 3.5:....f...-In--lnnlnrw MRS LA
[ Calculations 1 30 é_ Five-quantum well (42439) =
— [ 1 = 25fF -
2‘ 1.5 i ] % .o E
i E
b gl
= L a2 1.5 -
§ 10 —g Frequntumwell — 3> E Three-quantum well (51443)
L (42479) J 10 =
B—& Thrco-quantum wel! 4 E .
(5|443;] 4 0.5 Experiment  J
osl A PR N S AT FOPH PV TV VN T
i} 0.4 0.8 1.2 t 20 40 B0 B 1 120 140

Figure 5.18: Comparison of V-I curves between five- and three-quantnm well based

Scattering rate [A.U.]

Current density [A/cm2}]

structires, from the caleulations {left) as well as from the experiment. (right).
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Structure

As shown in Fig. 5.19, each period of our five-well structure? comprises five GaAs quantum
wells of decreasing widtl separated by Alp15Ga0.gs As Linnel barriers. Under suitable applied
bias, photon-assisted tunueling emission ocenrs via a 3.1 nm wide AlGaAs injeclion barvier
between the ground stake of tha Afth, narrower, GaAs guaniam well of one period (width
= 0.4 nm} and the excited state of Lhe first, broader, GaAs quantum well of ihe following
period (width = 13.8 nm). The 15 gm metal grating was alloyed to avoid voltage losses in

the contacts, which were observed on non-alloyed samples grown in Cambridge [145].

Injection barrier \
1 n - 3.1
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N 36 42 4

0.15eV f\[\ V
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M\ g\f

LN
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1
doped to 2:1076 ¢m-3 122 407 hys ;;

Figure 5.19: Self-consistent computation of the energy band diagram of two periods of
the structure in GaAs/Aly,15GuaggsAs material under an average applied electric field
ol 3.4 kV/cm. Shown are the moduli squared of the relevant wave funetions. The wavy
line indicates the transition regsponsible for electralnminescence emission batwaen state

2 and 1. The thickuess of the different lavers is also indicaled in nanowmeters,

Electroluminescence spectra

W performed cleclroluminescence measorenments in the vacoum FTIR, as shown in Fig. 5.20.

The light intensity increases and the peaks shift towards higher energies witl increasing ap-

®Ihis slruclure was also grown in Cumnbridge (UK) by the Cavendish Laboratory’s group.
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plied bias. This is due to the Stark-shift: as the electric field increases, the energy difference
between states 2 and | increases proportionally to the field. The raw spectra have a broad
shoulder al low energies due to a sclup-inlicrent backgronnd blackbody. This shoulder was
subleacted by a constant exponential fit and the resulting spectra ave displayed in Fig. 5.20.
There is siill a shionlder al ligh voltage/current bias dne o electron heating. An absorpiion
at 16.4 meV is observed for several spectra. 'This absorption caunot be attributed to the
atmosphere, because of the measurements were performed in vacuum. In fact this absorp-
tion is due to a quartz filter placed just in front of the Si bolometer [145]. The linewidth of
abont 3.5 meV of the emission peak is relatively narrow for a diagonal transition, but larger
than the one for vertical drausition which is abonl 1 meV, consistent. with interface rough-
ness scatlering. Compared to the previons three-qmantum well design, we do not ohserve
additional peaks which proves thal the new concept of the design is correci. Tn particnlar,

it seems that the excited n = 3 state is not populated by hot electrons.

Light intensity [A.U.]

1.0V /40mA

5 10 15 20 25
Energy [meV]

Figure 5.20: Electroluminescence specira of sample A2420 based on a five-quantum
well diagonal transition (with alloved coutacls) performed in the vaconm FTIR at

different applied voltages, The Stark shifi is clearly abscrvable.
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Again, to coufirm that the transition is diagonal, we performed current versus magnetic field
(1-B) curves. These measurements were performed on samples with non-alloyed contacts,
bl nevertheless seem o give consistent. resnls. These anvves, displayed in Fig. 5.21, show
a strong deerease of the enrrent o an oscillatory manuer, as for Lhe previons samiples. The
dashed lines wmark the intersubband Landan resonances: they clearly indicate the signature
of a diagoual transition. For the photon-assisted tunueling transition, we know that the
non-radiative lifetime r is inversely proportional to the current density j: T = n,efy, where
n, is the electronic sheet density, With a value of n. = 2,98 - 10" cm™? measured by a
capacitive jueasurenient (see Sec. 2.5.2), one observes a lifetime increase with magnetic field
up Lo about 350 ps, depending on the voltage, which is a Tactor of 2 conipared lo the zero

field value.
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Figure 5.21: Current as a function of the magnetic field of samuple A2429 hased on a
five-quantum well diagonal transition (non-alloved contacts} for five different voltages.

The dashed lines indicate the positions of the intersubband Landan resonances.

The oscillations are due to the intersubband Landau resonances with the condition given by

Equ. 3.1.}1. The resonance positions allow us to determine the iransition energy by identifying
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the current maxima with different Landau level lndex-changes. In IMig. 5.22 Is shown the
comparisott between the transition energy vs. voltage corresponding to the spectra and that
extracted from 1he Landau intersubband resonances as well as the lransition energy from

calenlalions.
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Figure 5.22: ‘Transition energies dedneed from magneto-transport, measurements,

FTIR spectra and calculations.

The Landau imtersubband resonances, except for dn = 1 have given a transilion energy
i good agreement with the calenlations, while the Stark shift, resulting from the specira
is shghlly smaller than expected, as in the previons struciures, In order fo match the
calculations, the experimental values deduced from the magneto-transport measurements
have heen shifted by 1 or 2 ¥ due to the contact problems observed with the non-alloyed
samples [145]. Due 1o the observed blackbody emission, the peaks of the intersubband
cdiagonal trausition are slhightly shifted at lower energies. This is probably the reason why
we observed a smaller Stark-shift. in the spectra than the one deduced ron the magueto-
lrimsport. measurements, which give the real positions of the resonances even in Lhe presence

of backgromid ellects.



Chapter 6

Conclusions

The application of a strong magnelic field, applied either perpendicular or paraliel fo the
layers of a quantim cascade structures designed for the ciission of light, in thie imd- as well
as in the far-infrared, allows to ohtain some new insight into the basic physics behind those
emitters. By simulating a quantum box structure, in particular for devices emitting photons
of less than 30 meV (in the far-infrared), we have experimentally investigated several theo-
relical proposals on 01 devices, by using 1he compelition belween maguetic and confinement
polentials,

In the mid-infrared, the perpendicular iagnetic field used diring the experimnents i not high
cnongh 1o observe resonances between Lapdan level of sinall index and iuvolving an oplical
phenon energy. To obtain the effect of the quantum box laser in the full quantum limit
{cyclotron energy exceeding subband energy separation) here one needs a magnetic field of
about 40 T for the InGaAs material systein. Recently, a decrease of the threshold current
by a factor of two [146] and oscillations in the tunneling current, explained as intersubband
magnelophonon resonances due 1o electron relaxalion by cmission of optical and acouslic
phionons [147], have been demonstrated in GaAs quantiin cascade strictures using such high
fields.

In our far-infrared sirnctures, we observad an increase of the inlersubband non-radialive
lifetime of the upper state by applyving a strong perpendicular magnetic field. This effect

is accompanied by the decrease of the current {at a fixed voltage) with increasing magnetic

121
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fleld, as the transition occurs belween Landau levels instead of subbands.

For vertical-transition based struciures, the enbancement of the light intensity observed in
magnetic Geld confirmis this conclnsion and ndicates an increase of the radiative efficiency, il
we assnmie that the radiative lifelime stays constaul. We did not observe gain by measnring
snell verlical structures; embedded in a wavegnde, at different injection currents in the
FTIR (i.e. without applying a magnetic field). To see if there is gain in such structures - by
measuring it in magnetic field, we did not directiy observe lasing aciion, we need comparisons
between measurements performed with grating- and waveguide- structures in imagnetic field.
For diagonal transition-based structures, this increase of the non-radiative lifetime, up to
a factor of four, is directly deduced from the magnelo-transport measmements. Furiher-
mare, as the photor-assistad tunneling Lransition is designed o favor population inversion,
these structures are proniising for a Tar-infraved quantm eascade laser. Electrolnninescance
spectra measurements of such structures in perpendicular magnetic field should allow a mea-
sure of a possible gain. The diagonal-based structures are more influenced by the interface
roughness which plays a imporiani role. In the presence of a parallel magnetic field, the
luminescence of a photon-assisted tunueling transition-based structure decreases in the mid-
infrared. This effect is precisely altoibnted to disorder. T is then also interesting 1o measure
mid-infared QC struclures hased on verlical Lransitions in parallel magnelic field in order Lo
investigate the exact role of interface roughness, and, as already mentioned, to explore 1he
graded-interface concept.

In this work, we have showa that magneto-transport measurenents are a powerful technigue
to confirmi the electronic spectrum and to gain insight inlo the physics of intersubband tran-
sitions of far-infrared structures consisting of various active regious, i.e. hased on vertical-
and diagonal-transitions or even in transitions in superlatiices.

As we know now that the quantmn cascade Lechmology, it particilar the chivped snperlattice
design, can be used for laser action alse in the far-infrared or lerahertz range, and nol only

in the mid-infrared, the new challenge will be to find otlier belter working designs.
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Appendix A

Samples parameters

The layer sequence of one period of the different mid-infrared (Tables A.2 and A.1) and far-
infrared {Tables A4 and A.3) samples measured during this thesis are given n the following
tables, starting from the injection barrier. Also indicated are the doping levels, the nominal
sheel density n, induced by this doping and the number of periods ;. 'I'he doped layers
are inderlined and the thickuess of the bartiers are in bold. The details coucernig the
processing of the mid-infrared and far-infared stractures are discussed in Sec. 3.5.1 and

See. 3.5.2 respectively.

A.1 Mid-infrared samples

Layer sequener of onn period, thickness in am. Al(zaAs bar- N N
Sample ) ) n [~ n, [am™] N,
tiers are in bold, n-doped layers are nnderlined.

SI543  5.8/1.5/2.0/4.9/1.7/4.0/3.4/3.2/2.0/2.8/2.3/2.3/2.6/2.3/ 4-107 376-101% 36
2.5/2.1

Table A.l: Layer sequence of the mid-infrared sample based on GaAs/Alg3aGaggrAs material

sysiem.
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140 Mid-infrared samples

Layer sequence of one period, thickness in mn. InAlAs har-
Sample ) . nlem=3)  n, w2} N,
riers are in bold, n-doped layers are underlined.

D2065  G.8/4.3/3.5/2.3/1.9/2.3/2.2/2.1/2.1/2.0/2.0/1.8/1.8/ 3.10'7 3810 25
1.7/2.0/1.G/2.2/1.6/2.4/1.4

D2075  6.8/4.8/2.8/3.9/2.7/2.2/2.2/2.1/2.1/2.0/2.0/1.8/1.8/ 31007 380 2B
1.7/2.0/1.6/2.2/1.6/2.4/1 .4

D2122  5.0/0.8/1.5/4.7/2.2/4.0/3.0/2.3/2.3/2.2/2.2/2.0/2.0/ 2.10'7 1.24 10" 25
2.0/2.3/1.9/2.8/1.9
D26 5.0/0.5/1.5/4.7/2.2/4.0/3.0/2.8/2.3/2.2/2.2{2.0/2.0/ 2-10"7 L2410 us

2.0/2.3/1.9/2.8/1.9
S1384  3.5/4.4/3.3/3.5/2.3/2.6/2.2/2.0/2.0/2.0/2.5/1.8/2.7/1.9  4-10'7 1.52.10"" 35

SI990  3.2/2.5,3.0,25 1-10'® 3109 120

§1397  4.2/3.1/0.9/6.4/1.0/6.0/2.8/3.9/1.0/3.8/1.2/3.7/1.5/ 251007 2551010 45
3.9/1.7/4.0

51648  2.5/7.4/2.5/5.5/2.5/4.G/2.4/4.2 92107 23107 50

S1672  2.5/7.4/2.5/5.5/2.5/1.6/2.4/4.2 21087 5.1010 50

S2007  2.4/4.8/2.3/3.8/3.1/3.1/2.8/2.0/ 741007 2310 50

Table A.2: Layer sequence of nnd-infrared samples based on Ing gaGagarAs/p sz Alp.asAs material

system,
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A.2 Far-infrared samples

Layer sequence of onc period, thickness in nm, AlGaAs bar-

Sample riers are in bold, n-doped layers are uncerlined. mlem™) (™ A
§1351 3.0/18.5/3.5/14.5/3.5/13.5 3. 100 4.35. 10" 50
51443 3.0/18.5/3.5/14.5/3.5/13.5 G-10t% 8.7 10% 50
SI1T74  6.0/28.0/2.5/18.0/4.0/16.0/2.5/15.5 24.00' 38410 35
A2 3.1/13.8/3.8/12.2/3.6/10.2/4.2/10.0/4.1/9.4 2. 1016 2. 1010 45
AM33  4.0/18.6/0.8/15.4/0.6/13.6/2.3/12.8/1.8/11.8/2.3/10.8/ 1-1918 249101 120

3.2/10.4

Table A.3: Layer sequence of [ar-infrared samples based on GaAs/Aly 3Gaq grAs material system.

Layer sequence of one petiod, thickness in mn, IAlAs bar-
Sample i ] #fem=3  n, [em™?] N,
riers are i bold, n-doped layers are underlined.

S1431  3.5/%8.0/1.4/25.5/2.3/22.5{1.4/22.3 5. 1plt 11210 335

Table A.4: Layer sequence of the far-infrared sample based on 1ng s3GagarAs/Tugs2AlygAs ma-

tarial systen,



Appendix B

Electronic states in quantum

heterostructures

B.1 Band structure calculations

T'lhe electronic states (mare specifically the energy eigenvatues and the wavefunciions of the
states) of the leterostuctures studied in this thesis were computed numerically in a two-
band model. Unfortunately the parabolic approximation for the band structure is valid only
at low energics, close (o the relevant condnetion band mininmm. AL liigher encrgies the
conpling, in particular to the valence band, plays an important role and the effective mass
becomnes cnergy-dependents Lhis is the non-parabolicity effect. To take 110 accon the non-
parabolicity, the standard theoretical approach considers the envelope-function 1lamiltonian
in the Kane approximation (with the in-plane wavevector EJ_ of the carrier being zero)
[76]. In this formalism, one obtains a Schrodinger equation for the envelope function of the
conduction band ¢q{z):

L pos ks 2) = Bz
[.’ zmlt + Lc(‘]:‘ ddz) = £o.(z) (B.1.1)
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144 fand structure calenlations

with an energy- and position-dependent effective mass

(R.1.2)

i E,,[ y 1

WED) " 3me |E<En(e) V E—Fu(a)

where FE, Eu and L, are respectively the conduction, light-hole and split-off position-
dependent band energies, £, is the Kane energy {~ 20eV in H}-V semiconductors) and
P, = ---ih'% is Lthe momentum operator. One lias to apply then Lhe continnity al 1he

interfaces of ¢, and of u(f.l’ ﬂ%%-’* [76]. Tlhis three-band model can be simiplified throngh a

unitary transformation which allows one to replace light-hole and split-off bands with an
effective valence band v [148)], leading to an effective two-Dand model. In this case, the
energy-dependent effective mass is given hy

1 1 Fy
= k| . B.1.:
a(E z) g [E - Eu(-?)] ( R

The parameters B, — B, and E, ave determined from the messnred valnes of in™ = n(E = E,)

of the material and from the non-parabolicity coefficient  [149)] defined as
7V = 2wt |E, = B (B.1.4)

Uor typical InGaAs wells, with values of m* = 0.043m and v = 1.13-107" cin?, and InAlAs
barriers with m* = 0.072my, one obtains a Nane energy of £, = 18.3 eV and an effective
energy gap (£, — E,| = 0.79 eV,

‘This model predicts the correct energies with an accuracy of a few meV. I'ie ouly problem is
thal Lhe wavefunctions computed with ihis approach are not orthegonal, becanse one solves
a otie-band Schrodinger cqnation with an energy-dependent effective mass. So the dipole
natrix clement 2y = ({éf:i} |ZI¢£j)> belween the slate 1 and 7 is ill-defined. To overcome
this problem, one has Lo nse the lwo-band model and compnic the dipole matrix clement
including the valence band. One obtains [148]

h .
LY Ay ()
& m&—&&ﬂ

1 1 ;
Plaly . RS
PZ?JL‘(.E,-:z) + m*(E;, z) "!“ﬁc > (B.1.5)
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The conduction band components qiﬁ") and &Y must then be normalized to account for the

underlyving valence band in such a way that

: E—-FEAL]|

(CHIN | S R b VY ) IR R I B.1.6
(04 S5 4 (B.1.6)
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 box. The doping is taken inlo acconnt by a self-consistent calenlation of Poisson’s and

Schridinger’s eqnations as described i Sce. 2.5.2,

B.2 Oscillator strength

Instead of a dipole matrix element, the oplical transitions helween states are conmnmonly

described in tenns of a dimensionless oscillator streuglh £ defived by

2mu

i = (B = B | 2] 45)" =

_mn

(L - Bz . (B.2.7)
This definition of the oscillator streugth allows the comparison with different systems, he-
canse il obeys the suin rule Zj fi; = 1. For an infinite quaninm well, the oscillator strenglh

between the two first confined states is invetsely proportional to the effective mass m* and

is f12 = 0,962

*

[45). One sees then the advantage of using a material with a small effective

nass.



Appendix C

Population inversion engineering

C.1 Character of the transition

As mentioned in the lext, there are many different ways to achiceve a population inversion
between subbands. In fact, we can distinguish the quantum cascade structures by the char-
acter of their 3-2 transition (see Fig. 2.3 b). The magnitude of the averlap between the two
wave functions of states n = 3 and n = 2 can be strongly changed by design and the char-
acler of Lhe transition changes then Trom eerficel to diagonal (withot laking into accomnl,
the snperlatiice aclive mgions). The advantages of a verlical transition (with the initial and
final states tentered in the same well) arc is large oscillalor strenglh belween the two states
invelved in the transilion and the Tact thal the broadening of the ndersubband clectrotu-
minescence is relatively small. Nevertheless the main disadvantage is the short lifetime Tas,
where 75;' is the non-radiative scattering rate from level 3 to level 2. As the population
inversion condition is given by 74 > 7, thal leads to a unfavorable ratio of the lifetimes
between the npper and lower states of the transitions. Furthermore this condition is less
stringent. than the condition 13 > 13 between Lhe tolal Tifetime of state 3 and 2, laking inlo
accotint the non-radiative channel 3-1 which is non-negligible in such structares.

Lel ns now consider a three-quantini-well aclive region. In such a design, Lhere is a Lhin
well coupled to a thicker well in which the electronic transition takes place. This situation

is schematically shown in I'ig. C.1 b). As will be discussed in the uext paragraph, the two
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148 Character of the transition

tower states of the three-quantum well design are separated by oue optical phonon energy.
We refer to this design as enficrossed because the bound state of the thin well and the
npper laser level arc anti-crossed. Besides the good injection cfficiency, the advantage of Lhis
approach is a higher npper stale lifelime, however at the cost of a reduced oscillator strenglh
bedaveen the two states. In the case of a purcly diagonal transition, as shown in Fig. C.1
c), whicli was described in details in thie Sec. 2.6 and Sec. 4.1 about the photon-assisted
tunneling transition, the ground state of the thinner well lies between the two first states
of the thicker well. By increasing the thickness of the conpling barrier, we can obtain an
even larger population inversion, but again with a smaller oscitlator strength. Fig. C.1 shows
schemalically the ciange of the Lransition character belween a) vertieal, b) amtierossed and

) diagonal.

a) b) c)

— ]
vertical antierossed diagonal
Fignre: C.1: Schemes of the change of the chiaracter of the transition between a) vertical,

b) anticrossed and ¢) diagonal.

As mentioned in the text, the diagonal transitions are more sensitive to interface roughness
than vertical ones and therefore have larger emission peaks. Tor the active region of a
diagona! transition at about 10 gan (typically the structure §1548), the transition energy for
an electiic field of 55 kV /cm is 122.9 meV. By changing the thickness of the narrower well
by one monolayer (about. 3 A), the transition cnergy changes to0 112.8 meV (plis 3 Aor134
meV (minus 3 A). That, gives a broadening of Uie transition of abont 21 meV. However, for
a verlical transition in a quantun well of 10.5 1 and a1 the same energy, the broadening
induced by the change of the thickness by also plus or minus 3 A is only about 9 meV

{between 118.3 and 127.2 meV).
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The same calcalations can be done in the far-infrared. There, the effect is less pronounced,
for the wells are broader and the interface roughuess plays therefore a less important role. We
obtaned a broadening of aboui 2.5 meV and 0.7 meV for diagonal and verlical transitions,

respectively.

C.2 Optical phonon resonance-based population inver-
sion

The first, densonstration of quanium ecascade laser has been performed with the so-called
tee-quantinn well aciive region [1] nsiug an oplical phonon resonance belween the iwo
lowest states and the so-called anticrossed-transition between the upper laser state with
the bound state of a thin adjacent well to maintain the population inversion, as schemat-
ically shown in Fig. .3 a). This design has been studied in detail these last vears in In-
Gafs/InAlAs material sysiem [2, 150, 105, 151, 75, 126, 152, 115] as well in GaAs/AlGaAs

material systom [9, 153, 154, 10].

E
F K
= 2
1
— K

Figure C.20 Dispersion relation parallel to the layers of a threc-level structure, The
wavy arrow represents the radiative trausition belween states 3 and 2. The straight
arrows represent the possible inlersubband optical plionon processes, The energy sep-

aration between states 2 and 1 is equal to the optical phonon cnergy.



160 Other lasing schemes

Quantum mechanically speaking, the discrete electronic states in quantum wells are created
by the quantum confinement in the growth direction (usually labelled z-axis). However,
these states have plane waves-like energy dispersion in the plane of the layers. Figure C.2
shows snch a digpersion for a three-level structore, Under suitable applied bias, the energy
separation belween states # = 1 and n = 2 15 then designed 1o be equal Lo the oplical
phonon energy {34 meV in InGaAs and 36 meV in GaAs) to maintain population inversion.
1n such a configuration the optical phonon scattering rate is enhanced (see Sec. 2.5.3) and the
scattering time from level 2 is very short (on the order of 0.2 ps). 1n contrast, the scattering
time of the optical phonon between states n = 3 and n = 2 is much longer due to the fact
that this scaltering is associated with a mnch larger wavevector transfer [110].

'T'his extraction technigue from the Jower state of the transition based on optical phonon
resonance was also used for aclive regions based on two gnantnm wells with a vertical

transition [1535, 156, 157], as schematically shown in Fig. C.3 ).

a) B ™
- ™ - Optical phonon - L~
resonance 3 .
- . ] - Optical phonon
30W L'IH - Tunneling 20W 13 reionange
SN —Hi->

Figure C.3: a) Three quantum well and b} two quantum well aclive regions based on

optical phanan resanance extraction of the lower state of the transition

C.3 Other lasing schemes

Nowadays several designs based on otlier active vegions, wilhout optical phonon resonanee,
have been demonstrated nsing the Aexibility of intersnbband {ransition cirginecring. These

aclive regions were based on:

1. one quantum well, with the population inversion created by the tunneling from the

groung state of the qguantum well and by tlie non-parabolicity [112] (see I'ig. G4 a))
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2. pholon-assisted (unneling {diagonal) \ransition described in details in the texi {see

Fig. C.4 b))

3. inlerminiband transilions in a doped soperlaliice aclive region. Tn this case, the pop-
ulation imversion is antomalically ensured hecanse the cleclron 1Hetime al the top of
Lhe lower ininiband {7y ~ 0.1 pa) 3= negligible with respeat Lo the cleetron scatlering
time (151 ~ 10 ps) by eptical plionon emission from the boliom of the upper miniband

to the lower miniband [158] (see Fig. C.4 ¢)).

4. chivped superlattices (superlatiices of coupled quantinn wells), without injeclor, with
the population inversion also relied to phase space argnment (159, 160, 161, 162, 4]

(see IMig. C.A d)).

All these designs have allowed to obtaim laser action up to room temperature, except the

stngle quantum well active region design.

a) b)
- y
- .
- Tunneling + .
10W non-parabolicity Diagonal ! - Tunneling
—-» -
—»
_
c) =W - d - Phase space
- ) ase sp
Superlaltice } —*
H 4 5 - ¢ Y
- Phase space Chirped ) I
. superlattice

IPigure C.4: Other active regions which have demonstraied laser action, without nsing
optical phonen resonances, They are based on a) one quanium well, b) photon-assisted
tunneling (diagenal) transition, ¢) doped superlattices and d) chirped supettattices

active regions.
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Appendix D

Properties of the InSb detector

The InSh detector used for far-infrared electroluminescence measurement is a photocenduc-
tive deteclor which operales absorbing far-infraved light al Lhe cyclotron resonance frequency.
These nSh detectors have been originally sindied by Putley [92]. A review of Landau cmis-
sion / detection ean be foind in [93].

Onir detector is an off InSb hot electron bolometer type QF /X provided by QMC Instruments
Ltd '. The voltage-current characteristics at 3 K {temperature used during the measure-
ments) are shown in Fig. D.[ for different applied magnetic fields between 0 and 2.52 1" The
resistance of the InSh detector near zero bias is about 43 £t at 0 T and about 30 k€ at 2.52
T (maxintunt magnetic field reachable under warranty for our small coit). The resistance of
the detecior increases then gnickiy with increasing magneiic field. Comparing these vahies
with Lhe ome at 4.2 K (about, 35 @ al 0 T and 5 k§? at 2.52 T), the resistance of Lhe delector
increases therefore also with decreasing the temperature,

The detector works ideally in the curvature of its V-1 characteristic. That is why we decided
to use a battery as a cnrrent source with a serial vesistance of 12 = 10 k§2. Thus the current
in Ute detector is about, 150 pA al zero T and abont 44 A al 2.5 T, as shown by the dashed
curve in Fig, D.1.

The intrinsic Inewidth of the: TiSh detector is on the order of 2.8 meV, directly deduced by

'QMC lustruments Lts, Departiment of Physics, Queen Mary and Westfield College, mile End Road,
London E1 4N%, L5,
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measoring an intersubband {eraliertz faser (14]. Fig. D.2 shows sudt a Taser spectrnm with a
lorentzian fil. (grey curve) allowing Lo delermine the full width al hail maximmn (FWHM)

ol the eniission poak.,
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Fignre ID.1: V-1 curves of the InSb detector at 3 K for different. applied currents on

the small coil belween 0 and 7.75% A, correspouding Lo magnetic fields up 10 2.52 T,

IIIIIIII'IIIIIIIIIII'III

FWHM ~ 2.8 meV

Light intensity [A.U.]
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Figure .2: Teraheriz laser specirnm using the luSh detector for the determination

of the linewidth of this detector. The gray cnrve is a torentzian fit of the spectrum,



Published work

J. Faisi, A. Miiller, M. Beck, 1. Hofstelter, 8. Blaser, U. Qesterle, and M. Ilegems, A
quantum cascade laser based on a n-i-p-i superlattice, 1ELELE Photon. Technol. Lett.
12, 263-265 (2000).

M. Calame, S. Blaser, C. Leemann, and P. Martinoli, Dimensional crossover of the
vortex matter in Y HayCua(O; films, Physica B 284-288, 891-892 (2000).

5. Blaser, .. Dichl, M. Beck, and J. Faist, Loug-wavelength (A ~ 10.9 pm) quantumn
cascade lasers based on a photon-assisted tumteling transitiou in strong magnetic field,
Physica 27, 33-36 (2000).

S. Blaser, M. Rocliat, M. Beck, J. Faist, and U. Oesterle, Far-infrared cmission and
Stark-cyclotron resonances in a quantum cascade structure based on photon-assisted
tunreling transition, Phys. Rev. 13 61, 8369-8374 (2000).

5. Blaser, D. Hofstetter, M. Beck, and J. Iaist, lree-space optical data link using
Peltier-cooled quantum cascade laser, 1EE Elect. Lett, 37, 778-780 (2001).

S. Blaser, L. Dich), M. Beck, 1. Faisl, U. Qesterle, J. Xu, 5. Barbieri, and F. Beliran,
Characterization and modeling of quantum cascade lasers based on photon-assisted
tunneling transition, 1EEE 1. Quantum Electron. 37, 448-4a5 (2001).

5. Blaser, M. Rochat, L. Ajili, M. Beck, J. Faist, I{. Beere, A. Davies, E. Linfield, and
D. Ritchie, Terahertz interminiband emission and magneto-transport measurements
from a quantum cascade chirped superlattice, Physica [ 13, 854-857 (2002).

J. Faist, D). Hofstetter, M. Beck. T. Aellen, M. Rochat, and S. Blaser, “Bound-to-
continuum and two-phonon resonance quantum c¢ascade lasers for high duty cycle,
high temperatire operation™, 1EEE J. Quantim Eleciron. 38, - (2002), in press.

5. Blaser, M. Rochat, M. Beck, D. Hofstetter, and .}, Faist, *Terahertz intersubband
emission in strong magnetic fields?, Appl. Phys. Lett. 81, - (2002), in press.

155



