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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 studied structures based on the so-called photon-assisted 

tunneling (or diagonal) transition. These intersiibband lasers are optical sources emitt ing in 

(,lie mid-infrared (bel ween 3 and 25 /mi) . and, as recently demonstrated, in the far-infrared 

(about 70 /im). Both experimental and theoretical aspects are investigated in this thesis, 

leading to new results. 

Quantum cascade lasers differ in fundamental ways from semiconductor diode lasers such 

as those being used in OD players: (i) the electronic transitions occur between subbands 

involving only one type of carriers, the electrons; (ii) they use a multistage cascaded structure 

allowing each electron to generate many photons; (iii) their emission wavelength is not an 

intrinsic property of the material used, but can be tailored by changing the thicknesses of 

the different epitaxial layers. Due to their various particularities, these lasers have very 

interesting applications. As most of molecular gases have their fundamental vibrational 

modes in 1he mid-infrared, the quantum cascade lasers are particularly useful for gas sensing. 

Since the atmosphere has two transparent regions just, at, the wavelengths where the quantum 

cascade lasers emit efficiently, they have also important applications for free-space optical 

data transmission (telecom). 

From a physical point of view, there are still many intersl.ing fields to explore. As the phol on-

assisted tunneling transition is sort ofa. 1wo-level system, a. model is derived for the injection 

and extraction processes of the electrons. In particular, the transport measurements and 

the behaviour of the threshold current as a function of the temperature are computed and 

compared to the experiments. This work alllovved to deduce an escape tunneling t ime which 
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lead to the development of new lasers with very high performance. 

Photon-assisted tunneling transitions were also studied in the far-infrared with the demon­

stration of electroluminescence from these structures. 

The simulation of a quantum box laser by applying« strong magnetic field on these structures 

is also an important subject of this work. Indeed, by applying a magnetic field perpendic­

ularly to the layers, the quantum-mechanical dimensionality decreases. In the m id-infrared 

the lifetime is controlled by optical phonon emission. The quantization of the system into 

Landau levels by the application of a magnetic field will quench the optical phonon emission, 

leading to a performance increase. In the far-infared, where we can reach a point where the 

intersubbaiid transition energy is smaller than the cyclotron energy, luminescence intensity 

enhancement and lifetime increase were observed. These measurements in strong magnetic 

fields were performed in a cryostat containing a superconducting coil allowing to reach mag­

netic fields on the order of M Tes I a (i.e. 100 larger than the magnetic field of a permanent 

magnet). 



Résumé 

Ce travail consiste en une étude des lasers à cascade quantiques sous Pefiet de champs 

magnétiques intenses. Un accent a été particulièrement mis sur les structures basées sur une 

transition diagonale, Ces lasers intersousbandes sont des sources optiques qui émettent dans 

l'infrarouge moyen (entre 3 et 25 /mi) . ainsi que. depuis récemment, dans l'infrarouge lointain 

(autour de 70 /nn) . Tant les aspects tliéoriques que los aspects expérimentaux tournant 

autour de ces lasers sont abordés «laus cette Illése et mènent à de nouveaux résultats. 

Los lasers à cascade quantiques diffèrent de manière fondamentale des diodes lasers somicori-

ductrices telles que celles se trouvant dans les lecteurs de CD: (i) les transitions électroniques 

ont lieu entre sousbandes impliquant un seul iype do porteur, les électrons; (ii) ils utilisent 

une structure en cascade permet tant à chaque électron d 'émettre plusieurs pilotons; (iiî) leur 

longueur d'onde d'émission n'est pas une propriété intrinsèque des matériaux utilisés, mais 

peut être fixée en choisissant judicieusement l'épaisseur des différentes couches épitaxîaies. 

Par leur particularités diverses, ces lasers ont de très intéressantes applications. Comme 

la plupart des gaz molculaires ont leurs modes vibral.ioniiels fondamentaux dans Ic moyen 

infrarouge, les lasers à cascade quantiques sont clone particulièrement utiles pour l 'analyse 

de gaz. L'atmosphère ayant deux fenêtres de transparence dans ces lougeurs d'onde, les 

lasers à cascade quantiques ont également d ' importantes applications dans le domaine des 

télécommunications pour les transmissions optiques de données dans l'air sans avoir à re­

courir aux fibres optiques. 

Du point de vue physique, il reste encore de nombreux domaines à explorer. Comme la 

transition diagonale est une sorte de système à deux niveaux, un modèle est dérivé pour les 

processus d'injection et d'extraction des électrons. En particulier les mesures de transport et 
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le 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 

nu développement de nouveaux lasers qui fonctionnent, avec de très bonnes performances. 

Une telle transition diagonale a également été étudiés: dans l'infrarouge lointain par la dinon-

stration de !'electroluminescence sortant de ces échantillons. 

La simulation d'un laser à boîte quantique par l'application d'un champ magnétique intense 

sur ces structures est également un sujet important de ce travail. En effet, en appliquant un 

champ magnétique perpendiculairement aux couches, la dimensionnalité quantique diminue. 

Dans l'infrarouge moyen, le temps de vie est contrôlé par l'émission de phonons optiques. La 

quantification du système en niveaux de Landau par l'application d'un champ magnétique 

va diminuer l'émission de ces phonons optiques, augmentant ainsi les performances. Dans 

l'infrarouge lointain, où le cas où l'énergie de transition intersoushande est, plus petite (pie 

l'énergie cyclotron peut être atteint, une augmentation de l'intensité lumineuse et une aug­

mentation du temps de vie ont; été observés. Ces mesures en champs magnétiques intenses ont 

été réalisées dans un cryostat contenant une bobine supraconductrice permettant d'obtenir 

des champs de l'ordre de H Tesla (100 fois plus grands que le champ magnétique d'un aimant 

permanent). 
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Chapter 1 

Introduction 

1.1 General introduction 

TIK; demonstration of 111« first, intersulvbaiid lasers in 111« InGaAs/lnAlAs material syslcnu 

called the quantum cascade lasers ( Q C I J ) , at, AT&T Bell Laboratories in 1994 [Ij represented 

a major breakthrough for niid-infrarcd (MlR.) optical sources (From ~ 3//in up lo ~ 25/nn). 

The quantum cascade laser differs in fundamental 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 multistage cascaded structure allowing each electron to generate 

many photons; (iii) the non-radiative scattering lifetimes are determined by optical phoiion 

emission and lie in UK; ps range. All these points will IH; discussed in detail in the following 

chapters. 

As the mat ter of faci, the QCLs have shown room-lem pera tu re operation virtually across 

the whole mid-infrared region from 3.5 /mi (using strain compensated InGaAs/inAlAs [2]) 

H]) to 16 //in (using InGaAs/ln.MAs materials on InP (3]). The emission wavelength was 

even pushed up to 24 /mi in a chirped siiperlal.tice at cryogenic; lem per aiu res [4]. 

The achievement of such a laser was possible because of the capabilities of quantum engi­

neering of electronic energy stales and wavefunctioiis using ultrat.liin layers of semiconduc­

tor compounds with different compositions [5]. Experimentally, the advent of the molecular 

beam epitaxy (M 13E) allowed the growth of UI-V heterostructLires with sharp interfaces and 

1 

ultrat.li


2 CWiem/ introduction 

excel leni, compositional control [6]. 

After the first acliievenient of lasiug operation in QCL, the performances of these lasers 

kept on improving. The first room-temperature operation was performed in lf)!)f> at UeII 

Laboratories [7]. The highest operating temperature of single mode QC lasers of J 50 0C was 

achieved in 2001 at Neuchâ-tel University, while the record high temperature of "2000C was 

readied recently by the group of G. Abstreiter in Munich using the same active region design 

and high-reflection coating on Loth facets [S). The application of the QC technology was also 

achieved using other material system such as GaAs/AlGaAs. in which laser demonstration 

was obtained in 1998 [9] and room-temperature pulsed operation was reached in 2001 [10]. 

• BcM Lab« pulsed 
• BdI Lut« CW 
O Applied Optorltclionks Inc. CW 
• NcucMlrl University pulsed 
• NeurhJtel University CW 

0 
1994 

J L J I L _1 L 
1996 1998 

Year 
2000 2002 

Figure 1.1: Operating temperature of quantum cascade lasers during the last, years 

showing the progress achieved in pulsed and continuous-wave lasing operation. 

Another important milestone for commercial applications is room-temperature operation in 

continuous-wave, which was recently achieved at. Neiichâtel University [H]. The progress in 

operating temperature of quantum cascade lasers during the last years are shown in Fig. 1.1 

for pulsed and continuous-wave operation. The research groups responsible for the different 

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



3 

best performing semiconductor lasers and are more powerful than competing uiterband laser 

diodes in both pulsed and continuous-wave operation. 

It. would be desirable to use tlic technology of the quantum cascade lasers in the far-infrared 

(FlR) . or terahertz, range (for photon energies smaller than the optical phonon energy, i.e. 

A > 34/nn), where the lack of convenient sources is especially obvious. Intersubband electro­

luminescence was observed at Neucliâtel University in a vertical transition-based quantum 

cascade structure at A = SSmn in GaAs/AlGaAs material system in 1998 [12], but with very 

low power. However, in the frame of an european project collaboration (WANTED), Köhler 

et al. [13] and our group in Neucliâtel [H] succeeded very recently in the realization of las-

ing opération in a. chirped su perl at Lice at X — 70/mi. This is a. important step showing that 

the quantum cascade technology allows realisation of laser sources in the complete infrared 

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

A long-standing wish for microelectronics technology has been the integration of semicon­

ductor lasers onto a silicon chip. Unfortunately, the indirect band gap of the group IV 

materials (in particular Si) is a hindrance to Si-based active optical components, implying 

that radiative transitions must be accompanied by a large momentum transfer. Using the 

quantum cascade technology, these problems can be circumvented, since transitions occur 

between siibbands: the transitions occur without momentum transfer and the nature of the 

band gap is irrelevant. Electro] mn in esecri ce in the 10 /mi-rangc. with a narrow linewidth, 

was first, demonstrated in the Si/Si Gc material system by using the QC concept in 2000 [15]. 

Compared to the IiI-V QC lasers, the SiGe material system needs to work in the valence 

band with coupled heavy and light holes. This result constitutes a step towards establishing 

the feasibility of Si/SiGe-based QC lasers. 

Thanks to an increasing interest in their applications, several groups are nowadays involved 

in the development of quantum cascade lasers. The main players include Bell Labs, North­

western University. Shanghai Insti tute of Metallurgy for the IiiGaAs/IuAIAs material system 

and Thaïes, TU-Vienna, University of Sheffield. University of Glasgow. Cavendish Labora­

tory at Cambridge for the GaAs/AlGaAs material system. University of Neucliâtel and the 

Walter Schottky Insti tute Munich are working with both material systems. The terahertz 
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region is investigated by TU-Vienna, Dell Labs, Cavendish Laboratory at Cambridge, Quan­

tum Inst i tute at the University of California Santa Barbara, MIT at Cambridge (USA), the 

physics lab of the Scuola. Nonnaie Superiore in Pisa, and University of Neucliàtel. 

1.2 Other infrared sources 

Tn (.he nineties, several types of mid-and far-infrared sources have emerged aside the achieve­

ment of the QCLs. The research in these fields has attracted numerous groups, for these 

lasers have potential applications in a wide range of applications from fiber-optics / free-space 

telecommunications, molecular spectroscopy, gas sensing as well as medical diagnostics. In 

this section, we present some of these other infrared sources. 

À common mid-infrared laser is certainly the CO2 laser, which operates around 10 /(in. It 

is highly efficient and can produce 100 VV in continuous-wave operation. Nevertheless, its 

relatively narrow spectra] emission range (from 9.2 to 10.8 /Mil) and l.he diserei.p. spectrum 

limit its application for gas spectroscopy. A different, mid-infrared technology, which is 

used in some applications, is based on interband lead-salt diode lasers which have been 

demonstrated in a wide spectral range roughly from 3 to 30 /<m. These lasers operate at 

room-temperature (with very low power) in pulsed mode approximatively up to 5 /<m, but 

necessitate cryocoolers at longer wavelengths. In practical systems, these devices operate 

at low temperatures, and have low power. For a recent review on lead-salt lasers, see for 

example [16]. For emission between 1.9 and 3 /nn, atithnonide-based QW lasers have also 

demonstrated good performances, including continuous-wave operation at room-temperature 

at X ~ 2/<m (17j. 

The cascading scheme of the QC lasers (see Sec. 2.5) was also used in another type of 

semiconductor laser, namely the interband cascade (IC) laser, proposed by R. Q. Yang in 

1995 [18]. This laser is based on optical transitions between the conduction and valence band 

iu type-IT quantum well structures, such that the fast non-rad iati ve optical phonon scattering 

in intersubband QC lasers can be circumvented while retaining the advantages of cascaded 

injection and wavelength tailoring. Such a laser is based on JnAs/( ln)GaSb/(In)AISb type-
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Il material system for the active region and comprises an injection region consisting of a 

digitally graded InAs/AlSb superlattice. Following the observation of mid-[R (3.6 - 3.8 /.tm) 

electroluminescence in these structures [19], the first type-II IC laser was demonslrated in 

1997 [20]. The performances of such lasers are characterized by very low threshold (currents 

(even in continuous-wave less lhan 100 A/cm 2 at nitrogen temperature) , an output power 

exceeding A W/facet at SO K, a peak j>ower efficiency exceeding 9 % [21], and a slope efficiency 

of more than 7SO mVV/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 Jn continuous-wave [21]. 

ATI alternate type of unipolar semiconductor laser relying on inte.rsubband emission is the 

so-called quantum fountain (QF) laser which emits al X ~ 14.5 — 15.5//.U] based on optical 

excitation [23, 24]. instead of electrical pumping. Here, the active region consists of periods 

of two GaAs/AlGaAs-couplcd quantum wells exhibiting throe bound electron states. The 

electrons are optically excited from the i? = J ground state to the n = 3 upper state by a 

CO2 laser. Although their operation imposes an external pumping source, Ql'' lasers offer 

the advantages of a simplified design and of less stringent material requirements as compared 

to QC lasers. With no current flow, doping of the cladding layers and metal contacts are 

not necessary, which results in low internal tosses at long wavelengths due to free-carrier 

absorption. 

There are even fewer fa.r-infrared sources available than mid-infrared sources. One is (,he free 

electron laser (FFvL) which can generate tunable, coherent, high power radiation over a large 

part of the electro-magnetic spectrum. The FEL's operating characteristics 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 !Barbara can be tuned between 63 and 

338 /nn. Ttie F F J J is a device that converts (,lie kinetic energy of free (unbound) electrons 

to electromagnetic radiation. Its main disadvantage is its huge size: it occupies an entire 

building. 

Another alternative to achieve far-infrared sources is to tahe advantage of inter subband 

transitions in semiconductors. VJy using transitions between Landau levels if a magnetic 
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field is applied (as discussed in Ulis thesis, lml applied to quantum cascade sl.rticl.urcs) in 

bulk semiconductors, p-Ge lasers li ave been demonstrated more than a decade ago (25). 

These lasers rely on crossed electric and magnetic fields as well as intcrsuhhaiid scattering 

between light- and and heavy-hole subbands or light-hole cyclotron resonances [26] to create 

an inverted hot hole distribution in the valence band of weakly p-doped Gc. They can 

be operated at wavelengths between 70 and 300 /mi ajid are tunable by changing either the 

magnetic held or the electric field. Unfortunately, they require temperatures below 10 K and 

a magnetic field of a few Tesla for operation and do not have continuous-wave operation. 

1.3 Applications of quantum cascade lasers 

1.3.1 Gas sensing 

Most molecular gases have their fundamental vibrational modes in the mid-infrared region 

spanning approximately from 3 to 15 /mi. These vibrational lines are very strong, allowing 

very sensitive chemical detection to be performed, with sensitivities down to below part per 

billion. Quantum cascade lasers are particularly useful for such gas sensing applications and 

in particular in the two so-called atmospheric windows lying between approximately 3-5 /an 

and 8-12 /mi. 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, 2S]. In 

this technique, 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 

detected by a conventional microphone. The signal can be greatly increased when working 

at a resonance frequency of the photoacoustic cell. Tlio two very important advantages of 

pliotoacousliie detection are: i) H givers a positive signal (i.e. (here is a. signal only if the gas 

is present) and ii) it does not require a cooled mid-Il l detector. The ultimate sensitivity Js 

usually limited by the optical power of the source. 

sl.rticl.urcs
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Another detection technique is a direct absorption measurement. The change in intensity of a 

beam is recorded as the latter crosses a sampling cell containing the chemical to be detected. 

This measurement technique has the advantage of simplicity [29, 3U]. A more sophisticated 

version of this technique is the frequency modulation technique (TILDAS). The frequency 

of the laser is modulated sinnsoidally so as to be periodically in and out of the absorption 

peak of the chemical. The absorption in the cell will convert this FM modulation into an 

AM modulation which is then detected usually by a lock-in technique. The main advantage 

of the TILDAS technique is its sensitivity. First of all, under good modulation conditions, 

an AC signal on the detector is present only if there is absorption in the chemical cell. 

Secondly, this signal discriminates efficiently against slowly varying absorption backgrounds. 

For this reason, this technique usually works well for narrow absorption lines, requiring also 

a. monomode emission from the laser itself. This technique has already been successfully 

applied with distributed feedback QC lasers (DFB-QCL-) [31]. 

Another ultrahigh-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 tech nique with ammonia, was recently demonstrated by using a continuous-

wave DFB QC laser [32]. 

1.3.2 Telecommunications 

Further important applications for high performance quantum cascade lasers are in the field 

of free-space optical da ta transmission [33]. In contrast to fiber optical telecommunications, 

this technique has the advantage of not requiring additional cables to be buried in the 

ground. Such a fast free-space optical data link could be particularly convenient in urban 

areas. QC lasers in the atmospheric windows around 5 and IO /mi are very suitable for such 

applications. Moreover, the fasi internal lifetimes of the devices should allow modulation at 

frequencies of several hundreds of gigahertz and possibly up to ~ 1 THz assuming negligible 

parnsitics [33, 34]. This modulation bandwidth is more than one order of magnitude greater 

than that of the fastest diode lasers. Recently, Martini el al. published results of an optical 

data link using a high-speed modulated, liquid nitrogen-cooled QC laser over a distance of 
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70 m under laboratory conditions [35]. They also succeeded in transmitt ing a video image 

via a common TV channel frequency. We demonstrated an optical data link between two 

different, buildings separated by ~ 350 m and using a Peltier-cooled QC laser as well as a 

room-temperature HgCdTe detector, taking full advantage of the existing technology [36]. 

The shortest t ransmitted 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 a visibility range of below 100 in) and the signal dropped to ~ SO % of its initial value, 

which proves that, atmospheric transmission at; a wavelength around 10 /mi is not adversely 

affected by humidity. Wc also used the QC laser to optically transmit dalia between two 

computers over a distance of 10 in between two optical tables. In such a configuration we 

achieved a data rate of 115 kbi t / 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 many possible applications for compact, convenient solid-staUj sources such as 

far-inlYared quantum cascade lasers operating at. terahertz frequencies. Areas of special in­

terest include wireless communications for local areas, 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 quantum cascade lasers. Hence, improving 

their performance remains a continuous challenge. From a physical point of view, there 

are still many interesting fields to explore. This thesis is mainly devoted to the so-called 

photon-assisted tunneling transition which is at. the base of one of the various existing active 

regions which have shown lasiiig operation in the mid-infrared, but. which reaches threshold 

by oscillator strength tuning. Such a transition allows therefore by its first-order Stark-shift 

a wide limability range. The population inversion solely relies on tunneling, As such, it can 
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also l>o used in the far-infrared or with non-polar materials (fis for example Si-Gi: alloys) 

whore; resonant optical phonon scattering cannot be implemented. As the photon-assisted 

tunneling transition is sort of a two-level system, it is a "model system" which allows to model 

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 

stale lifetime, we were able to deduce an escape tunneling t ime which is much longer than 

thought U]) to now. The understanding of this effect allowed the realization of new active 

regions which have performed extremely well. We have also investigated such photon-assisted 

tunneling transitions in the far-infrared with the demonstration of electroluminescence from 

these structures. 

An other important subject, investigated during this work is the simulation of a quantum 

box laser. By applying a. strong magnetic field perpendicularly to the layers, the quantum-

uiec.hauica.1 dimensionality can be decreased. In the mid-infrared, the lifetime of the upper 

s tate is controlled by optical 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 can reach the point where the 

intersubband transition energy is smaller than the cyclotron energy, luminescence intensity 

enhancement and lifetime increase were observed. 

This thesis is organized as follows. We star t in Gliapler 2 with a. few theoretical aspects 

concerning the quantum cascade laser by presenting the main fundamental characteristics 

of these lasers. We will focus on the photon-assisted tunneling transi ti on-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 Chapter 3, as well as the growth and processing techniques. The results concerning 

mid-infrared quantum cascade lasers are presented in Chapter 4, in particular measurements 

performed on lasers based on photon-assisted tunneling transition, including the modeling 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 this 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

surements performed on far-infrared quantum cascade structures based on vertical as well as 

diagonal (photon-assisted l.nnncliiig) transitions. Chapter G will summarize the main results 

obtained in ibis work and suggest some future possibilities of investigations. Finally, a review 

of the parameters of the samples measured during this thesis is presented JH 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 InSb detector used during far-infrared electroluminescence measurements 

in Appendix D. 



Chapter 2 

Theory 

2.1 Introduction 

This chapter summarizes a few theoretical aspects necessary for the understanding of the 

experimental work performed along this thesis. It begins with the discussion of one im­

portant feature of 1.1»; quantum cascade laser, the intersubband 1,ia.iisitioiis, followed by an 

irilrodnction to superlalliee lieterostructuros. The first proposal of intersubband emitters of 

Kazarinov and Suris is then presented. The next section, devoted to the quantum cascade 

laser itself, 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-based design is then described in detail. In the 

last, section of the chapter, the effects of a magnetic field applied on the structures both 

perpendicular to the layers as well as parallel to the layers aie discussed. 

2.2 Intersubband versus interband transitions 

In solid-state and gas lasers, the optical transitions occur between two discrete energy levels, 

the population inversion being achieved by optical or electrical pumping. For example the 

ruby (A = 0.6943/nn) or JIe-Ne (X = 0.63/<m) lasers emit in the red and the argon laser 

principally in the blue and green (between 0.4SS ftm et 0.5M fin). 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 interband transitions occur then between energy bands in which conduction 

band electrons and valence band holes, injected into the active layer through a forward-

biased /> — H junction, rocoinbinc radiatively across the band ga.p. The band gap essentially 

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 according to the Permi's statistics. This gain is limited 

for these interband transitions by the joint density of states and saturates when the electron 

and hole quasi-Fermi levels are well within (he conduction and valence bands, respectively. 

The resulting radiative lifetime is relatively long: about 1 ns. 

t - I n s 

gain 

.SB—^i 
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g a m 

•+~k„ 

Figure: 2.1: Real spare band diagram, dispersion of the electronic siibbands in i-space 

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

The device studied during this thesis is a real new semiconductor light emitter. Indeed the 

unipolar hitersubband laser or quantum cascade laser differs in many fundamental ways from 

conventional diode lasers. The main feature of the quantum cascade laser is its unipolarity: 
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it relies on only one type of carriers, the electrons. The imipolarity is relied to the nature of 

the optical transitions that occur here between conduction band states (subbands) arising 

from size quantization in a semiconductor hcf,erostnictuve. 71IiRSt: transitions are called inter-

subband transitions. As shown in Fig. 2.1 I)), the initial and final states of the intersubband 

transitions are both ITI the conduction band and therefore have the same curvature in 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). h\ contrast to in ter band transitions, 

the gain linewidth is now indirectly dependent on temperature through collision processes 

and many body effects. Moreover, the ilitersubband gain is only limited by the amount of 

CHIT«]11, one is able: to drive m the structure to sustain population inversion. The inlcrsub-

band devices are also less sensitive to the temperature than inferband devices. The dominant 

infersubband scattering mechanism is optical phonou emission (for a subband spacing larger 

than the optical phonon energy) which leads to a very short intersubband lifetime, typically 

1 ps. 

! 'he emission wavelength of a. quantum cascade laser is not an intrinsic property of the 

semiconductors used, as in conventional semiconductor diode lasers, but can be tailored 

by changing the thicknesses of the different epitaxial layers. Using for example the In-

GaAs/InAlAs material system, it can be tuned over a wide range oT wavelength: between 

A - j 3.4/im [2] and X <-- 24/im [4]. Moreover the population inversion is not caused by some 

intrinsic physical property of the system, but must be designed by a suitable engineering of 

the wavefunctions. Ultimately, the largest photon energy is fixed by the conduction band 

discontinuity which is AEC = 0.52 eV in Inu.rtfGao.-iTAs/Jiio.'isAlu.^As lattice matched mate­

rial system, but is only &EC = 0.295 eV in CaAs/A !(,.33Ga0^-As material system. On the 

long wavelength side, there are no fundamental limits preventing the fabrication of quantum 

cascade devices emitt ing in the far-infrared (or terahertz region). Until now terahertz lasiug 

operation was only demonstrated in a chirped superi atti ce. Between these two wavelength 

ranges, there is a region where light cannot propagate, called Rnslslrahìmbaìid. because the 

material is dispersive and heavily absorbing due to the interaction of the light with the 

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

In 1970, Esaki and Tsu considered theoretically a otic-dimensional periodic potential, con­

sisting of a periodic sequence of the same quantum well-barrier system, which they called 

supcrlattice, in inonocrystaliino semiconductors [37]. The supcrlattice, in term of multi­

layers structure, is one of the basic concepts of the quantum cascade laser. It was the first 

proposal of quantum confinement with an heterostructure and opened new areas of investi­

gation in the field of semiconductor physics. If no electric field is applied to the superlattice, 

the electron wavefnuctions along the growth direction arc; described by ddocalizcd Bloch 

functions. The formation of energy-bands and -gaps occurs in the saine way as in a crystal. 

However, due to the larger period, the energy bands are much smaller (rueV instead of eV) 

and there fore called niinibands. The idea, or Esaki and Tsn was to create iiiiuibamls whose 

width can be changed by changing the thicknesses of the wells. 

In the low field regime, defined by eFd < A, where eFd 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 picture [37. 3S] is employed theoretically to investigate the properties of the 

SL. Al higher fields the semi-classical model has to be replaced by a quantum mechanical 

description. The miniband then splits into the Wannicr-Stark (WS) laddcr[39], that consists 

of a series of stationary states, each extending over a few periods and separated in energy 

by eFd. With increasing field the WS states localize until they are finally confined to single 

wells and resemble the quantum well ground states. 

In a homogeneously biased SL, the current continuity requires the ground states iti each 

well to be equally populated. Thus, no population inversion and, therefore, no net gain 

is expected from a diagonal iuterwell transition between adjacent ground states in a first 

approximation, i.e. without taking into accorili I 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 ci al. [40, 41] 

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

In the early seventies Kazarinov and Suris predicted amplification of light in a strongly biased 

snperlatfice[40, 4I] . This theoretical treatment based on a detailed density matrix analysis 

marks l,hc basic idea of unipolar lasers based on intersubband transitions in semiconductor 

heterostructures. 

If the electric field F applied to the superlattice satisfies eFd > E-i — E1, where d is the 

superlattice period and E\ and E2 are the energies of the ground state and the first excited 

state respectively, the ground stale level in the v-\h well is lifted above the first excited state 

level in the (J> + I)-I-Ii well. In this situation (set; Fig. 2.4) amplification may occur due to 

the possibility of tuimeling of electrons from the ground state in the »-th well to the excited 

state in the (v + l)-th well accompanied by the simultaneous emission of a photon of energy 

e = eFd—(E-i — Ei). Following non-radiative transitions from the excited to the ground state 

within one well the electrons are :1 recycled'1 for another photon-assisted tunneling process. 

Figure 2.2: Schematic rep rose ntation of the superlattice proposed by Kazarinov and 

Suris for far-infrared emission. The photon should be emitted during an interwell or 

diagonal photon-a.ssisted tunneling transition between the ground state or the n-th well 

and the first excited state of the adjacent (n -\- l)-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 state exceeds the lifetime 

of the excited state. The expected relatively long non-radiative lifetime of the ground state 

associated with a "diagonal" lransitioii into the adjacent well compared to the short intrawcll 

lifetime of the excited s late favors 1,1ns condition. 

However, the simple pici lire neglects timi, electrical transport in superlattices inherently 

features negative differential resistance (NI).Lt)[37, 42, 43], which leads to the formation of 

electric field domains and renders the structure non-stable. Regions of Nuli , occur whenever 

the structure is biased beyond current peaks due to resonant tunneling between states of 

adjacent wells. The point of operation of the Kazarinov and Suris proposal lies precisely 

in the NDR. This effect prevents to sustain a high current simultaneously with a correct 

alignment between the confined states. Nevertheless, this seminal work was on the basis of 

the large number of proposals for intersnhband lasers. 

Following the proposal of Kazarinov and Suris, an intense research in the field of intersubband 

physics started, particularly after the first observation of inters ub hand emission in a two-

dimensional electron gas formed at the SUSiOa interface in silicon metal-oxide-semiconductor 

field-effect transistors (MOSFET) by Gornik and Tsui [44]. The first intersubband absorp­

tion in a GaAs-AlGaAs multi-quantum well was performed by West, and Eglash in 1985 [4O]. 

Experimental implementation of the proposal of Kazarinov and Suris led to the observation 

of spontaneous far-infrared intersubband luminescence from a GaAs-AlGaAs supcrlatlicc 

excited by sequential resonant tunneling by M, Helm in 19S9 [46]. Diagonal (interwell) and 

vertical (intrawell) emissions in the mid-infrared has been reported by Scarnatelo et al. [47] 

in a doped InGaAs/InAIAs superlattice. 

Many theoretical proposals followed dealing with structures with resonant tunneling injection 

from the ground state of a quantum well into (,he first, excited s iale of an adjacent quantum 

well [4S, 49. .50], into a superlaUicc mini band (5I] or into above-barrier quasi bound stales 

[52]; the laser action should occur between the lat ter and the ground stale, repeated through 

many wells. So far, it turned out to be too difficult to achieve population inversion using 

such tunneling schemes. 
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2.5 Quantum cascade lasers 

2.5.1 Cascading scheme 

Another fundamental feature of the intersubband (jiianfum cascade laser is ils inullistage 

cascadc scheine (electron recycling), whore elections are recycled from period to portoti, con­

tributing each t ime 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 pho­

tons A'' as the number of period A', leading to a differential efficiency and then also optical 

power proportional to /V. Gmaclil ci al. [53] have made modeling and an experimental study 

of the cascading behavior of quantum cascade lasers a,s a function of the number of stacked 

active regions (periods), including (,lie first non-cascading (with only one active region) in-

tersubband laser [54]. Tn particular, they confirmed the cascading scheme manifested in a 

differential slope efficiency effectively proportional to A'. 

2.5.2 Active and injection regions, doping 

Figure 2.3 b) shows schematically one stage or period of a. quantum cascade structure, which 

consists of an active region followed by a relaxation-injection region. The active region is the 

region where population inversion and gain ta.kes place. It comprises usually an energy ladder 

of three states engineered in such a. manner to maintain the population inversion between the 

two highest energy states. Assuming a simplified model without non-parabolicity (atomic 

picture) a.ud a 100 % injection efficiency in t h e n = 3 state, the population inversion condition 

is T32 > r2 , where -¾1 is the uon-radiativc scattering rate from level 3 to level 2 and T2
-' is 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 T$ > r-i 

between the total lifetimes of states n = 3 and n = 2. Moreover, the lifetime T2 is principally 

determined by the scattering rate r^ 1 to the lower subband ?; = 1. This ladder of states can 

be obtained in a variety of niulti-cpiantmn well structures (see Appendix O). 

The relaxation-injection region is the section of the period where the electrons cool down 
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(Te ~ Ti, where Te and 7) arc the electronic temperature and (,lie temperature of Uie lattice 

respectively) and arc reinjected in (.Ito next period (see Fig 2.3 1>). The st.rucl.m't; must, also 

l)e (loped Lo overcome- t.lic breaking into différent, electric field domains observed in undoped 

superlattices (as in the proposal of Kazarinov and Suris [40, 4I]). 

a) 

b) 
• i 
• i 

• + + • 

active region relaxation + injection 

Figure 2.3: a.) Principle of cascading: an electron cascades clown omitting photons at 

each step, b) Quantum cascade design philosophy: each repented period consists or an 

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

To obtain a laser structure, we need a homogenous and stable electric field distribution in 

the structure. Therefore by doping the structure, the integrated negative charge is always 

compensated by the fixed positive donors number even in the situation of strong injection to 

prevent, space-charge formation. Moreover, the operating point, of the laser must, be a. stable 

point of the current-voltage characteristic to prevent, the breakdown of the active region 

into different field domains. Faist et ai have shown that electroluminescence spectra of 

iatersubband transitions exhibit a band tail effect due to impurity disorder if the dopants 
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an; locate;*] in the active region [55], Removing these dopants of the active region strongly 

reduces the electroluminescence tinewidth. Thai is why t.lie relaxation-injection region is 

doped. Experimentally, tins doped region is restricted to the center of the injection region 

in order to have a modulation doping of the ground state of this injector, reducing the 

scattering and thus enhancing the injection efficiency. 

The eigenvalues and the squared moduli of the wavefunctions, as well as the optical phonon 

emission lifetime, are computed numerically. Tin's allows to optimize the different param­

eters as wells and barriers thicknesses or injector and active regions designs. The method 

of computation of these electronic states in (piantimi cascade structures is presented in Ap­

pendix B. To take into account the doping, we use a self-consistent approach. The total 

IIamiltoniaii is given by 

M = - ^ - V 2 + VQC(Z)^V11(Z) , (2.5,1) 

where VQC(Z) is the confinement potential due to the quantum wells and VH{Z) the Coulomb 

potential of screened impurities and electrons. 

The charge density can be calculated by 

<?(*) = eND[z) - c 5 > . - | A - ( * ) | 2 , (2.5.2) 

where No is the doping profile of ionized dopants. 6i(z) the probability density and n,- is the 

number of electrons per unit area in the i-subhand. The Fermi energy Ef (calculated from 

the charge conservation condition) is obtained from 

X / 1 ' = J2 JPi(E)ftE)dE (electrons) (2.5.3) 

= I Nj){z)dz = ns (impurities) (2.5.4) 

where pi(E) = ^0(E — Ei) is the density of states of the i-subband, 0(E — Ei) is the 

Hcavyside function. /(E) = ,'E_E , is the Fermi distribution function, and n, is the 
' + ^ ( - J F T * - ; 
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total area! electron concentration, which is equal to the impurities concentration. Inserting 

the charge density of Equ. 2.5.2 into Poisson's equation eeo$\ó{z) = —q[z). one obtains 

Oz2 £€o 
2>|*(*)|2-tfD( (2.0.5) 

The calculated new space charge potential VH(z) = ed>(z) can be inserted in the llamilto-

tiian for the next iteration. Equation (2.5.5) and the Schiodinger equation must be solved 

iterative!)'. Both are coupled via space charge distribution of the electrons. 

The electronic sheet carrier density per period n3 induced by tlio doping can be measured 

by capacitive measurements, In fact the doping can not be measured on samples based on 

InGaAs/lnAlAs material system, because the Schottky barrier height on n-lnGaAs is too low 

(~ 0.2 eV). But the barrier height is about 0.9 eV for GaAs/AIGaAs material system allowing 

C-V measurements. To create the Schottky barrier, the samples are etched to remove the 

highly doped top contacts layers above the active region and Ti /Au contacts are evaporai ed 

on it. The dependence of tin: capacity C on bias allows to determine the shod, density. 

Indeed the differential capacity can be written [5G] as C(V) =%= ( ^ A • K " " 2 . So 

the average density Nj as a function of Ilio depletion length W is Nd[W) = - ^ - . . ' j , , where 

s is the dielectric constant, and eü the vacuum permittivity. 

2.5.3 Lifetimes 

As the population inversion between subbands in quantum cascade lasers does not come 

from an intrinsic property of the material but from quantum engineering, it is important 

to know and design the different scattering times involved in intersubband transitions. The 

dominant non-radiative scattering mechanism involved in intersubband transitions of more 

than an optical phonon energy (i.e. > 30 meV) is the emission of optical phonons. This 

process is very efficient and always allowed, so it gives lifetimes of the order of a picosecond. 

In comparison, the acoustical-phonon emission remains more than several hundred times less 

efficient at T = OK than the opl.ical-pliouon emission [57]. 

The computation of the optical phonon emission rate is thus important for the design of the 
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structures. The lifetime T,/ of the heterostriictiire eigenstate is computed following Ferreira. 

and lìastard [57] using the Fermi golden rule and the electron-phonon JIamiltonian, which 

contains the electron-optical phonon interaction (Frölich) term (earlier calculations were first 

described by Price [5S, 59])- They showed that (he non-radiative scattering rate from an 

initial s ta te i to all final states f due to longitndinal-optical-phonon emission at T = 0 K is 

equal to 

^ J dz J d/Mz)Mz)e-qil(z-z']Mz')Mz') (2.5.6) 
1 m 

Ti/ 2h2ep 

where 

nu = / ' " ' 'V"^ ' P-5-7) 
is the momentum exchanged in the transition and 5~l = e^ — e'1. where £TC and es are 

the high-frequency and static relative permittivity of the material . For GaAs, sv = 705a 

(s,*, = 10.!)e(i and e s = 12.9Ie1)) and for I1io.n3Gau.47As, £p = 72.2e,, (£«, = 11.09e0 and 

e, = 13.Ir0) [60]. 

The tra.nsit.ion rate for phonon emission at T ^ 0 is obtained by multiplying the zero-

temperatnre result (Eq. 2.5.G) by (1 + n), where n is the (.hernial population of optical 

phonons, according to the Uose-Einstein factor for stimulated absorption and emission of 

optical phonons 

1 (2.5.8) 
e t r — I 

Th<; optical phonon-limitcd electron lifetime decreases then with increasing temperature; a 

property which is inherent, to phonons in a single crystal. The performances of the 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 becomes more efficient ( r ~ 0.25 ps) if the subhand spacing is equal Ut the optical 

phonon energy. This effect is used in the design of several structures to allow a fast electron 

escape from the lower s tale of the transition. The lifetime is also proportional to the overlap 

between the wave functions of the states involved in the transition (value of the integral in 

Equ. 2.5.0). Tha t means tha t the lifetime of a vertical transition is of the order of 2 ps and 

I1io.n3Gau.47As
tra.nsit.ion
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could ho mon: than 20 ps for a diagonal transition (see Appendix C), in which l.hi.s overlap 

is smaller. 

The physics of inters abband transitions ÌJI the far-infrared, when the energy between the 

two subbands is smaller then the optical phonon energy, is very different from the mid-

infrared. because MH: scattering mechanisms are not, anymore dominated by optical phonons 

emission. The Fig. 2.4 sketchs the relevant scattering processes for intersubband relaxation 

in this situation [Cl]. 

Figure 2.4: Schematic view of int.crsiibba.nd relaxation for the far-infrared, i.e. where 

the energy between the two subbands is smaller than the optical phonon energy. The 

main sea tiering mechanisms are electron-electron scattering (ee), acouslic-phoiion emis­

sion (ac), ionized-impurity or interface roughness scattering (ii) and optical phonon 

emission (op). 

At high temperature, the optical phonon emission keeps on playing the most important 

role, because the electrons can have enough excess energy to emit an optical phonon even 

if the intersiibband energy separation is less than the optical phonon energy [62. 03, 61]. 

At low temperature the main scattering mechanisms are electron-electron scattering [65, 

int.crsiibba.nd
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66, 67], ionizcd-impurify scattering ami interface roughness [68, 69]. The electron-electron 

interaction VAnca with the square of the carrier density and becomes then importanl; for 

large carrier density (> IÜ,Ü c m - 2 ) . Its corresponding scattering time is of the order of 

a picosecond. For very low densities (< IG9 c m - 2 ) , the intersubband scattering may be 

dominated by acoustic phonons [66]. 

The radiative rate for spontaneous photon emission r~ai( for a two-level system with a tran­

sition energy Dio is given by [70] 

where n = ^/e/eo Js the refractive index, q the electronic charge, c the light velocity, S0 the 

vacuum permittivity, £',-_,- the transition energy and z^ the dipole matrix element U. The 

A 2-d<;pen den co makes the radiative lifetime imite long at far-infrared wavelengths compared 

to 1.1 io mid-infrared values (about 5 /rs and 80 ns for a vertical transition in a. square well 

of respectively 380 A-widlh and 100 A-widlh). The radiative efficiency for spontaneous 

emission is then given by 

Vrad = ; =* (2.O.10) 
Trad T Tnr Tra/t 

where the non-radiative lifetime T,„. is deduced from E<|. 2.5.6. This radiative efficiency is 

then on the order of 10-r> in the mid-infrared and 10-<i in the far-infrared. 

2.6 Photon-assisted tunneling transition 

As already mentioned, most results of this thesis are based on the photon-assisted tunneling 

(or diagonal) transition. This transition occurs across a. barrier, the population inversion 

being mainly due: to tunneling [71, 72, 73], withoul using an optical plionon resonance for 

I he extraction, as in the first demonstrated so-called three-quantum we]] active region [I]. 

The typical active region of such a. photon-assisted tunneling transition is shown in Fig. 2.5 

in comparison with the three-quantum well active region. In fact, many different ways to 

achieve population inversion between subbands have already been demonstrated. They can 
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be distinguished by the character of their 3-2 transition (see Fig. 2.3 b). A discussion about. 

1,1K: population inversion engineering with a review of the different quantum cascade laser 

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

a) 

SQW \ 

- Optical phonon 
resonance 

-Tunneling Diagonal 

- Tunneling 

Figure 2.5: n) Three quantum well active region based on optical phonon resonance 

extraction of the lower state of the transition and b) active region based on photon-

assisted tunneling (diagonal) transition, without, using an optical phonon resonance for 

the extraction. 

As shown schematically in Fig. 2.6, one period of a photon-assisted tunneling transition 

structure comprises a trapezoidal well consisting of a short period superlattice and a quan­

tum well with two tunneling barriers. 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 next well by tunneling. 

Al low electric fields, the trapezoidal well creates a thick effective barrier between the ground 

states of the wide quant urn wells (dotted lines in Fig. 2.6 a), and the current (lowing through 

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 opposite 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 1 ! and the excited state 2" of the 

well in the adjacent period downstream, us schematized in Fig. 2.6 c). This prevents resonant 

tuimeliiig injection into these two latter states and thus negative differential resistance. The 

transport between states 1 and T is then described in terms of photou-a-ssisted 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 
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in Sec. 2.4. In this field range, the ground state » = 1 of one period, which is also the 

upper state of the laser transition, has a lifetime which is by design mud i longer than that 

of the other states, including the lower ?? = 1' state, and, therefore, contains the majority of 

the eleclt'on population. Tn this design. 1,1K; threshold condition is then achieved by keeping 

the upper state population essentially constant while increasing the optical matrix element 

of the laser transition with electric field. This is in marked contrast to other QC lasers, 

where the threshold condition is achieved by increasing the population inversion, either by 

electrical or optical pumping. 

a) MkT c) 
F ^ F t h r e s h o l d 

Z 1 1 - Z 1 1 -

F - 25 W cm1 G ex (n r n r ) • <zn>>2 

Figure 2.6: Schematic band diagram of two periods for different applied electric field 

(a) F = 0, b) F * 25 kV cm - 1 and c) F > Fti,reshoid) showing the principle of laser 

action in a diagonal transition. The electron population is majoritary concentrated in 

the lowest state of the triangular well created by the applied field. Laser action occurs 

when the latter is increased until the oscillator strength or the 1 — 1' transition satisfies 

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

The total gain can be written as the product of the population difference Ar? = (n, — n^) 

between (,IK; states 1 and 1", the dipolo matrix element squared a.nd the transition energy, 

As below threshold, the population difference AT? is essentially constant, the electric field 

dependence of the gain is due to: i) the increased dipole due to the enhanced spatial overlap 
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between 1,1K; I - I ' sl.atcs; H) Un: linear Stark effect wliich increases l.lic transition energy 

Ew. One lias then laser action by oscillator strength tuning in a photon-assisted tunneling 

transit ion. 

Because of the spatial separation between the centers of the wavefu net ions 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 t !.inability defining the ult imate limit in the 

electric tnnability of QC lasers [74, 72]. 

Such lasers may also I«: seen as a, kind of "model system" wliich is easier to describe than 

conventional QC structures. In particular, the injection process is easy to model since it 

Js just a capture process into the lower state of the injection region. The transport (V-I) 

characteristics can therefore be computed "ab initio" from the values of the optical phonon 

scattering rates, in contrast. V-I characteristics have also been computed in conventional 

QC structures, but the model requires the introduction of a phenoinenological broadening 

parameter, the in-plane scattering Lime [75]. We performed detailed characterization and 

modeling Tor such a photon-a-ssisted tunneling transition. In particular, the influence of 

a non-zero Iiretime of the lower s tate of the transition on the voltage-current (V-I) 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 goal of this thesis was to study quantum cascade structures in a strong magnetic field. 

This paragraph is therefore devoted to the analysis of the motion of a quasi bidimensional 

electron ga.s subjected to a. static and uniform magnetic field B [7G]. Lei, us consider first, 

the general case where the magnetic field is tilted by an angle 0 with respect l;o the growth 

axis (2-axis) of the structure (see Fig. 2.7). This choice of axes defines the magnetic field B 

in the y — z plane, whereas the confinement potential Vanj{s), due to the conduction-band 

discontinuity, is along the 2-axis. Using the Landau gauge (divA = 0), the potential vector 
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A of B is relatively simple to deduce (D-Vx A) and one sets: 

Magnetic field B = 

I o \ 
BsinO 

\BcosOi 

Potential-vector A = BxcosO 

V ° I 

(2.7.11; 

Figure 2.7: Magnolie field configuration for a quantum well structure. The r-nxìs 

corresponds lo the growth axis. The two cases presented further are also shown as 

/ JM(O= 90°) and Ux(A = O). 

The llamittonian is given by 

2?»* 
ff = ^tì7 + VetmI{z)+g*,iBÌ7-B (2.7.12) 

with M = P - qA being the canonical moment LUD, m* the effective mass, and q the charge 

of the carrier (q = —r for electrons, e > 0). The last term takes into account the electron 

spin IT which interacts with the magnetic field adding to the particle energy the quantity 

3*{'B& " B, when: jig = ^~ — 9.27 • i 0 - : M J / T is the Bohr magneton and g' is I.IK; effective 

Lande q factor of the carrier. The operator a has the eigenvalues ± 5 . We ignore here the 

effective mass difference between the well and the barrier. Introducing the expression for 

the momentum operator P = —iTîV and for the position operator Z = z, as well as the 

notations BsinÔ = B\\ and BcosO = I3j_ (see Fig. 2.7), the hamiltonian 2.7.12 becomes 

file:///BcosOi
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1 r,„ . ., ~,2 , - - ,..,I . & 

ititi 

P 2 

^ ^ + U ^ + flV-ß 
(2.7.13) 

II, is now possible to Mi]KiViIIc the OrI)UwI rind spin variables. The spin term is rotalionally 

invariant. Tlierefore, if we quantized a along a fixed direction (say y). we will obtain the 

same spin eigenvalues ±~g*fisi3, Thus the spin-splitting is only depending on the modulus 

of B. not on its direction. The value of the effective Lande g factor is about g* = - 0 . 4 for 

GaAs wells (77, 7S], whereas the bulk value at low temperature is about -0.44 [79. SO]. This 

value increases for thin wells as shown theoretically [78] and experimentally [Sl]- For bulk 

lno.53Gao.47As, g* is about -4.1 theoretically [82] as well as ex peri mentally [S3]. Again, this 

value is expected to increase for thin wells [82, 78]. The spin splitting ^g^fißB at 12 T is 

therefore about 1.4 meV for InGaAs and 0.14 meV for GaAs. 

Let ns take the orbital part of the Hamiltoniau 2.7.13. We notice that it is y-independent, 

Thus the wave function ty(x.y.z) is given by a function of x and : and by a plane wave in 

the y-direction 

¢ ( ¢ ^ , z) = Vk(xtz)'eik" (2.7.14) 

The Schrocdinger equation H<P(x,y,z) = Ety{x.y.z) is in (liisca.se 

2m* Oz1 Lm* ox1 ZIH* 

+ -L((PB^-2icB^Sz 
2m' \ " ' Ox 

<pu{x,z)=Eyh{x,z) (2.7.15) 

lno.53Gao.47As
liisca.se
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VVe can now decouple the problem in two different cases studied separately : 

a.) Magnetic field perpendicular to the layers (parallel to tlic growth a.xis): 0 = 0, B = 

(O1O, £?j_). This case will be treated in paragraph 2.7.1. 

h) Magnetic field parallel to the layers: 6 = 90°, B = (0, H N , 0). This ca.se will be treated in 

paragraph 2.7.2. 

2.7.1 Perpendicular magnetic field 

With a magnetic hold only perpendicular to Ut« layers, the Schrot«ling«r equation 2.7.15 is 

reduced to 

• ^ - ^ + ~ <«*+«W + w w Vk(X1Z) = Ew(X,*) (2.7.16) 

The wave function 1Pk(^-, *) can be factorized into 

<pb(x,z)- <p„(x) • \'m(z) (2.7.17) 

Substituting 2.7.17 in 2.7.16, we obtain the following equations for f„(x) and Xm(s) 

Xn(z) = Çm\'m{z) (2.7.1Sa) 2m* dz^ con![Z) 

d2<pn(x) 2m' 
E11-

h2kl 2hh„eBLx e2B\: 
2m* 2m' 2m* 

<fi*(x) = 0 (2.7.1Sb) 

Xm{z) are the wave functions for the z motion corresponding to the mth state (bound or 

unbound) of energy £m for tli<; heterostructnre Hamiltoniaii without magnetic field. Intro­

ducine o/e = ^—± in E<iu. 2.7.1Sb, which is called cyclotron Frequency, and xQ = -^- = V , 

one can write 
d2tpn(x) 2m* 

Sx2 + 1? 
m OJ* . . 

En - -^- (x + xa) 
Vn(X) = 0 (2.7.19} 

ca.se
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This equation is identical to the Schroedinger equation of a harmonic oscillator oscillating at 

a frequency uc around the point .T = X0- One concludes tha t the constant En is the oscillator 

energy which can take the values (n + l/2)/iwc , t) being an integer. 

Tims one obtain« tin: eigenvalues of Efjn. 2.7.1 S) which are ^ - independent and evenly spaced 

in /iwc. They are the well-known Landau levels [84] (see Fig. 2.8J: 

£ » ( U = ( n + - ) hut ; » = 0 , 1 : 2 . . . (2.7.20) 

a) t E - b) t E 

fì(ùc 

0 
-^k, 

Figure 2.S: Dispersion relation for the two subbands a.) in the absence of magnetic 

Held and b) with a perpendicular magnetic field present. The subbands split in tins 

caso in Landau levels separated by HÙJC. 

The eigenstates \v) = \m,n,kv) of the Hamiltonian in Equ. 2.7.16 consist of Landau level 

ladders which are attached to each of the zero field heterostructiires bound (or unbound) 

states. The energy levels of a particle in a magnetic field perpendicular to the layers is 

therefore 

£- = £». -r (" + ^) 'H (2-7-21) 

The carrier motion is then entirely quantized. Indeed Vconj(z) has quantized the z component 

of the carrier motion, whereas the magnetic field along the growth axis (perpendicular to 
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lhc layers) lias (niantized 1.Iu: in-plane motion. 

2.7.2 Parallel magnetic field 

In Ulis HccoiK-1 ca.se, wil.li a magnetic field only parallel to (,lie layers, the Scliroedinger equation 

2.7.15 is reduced to 

^ - ¾ - ' ¾ + ̂  + ̂ ' - ^ ¾ * ) + * 
Ti O 

(2.7.22J 

The wave function ipk(x.z) can be simplified because the lat ter Hamiltonian does not contain 

the .T coordinale. So wo will look for 

Vfc(*,z) = <pk(z) - e ' ' A'.T« (2.7.23) 

and the equation 2.7.22 simplifies in 

A ' * 4 -1 / M +
 ; '2 P I 2 e g " f e * g I C a g » ' + w * 2m* 

<Pk(z) = Eyk{z) 

(2.7.¾) 

The magnetic field can now be treated as a perturbation; this allows us to find the eigenvalues 

of the Ha m il toni an [8.5, 86. 87]. The presence of crossed electric and magnetic fields has 

been also treated without applying the perturbation procedure [SS, 89]. The Jirst-order 

perturbation-theory calculation gives the energy as [S)O. 91] 

A = BconJ(z) + —h] 4- —kl + — ! U 3 . * + " 
2m* J 2m* 2m* hn* 

(2.7.25) 

where Bcon,j(z) is the confinement energy due to the potential Vc0nJ(Z). The three first terms 

are the eigenvalues of 2.7.24 if the parallel magnetic field is zero. The two last terms are 

the result of lhe perturbation theory (ipk(z) | / /p f r , | ^ ( z ) } . The terms ¢22) and (z) are the 

expectation values of the respective operators for the unperturbed wave functions. In fact 

(z) represents the position of tlie gravity center of the wavefunction <fk(z) in function of 

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

B = W ) + ^ l + £ (^ + ^ V + ^ f «,«> - ^ ) . (2.7.26) 
2m* y Im* \ ' 1 J &'<• 

One observes that t.lic usual ^-dispersion changes in a parallela shifted by a quantity called 

k»hift = -""ft • '!'»e last term {(z2) - {z)2) is independent of the choice of the origin. It 

represents a diamagnetic shift which changes only 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. 

• k, 

Figure 2.9: Dispersion relation for the upper and lower slate of a diagonal transition in 

the absence of magnetic field (dashed curves) and with a parallel magnetic field present 

(solid curves). According to theory the parabola are shifted in the kr direction by 

— ' J1 * and raised in energy by j ^ - ((-2) - (-)2)- The arrows indicate the maximum 

and minimum energy splittings. 

It is clear now that the fc.,/,,/1-effect is a pure diagonal transition effect. Indeed, the value 
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of (z) can he chosen l,o be l,he zero of the r-axis (for example for (.tie lower state of the 

transition). So the /^-dispersion of the upper state of the transition will be shifted with 

respect to (,In; latter. For a vertical transition, (2) is the same for the two stales 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 kr = 0 or kx = k.,hijt-



Chapter 3 

Experimental setup and sample 

fabrication 

In Llio first sections of this chapter, we (!«scribe the experimental setup which was developed 

to perforin mid-infrared measurements in a magnetic field as well as far-infrared magneto-

transport measurements 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 l;he chapter is devofed to the devices processing, both Tor mid- and far-infrared 

samples. 

3.1 Magnetic field cryostat 

All measurements performed in a magnetic field have been done in a cryostat which contains a 

superconducting coil allowing us to reach a magnetic field of 14 T, when using a lambda plate 

above 12 T. This cryostat was supplied by J an is liesearch Company, Inc.1 and comprises a 

4IIe dewar which can contain up to about 25 liters of liquid helium allowing an autonomy of 

about C)O hours before refill (without pumping on the sample tube or using the magnet) . The 

magnet inductance is 31.5 Il and the maximum magnetic field of 12 T at 4.2 K corresponds 

to a, rated current of 7S.3 A. while the maximum magnetic field of 14 T at 2.2 K corresponds 

'JauJs Research Company, Inc., PO Box G<Jß, 2 -lewd Drive. Wilmington, MA 01887, USA. 

35 
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lo a rafted current of 91.35 A. The precise held te curreni ratio is 0.1533 T/A. The bottoni 

11ave windows to colle« i ili«* light from the inner sample tube (see Fig« 3.2). I lie tricky 

piece of iliis assembly is the win<l«>w separating the vacami) and tin1 sample tube which can 

be filled with liquid helium. We use a sapphire window for mid-infrared measurements up 

to 6 /mi. Indeed sapphire is completely transparent in the near-infrared up to 4.8 /mi, with 

still 10 % of trausmittauce at 6 /mi. For longer wavelengths, such as for all our samples 

at about 10 /mi. we need a ZnS window which is more delicate, but transparent up to 14 

//m. The sample temperature can be varied between 2 and 300 K using a needle (low control 

valve between the helium bath and the sample tube. 

Figure 3.1: Sample bolder and Ions nonni for m id-in fra rod inoaxiniinnls 

For mid-infrared electroluminescence, the devices are mounted on special holders which allow 

measurements in perpendicular- as well as in parallel-magnetic field. To colled the light, a 

r/l.:.ii lens (38.1 mm focal length, 27.94 mm diameter) is Bxed on the sample bolder with 

a brass mount ami a deb in ring to overcome the thermal stress <lu«- Io cooling down to "-'.'-' 

K (see Fig. 3.1). The resulting parallel beam leaves the cryostat through the sapphire or 

ZnS/ZnSe windows system and is then collected by mirrors and lenses to be sent in a Fourier-
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transform infrared interferometer (FTIR) Nicolet S6Ü Io perform spectra or in a HgCdTe 

(!elector to perform L-I curves (for a. laser). 

FIR insert 

InSb cyclotron 
resonance detector 

Light pipe 

FIR sample 

He admittance 
(needle valve) 

ZnS window 

Tuning magnet 
(O - 2.5 T) 
-> emission 
wavelength 

High field magnet 
(0 -14 T) 

Sample tube 

Vacuum 

ZnSe window 

Figure 3.2: Experimental setup used for far-infrared spectra in magnetic field. 
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3.2 Far-infrared insert 

In order to perform optical measurement in the far-infrared and in high magnetic field, 

we decided to use a new insert. This sample-insert contains a small 2.5 T-magnet coil 

and a magnetically tunable InSh-cyclotron resonance detector [92, 93], which operates as a 

photocondiu tor. This lattei is located in tlic Center of the small magnet while tlie sample is 

i in the center of the 12 T-magnet of the cryostat itself. The light is then collect ed l>y 

a copper lighi-pip<\ The whole assembly is finally immersed in liquid helium (see Fig. 8.2). 

TIK* inserì containing the small magnet was also supplied by Janis Research Company, Inc. 

The magnet inductance is LS II and the maximum magnetic field of 2.5 T corresponds to a 

rated current of 7.69 A. The field to current ratio is 0.32513 T / A . 

Figure 3.3: Photo of the InSb detector-mount. 

The (IrIi-(IOf mounts have been supplied by QMC Instruments Ltd to be inserted into the 

lighl pipe. Fig. 3.3 shows a photograph of the detector mount with such an InSb detector, 

The detector is electrically isolated from the block mount by a quar t i substrate. The detector 

block itself has a flat face to allow mounting of a Hall probe device in close proximity to 
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the detector. This allows to measure (,lie magnetic field on the detector (set; Sec. 3.3). Two 

holes allow7 the passage of Hall probe wiring. A spring loaded ball bearing is located into a 

small hole in (,lie side of the light pipe to maintain the assembly Î11 place. The spectra arc 

then performed by sweeping the detector magnetic field (small coil) while keeping the sample 

magnetic field (big 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 InSb 

has an effective mass of m* = 0.0139m0. the cyclotron energy (at which the detector absorbs 

light) is hue = *Jr = 8.324 • B [meV] (or 2.706 • Î [meV]). 

The use of this magnetically tunable cyclotron-resonance detector has an inferior spectral 

resolution than the FTJIt. spectrometer (see Appendix D). A schematic drawing of the 

standard Fi l i electroluminescence setup is shown in Fig. 3.4. The light coming from the 

sample is collected by an off-axis parabolic mirror with an / / 1 - 5 aperture and sent through 

a. FTIR spectrometer in a liquid-holium cooled Si bolometer 2. 

Si Bolometer 

Lock-In 
Amplifier Pulse Generator 

^ Oscilloscope 

Figure 3.4: Schematic drawing of the KIK electroluminescence setup [12]. 

2An optical calibration of the Si bolometer has been performed using a blackbody radiation source. A large 
difference between the electric and optical responsivity has been observed. Indeed the optical responsivity 
was found Io be only 13% of the claimed electrical responsivity specified by the manufacturer. 
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The use of the two setups together will give the possibility to work with a high spectral 

resolution (1 c m - 1 or better with FTlH.) on one side and offer the possibility of applying a 

strong magnetic (ield on the structures on 1,1K: other side. This new FIR setup has also a 

further advantage besides allowing Uit: ineasurcnieut of a sample with an applied magnetic 

field: it should have a much better signal to noise ratio compared to our standard electrolu­

minescence setup. Indeed, high-performance FlH. detectors are usually limited by the room 

temperature 300K thermal background radiation. By immersing the whole setup in liquid 

Helium, we completely remove this noise source. After measurements performed at 4.'2K 

and having an insufficient signal to noise ratio, we decided to work at a lower temperature 

(3 K) by pumping on the snniple tube. By decreasing the temperature, we decrease the 

Johnson noise and there is also an increase in the InSb detector resistance. Therefore we 

should have a pronounced improvement in the NEP. The V-I curves and main characteristics 

of the detector are discussed in the Appendix D. 

3.3 Hall probe 

VVe use a home-made two dimensional electron gas (2DEG) sample in the standard-Van der 

Fauw geometry as a Hall probe to accurately measure the magnetic field due to the small and 

the big coil felt by the detector. Indeed, the big 14 T-coil induces a non-negligible magnetic 

field on the detector, mainly because of the short distance separating the center of them 

( ~ 2o cm) . 'Therefore the spectra performed at high magnetic field have to be corrected in 

energy. We measure the Hall voltage hy the Van der Pauw technique using a. Hall current, 

of 100 /(A. Typical Hall measurements performed at magnetic fields of 0. 4, S and 12 T in 

the big coil at 3 K as a function of the magnetic field in the small coil are shown in Fig. 3.5 

a). These measurements allow also to deduce the 2I)ECl sheet carrier concentration na since 

the sample resistivity pxy (ratio of the Ha.ll transverse voltage V divided by the longitudinal 

current / ) is given by [76] 

I U3C* en, 

where in* is the effective mass and u)c= ^j the cyclotron frequency. 

Ha.ll
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The Hall resistivity increases then linearly with the applied magnetic field. We obtain a 

2UIi)G sheet carrier concentration of ns = 2.1 • 1012 cm - '2 , The oscillations observed for 

magnetic field higher than 1.5 T arc due to Landau quantization, in units of a fundamental 

coiiHl.auf, ( £ ) , known ;i,s the; quantized Hall effect [94, 95, %, 97]. 
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Figure 3.5: a) Typical Hall measurements as a function of the magnetic field in the 

amali coil at 3 K and b) correction in energy (shift of the raw spectra) deduced from 

these Hall measurements, due to the magnetic field induced by the big coil on the 

detector. 
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These Hall measurements allow us to determine the quantity which we have to subtract at 

the emission energy detected by the InSb detector. With the value obtained for different 

magnetic fields in the big coil, wc deduced that the raw data should simply be shifted by 

a quantity of 0.2419 • B, where B is the field in the big œil (or by 2.796 • I, where / is the 

rated current of the small coil), as shown in Fig. 3.5 b). 

3.4 Growth 

ID 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 Hl-V heterostruc-

tures. The group 111 elements are aluminium (Al), gallium (Ga) and indium (In). with 

arsenic (As) being the only V element. MUE is basically an evaporation technique under 

ultra-high vacuum (UHV) conditions (base pressure < 10"'° mbar) , which allows the growth 

of very thin layers (< 5 A) with sharp interfaces and an excellent coin posi lion al control (for 

a review, see for example [6]). MBE systems include in sil.ii analysis capabililies. For ex­

ample an electron gun for reflection high-energy electron diffraction (RHEFD) which allows 

the analysis of the growing surface to monitor and control the growth conditions. There is 

also a mass spectrometer to analyze trace gases which is in particular very useful to detect 

micro-leaks. The typical MBE growth rate Js in the order of one monolayer per second, 

corresponding to approximative!}' 1 /mi per hour. The quality of the growth can then be 

controlled by X-ray diffraction. Fig. 3.6 is a transmission electron microscope (TEM) image 

of a port ion of the cleaved cross section of a quantum cascade laser acl ive region: the quality 

of the interfaces is really excellent. 

The MBE growth of the sample studied during this thesis was carried out by Dr. Maltias 

Beck (usually the InP-based samples) and Dr. Ursula Oesterle (usually the Ga As-based 

FlR samples) at, IMO, EPFL in Lausanne and also by the Cavendish Laboratory's group at 

Cambridge (UK) for some GaAs-based FIR samples. 

A complete listing of the structures studied during this thesis can be found in the Appendix 

A, ,with the layer sequence of one period, the doping and the number of periods of each 

sil.ii
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sample. 

Figure 3.6: TEM image of a part of a portion of the cleaved cross section of a quantum 

cascade laser active region (sample S1549). This image was provided by Fabienne 

Bobard at EPFL-Cïme. 

3.5 Processing 

3.5.1 Mid-infrared structures 

The active region must be embedded in an optical waveguide to obtain laser action. Tliis 

waveguide must fulfill the requirements of low optical losses and liigli confinement (or overlap) 

factor r with, at the same time, a minimum thickness of grown material for a TM propagating 

mode, as required by the optical selection rules for intersubband transitions. On both sides 

of the active region, the waveguide comprises then two thick guiding layers (in InCaAs for 

InF-based QC lasers), which enhance the optical confinement by increasing the refractive 

index difference between the core and cladding regions of the waveguide. This will confine 

the lasci mode vertically in the cavity. The bol torn cladding is formed by the InP substrate. 

The top cladding consists of a thick InAIAs layer followed by a thick heavily doped InCaAs 

layer. The purpose of this InCaAs layer is to decouple the high loss metal-semiconductor 

interface plasmon mode from the laser mode. The complete layer sequence of the waveguide 
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for H laser at about. A ~ 10/nii (typically laser S154S extensively measured) is shown in Table 

3.1. 

An other important feature of the waveguide design is to minimize the optical losses due to 

Fi(X: carriers. This is obtained by reducing the doping level around the waveguide region to its 

minimum value while maintaining low resistivity. The mode profile, effective refractive index 

and optical losses are calculated by solving the wave equation for a planar waveguide with 

a complex propagation constant and modeling each layer with its complex refractive index. 

The free-carrier absorption losses (imaginary part of the refractive index) are obtained using 

the Drude model [98, 34]. 

Material 

GaInAs 

AUnAs 

GaInAs 

35x Active 

Gal H A s 

InP 

Thickness [nm] 

1050 

1050 

800 

1700 

700 

Doping [cm 3J 

7 • 1018 

1.5-1017 

(i-lO1" 

6 • 1016 

1 - 5 - 1 0 1 7 

Table 3.1: Waveguide layer structure for a laser at about A ~ 1O1Um. 

For laser characterization, the structures are usually processed into ridge waveguides of 28 

/nn-width by wet chemical etching. A thick isolation layer (normally SiO^ or SÌ3N.1 depending 

of the emission wavelength) is then deposited by FECVD, but during this thesis we tried 

also with ZnSe evaporated by e-gun. T i /Au ohmic contacts are evaporated on the top. 

Thinning (to roach a thickness of about 150-200 /nn) . back contacting with Ge-Au-Ag-Au 

(usual respective thicknesses of 12-27-50-100 nm) and cleaving complete the processing. The 

I wo mirrors of the laser cavity are then provided simply by the cleaved facets. A schematic 

drawing of a processed laser stripe is shown in Fig. 3.7 a) . The devices are usually cleaved 

in 0.5- to 3-mm-long bars. 
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a) 

Figuro 3.7: a) a laser stripe (the light, comes from a cleaved facet) and b) a mesa for 

electroluminescence measurements (the light is coupled out of the structure through 

the polished wedge at 15° angle from the plane of the layers). The waveguide and 

cladding layers are normally not grown for luminescence samples. There are present if 

one process a laser sample for luminescence experiment. 

Recently, better laser performances have been achieved by substituting the SiO2 / Si.,Ni 

isolators by InP regrowth. which allows lower lateral waveguide losses and improves lateral 

beat dissipation [99]. The samples cune etched as ridge waveguides after MRE growlIi and 

then transferred into a MOCVD (metal-organic chemical vapor deposition) reactor to form 

buried hel.orostnn I ures. the lop of I lie mesa ridge being covered by SiO2 inhibiting InP 

regrowth on top of the cladding. The SiO2 film is removed chemically after deposition of 3 

/im !!unintentionally doped InP and non-alloyed T i /Au olimi c contacts are finally evaporated 
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to the top of the highly doped cladding layer. This buried heterost rue ture QC laser yields 

both lower optical losses (higher slope efficiency) and a higher thermal conductivity, allowing 

higher average powers ami higher duty cycle operation [99, 100, 11]. 

For hmiinescence measurements, the structures are normally processed in mesas of between 

220 //in x 220 /mi and 450 /un x 450 /nn instead of laser stripes. a.s shown in Fig. 3.7 b). 

T h a t is to avoid optical feedback and gain. The light is then coupled out the structure 

through a polished wedge which forms a 45 e 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 tingle of about 33° between the air and the semiconductor due to the refractive index 

change at the interface. 

The cleaved laser devices, or luminescence devices, an: then soldered epilayer up to a copper 

holder, wire-bonded with Au wires and mounted in the cold head of a temperature controlled 

helium flow cryostat, 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 electroluminescence experiments, the FIR samples were processed into mesas of 

typically between 220 /mi x 220 /un and 450 /mi x 450 /mi with Au /Ge oliinic contacts 

on Lop. The light was extracted from the structures through an evaporated Ti /Au metal 

grating of 15 /mi periodicity, as explained below. To see whether the far-infrared structures 

have gain, we have to embed them in a waveguide, as for the m id-infrared QC lasers. 13ut. in 

the far-infrared, waveguides based on pure dielectric confinement would require a cladding 

thickness on the order of 20-50 /nn, which is unreasonable. This technological difficulty 

can be avoided by using a metal instead of dielectrics for the mode confinement. Sirtori ci 

ai. used first this technique in a. waveguide based on surface plasinous with a QC laser at 

long wavelength [101], The FIR. waveguides used for some sample in this thesis are based 

on mctal-dietectric-mefal. or double plasmon coiifinement [102], The metal layer below the 

active region is replaced by a heavily doped CaAs layer, which leads to similar guiding 

properties as a inetal-semiconductor-metal confinement, but with slightly higher waveguide 
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losses. However, these waveguides allows a drastic reduction of the cladding thickness and 

achieve larger overlap factor. 

For the structures designed to emit ITI the far-infrared, or tcra.hcrtz, range, the light must 

he cou|)lc(] ont by a. metal grating. Indeed, the selection rules for intersuhband transitions 

require that the emitted light has an electric field polarized perpendicularly to the confining 

layers. The light with this polarization will then travel parallel to the layers, i.e. in the 

plane of the sample. As the absorption of the free carriers in 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-infrared. We use then a diffraction grating which converts the radiation 

polarized perpendicular to the interface into a plane wave radiating from the surface. The 

period of the grating must be smaller than the wavelength corresponding to the respective 

transition divided by the refractive index of the; material. It has been observed experimentally 

[103, 46, M] and theoretically [104] tha t the coupling efficiency decreases very rapidely 

towards longer grating periods, but quite slowly towards short periods. As the wavelength 

of the transition in the OaAs material is about 25 /mi, we have chosen a grating period of 

1-5 fini. If we focus on waves whose wavelength for a given frequency cannot propagate in 

the bulk and which are trapped on the surface, their decay length is given by the following 

relation (103]: (2 JT /A) 2 = (2JT/</)3 - \jP. Here X is the wavelength of the emitted light in 

the GaAs, (I the grating period and S the thickness of the active region. We get an optimal 

grating period of 15 /mi. using S — 3/tm and A = 25/an, in agreement with the chosen value. 



Chapter 4 

Mid-infrared quantum cascade lasers 

'J1IiIs chapter of the thesis presents the main results obtained on mid-infrared structures. 

in particular a detailed analysis of the laser structure S154S based on a photon-assisted 

tunneling transit ion (sec Sec. 2.6 for theory). The second part of the chapter shows elec­

troluminescence measurements performed on a superlattice, including a. presentation of a, 

method to investigate gain in such a superlattice, followed by a a. discussion of the effects of 

a parallel magnetic field. Measurements performed in parallel magnetic field, including lu­

minescence dependence of diagonal-based QCL and threshold current dependence of various 

QOLs, 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 (X r- 10/jm) 

quantum cascade lasers based on photon-assisted tunneling transition. Such QC lasers have 

already shown a promising degree of performance a( X = 6.5 /nu with pulsed operation up to 

T — 280 K [71]. Tn Sec. 4.1.I1 we present the design and the characterization of the laser. In 

Sec. 4.1.2, we develop a model based on an non-zero lower stale lifetime and study voltage-

current (V-I) and threshold current versus temperature characteristics both theoretically 

and experi mentally. The V-I curves have been calculated at finite temperature, whereas 

49 
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previous studies were limited to low temperature . This model enables also the computation 

of gain saturation with temperature . A comparison of the model predictions with experi­

ment is then discussed. Continuous-wave operation and a spectral analysis with waveguide 

loss measurements will lie shown in Sec. 4.1.5 ami See. 4.1.G, whereas electroluminescence 

measurements and the electrical tuning behavior of these lasers are presented in See. 4.1.7. 

We conclude this discussion in Sec. 4.1.S 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 design 

which should operate up to room-temperature. 

4.1.1 Laser design and characterization 

Each period of the laser structure S1548, as shown in Fig. 4.1. comprises an AIa 4 8 In 0 ^As 

/ I1io.53Gao.47As super-lattice injector coupled Lo a 7.4 inn thick fi 10.53Ga0 .47 A S quantum well 

surrounded by two 2.5 11m thick lno.52Alo.4sAs tunneling barriers. Under suitable applied 

bias, pliol.on-assi.sted tunneling emission occurs across the injection harrier upstream from 

this quantum well (see Sec. 2.6). The downstream barrier allows electron escape into the 

next well by tunneling. 

Typical light vs. current (L-I) and voltage vs. current (V-I) curves for a 28 /mi-widc, 1.4-

inm-long device are shown in Fig. 4.2. The current pulses were 100 ns long with a pulse 

repetition frequency of 5 kHz. At low temperature (SOK), we observed a tliresliold current; 

density of 1.1 kA/cm 2 and a maximum output, power up to I6Q111W for 13 V bias voltage. 

This threshold, current, density is lower than the 3 kA/cm 2 [105] or the 1.4 kA/cm 2 [74] 

reported for this kind of QC lasers and at these long wavelengths. The laser operates up to 

200K1 with up to 2OmVV at 190K for the best device. The emission wavelength was on the 

order of 10 /mi depending on electric field and temperature. 

As shown in Fig. 4.2. the L-I characteristics of the device are not, linear. The initial slope 

efficiency is very poor bu t increases rapidly with voltage. We at t r ibute this behavior Io the 

too small voltage at which the laser operates initially; at this small bias, the lower state of 

the laser transition is thermally populated due to its proximity (A = 30 meV) to the Fermi 

I1io.53Gao.47As
lno.52Alo.4sAs
pliol.on-assi.sted
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sea of the injector. Shorter devices having larger mirror losses and therefore operating a.t 

higher biases did in contrast exhibit a linear U l curve above threshold. 

Injection barrier 

V doped to 9.2 -1017 cm"3 

I / 

/ N 

One period 

: ^ . ¾ = 

Figure A.I: Self-consistent computation of the energy band diagram of two periods of 

the structure S-154S under an average applied electric field of about 55 kV/cm. The 

moduli squared of the relevant wave functions are shown. The wavy line indicates the 

transition responsible for laser action. The thickness of the different layers is indicated 

in nanometers. 

The shape of the V-I curve (Fig. 4.2 and Fig. 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 small). The graded region creates a. thick effective barrier between the ground states 

of I.IK; wide InGaAs qua.nl.mn well and l.herefore the current, (lowing through the structure, 

by hopping is negligible. When the voltage increases up to 5 V (corresponding to an electric 

field of 32 kV/cm) , I.IK; injector states align and electrons can cascade into the structure. At 

the threshold voltage, we see in the V-I curve of Fig. 4.2. and particularly in Fig. 4.8, an 

abrupt slope change. Ideally (i.e. if the lower s ta te lifetime 7> were negligible) the differential 
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resistance above threshold should be zero, pinning the bias voltage at its threshold value. 13ut 

here, due to the finite lifetime of the lower » = 1' state, the change in differential conductance 

at threshold is small. We show in the next section that, the ratio of (,he conductances below 

ami above threshold is H measure of 1,1 it- ratio of the lifetimes of the states 1 and 1'. 

Current density [kA/cm2] 
0 0.5 1 1.5 2 2.5 3 3.5 4 

160 

140 

120 _ 

100 "g 

80 -g 
M) 

60 J 

40 

20 

0 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Current (A] 

Figure 4.2: L-I curves in pulsed mode of a 28-/<m-wide and 1.4-mm-long QC laser 

measured at different temperature. Also is shown a V-I curve measured at 8(IK. 

4.1.2 Rate equations 

In this approach, and in contrast to previous reports [71], we take into account i) a non-zero 

(but assumed constant) lower s tate lifetime i y and it) the fact that the total integrated 

charge in a period niat remains constant, for simplicity, we neglect the population of the 

other excited states of the injector and keep only the population nt> of the lower s tate of the 

laser transition. Therefore we are, in our model, IcIi. with only two states (1 and T) . Their 

populations Ti1 and Ti1' TuIHIl the equation 

7(, + 7 I 1 . = 71,0( (4.1.1) 
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In steady state, tlie rate equation for state 1 can be written as 

- - - . f c S ( » i - n i ' ) + — = 0 , (4.1.2) 
T| Ti-

where S [ cm - 1 • s - 1 ] is the photon flux per unit length per period and gc [cm] the gain cross 

section [34]. The laser threshold condition, gain equals the total losses o,D(, is 

i fc-("i - " i ' ) = atot . (4.1.3) 

Dy design, the cross section gain gc and the lifetime T1 are not constant in photon-assisted 

tunneling structures. However, according to our calculations, the product gc - T1 is constant. 

within 4% in the range of tlie electric field between 55 and 70 kV/cin: 

Sc-T1=A , (4.1.4) 

where A [cm • s] is a constant., chnractorisl.ic of the hetcrostrticlnre. Tn addition, the cross 

section gain gc is. with good accuracy, proportional to Ilio applied voltage V between 55 and 

70 kV/cm: 

V <xgr . (4.1.5) 

It is convenient, to express the lifetime Ti (gc) and Ty as a function of the cross section gain 

<lo needed by an (idealized) device with zero lower state lifetime, i.e. 

go •"«.( = « , „ ( (4.1.6) 

and 

9 Tv = A , (4.1.7) 

so tha t the ratio of T1-Zr1Ig0) is the inverse of the effective cross section gains g/gc. 
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4.1.3 Lifetime ratio and condition for lasing 

Equations 4.1.1-4.1.7 allow a prediction of the normalized L-I and V-I curves. In particular, 

the current density j was obtained from (,he lower laser state population nji using j = 

qnyg/A. The photon flux becomes then 

Side fio) = — • 4.1.8 
2/t • & • ito 

Tlie slope efficiency dP/dl is given by 

^ 7 = ^ p ' » ' " m ^ , (4.1.9) 

where Np is the number of periods, hi/ is the photon energy and om are the mirror losses. 

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

* < * / * ) = = ^ ( 1 ^ ) , (4.1.10) 

and the current density above threshold is 

The total current density is therefore j(gc/go) — max(jb,ja)- Inversely, the cross section 

gain </„ over gu can be expressed as a function of the current, density, below threshold, as 

3c/9o= " .v , (4-1-12) 
3o {-T9 - 3) 

and above threshold as 

9c/9o = :—TT7 • 4.1.U) 

The total cross section gain, which is proportional to the bias voltage, is therfore gcffio = 

™iM9ç/9t},9cf9o)- The result of this model is plotted in Fig. 4.3 for different values of the 

ratio g/gti. For large values of the ratio g/glt {thus for low lower state lifetimes), the change 
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in differential conductance at threshold is clearly visible and the laser exhibits a large slope 

efficiency. If we use for the ratio g/g0 in our model values less than 6, we observe the 

somewhat surprising fact thai; lasing is not possible. In fax;!,, the limit value for the ratio 

gfffo is obtained by imposing S(f/c/$o) > 0. Tn other words, a. ratio of at WsI, gfg0 > 3 + 2\ /2 

(~ 5.8) is required to ma,kc audi a laser operational (independently of A). 

< 

(U 

«3 
-M 
"o > 
(3 

S 
( J 

0 2 4 6 

Normalized current density 

Figure 4.3: V-I and IJ-I curves computed by the model for three different rallies of 

7"io/ri'. i.e. of g/gQ. Lasing is impossible if the lower state lifetime is longer than 6 

times the upper state lifetime at the </o threshold. 

This sensitivity to the lower s tate lifetime has its origin in a kind of positive feedback 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 (sine« the total population is conserved, see 

Eti. 4.1.1). Tlie increase of gain needed to overcome; this decrease in population difference 

can only be obtained at tlie cost of a. further reduction of the upper s tate lifetime. Ttiis 

fact has important consequences for the design of high performance QC lasers based on 

photon-assisted tunneling transition. 

In Fig. 4.3 (particularly visible for gffjo = 20), we observe also a saturation of the photon flux 

accompanied 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 (T1̂ 1J, = T,"' + r j 1 ) . The saturation of the photon flux can be deduced analytically 

by demanding dS(gc/gü)/dgc = 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 dg/dgc = 0): 

J W = ^ - ( S - A ) • (4.1.14) 

Computing analytically the ratio of the differential conductances just below Gb and just 

above Ga threshold, we obtain, assuming that gc ~ g0 and g ^> g0, that, this latter is roughly 

hair of the ratio of the lifetimes: 

Gb I g I rm , . . . 
TT ~ ô — - ö — ' (4.1.15) 
G0 2 go 2 Ty 

where Ti0 is the n = 1 state lifetime at a bias corresponding to a gain g0, i.e. T10 = A/go. The 

inset of Fig. 4.4 displays tlie exact solution (solid curve) and the approximation of Eq. 4.1.15 

(dashed curve) for a ratio of the conductance GbjGa between 0 and 15. 

4.1.4 Comparison with experiment 

We are then able to deduce the lower stale lifetime by measuring the ratio of the conductances 

below and above threshold. l/ooking at the V-I curves of all measured lasers (as for example 

in Fig. 4.2 and 4.8), we determined the ratio of the lifetimes Ti / iy from the ratio GbJGn 

(using the exact solution displayed in the insert of Fig. 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 

Tv = 
" * • <1 9a 

3/h fj 
(4.1.16) 

where T\ = n , • q/jih- The Fig. 4.4 shows the value of T\> calculated by this method as a 

function of the threshold current density for several measured lasers. One obtains a. mean 

value of T,i = 2.C ps. The imcerl,a.inly of these points is a result of hath (,lie intrinsic 

uncertainty for n, and the fact thai. r?s is not the exact value of the density of the state 1. 

1.00 1.25 1.50 1.75 2.00 2.25 2.50 

Threshold current density [kA/cm2] 

Figure 4.4: Lower stale lifetime T\< as a function of threshold current for several lasers, 

calculated using the exact solution for the ratio of the conductances GnJGi1- Inset: 

exact solution (solid curve) and approximation of ICq. 4.1.15 (dashed curve). 'J'lie small 

rectangle represents the region of the values obtained for our lasers. 

The ratio between lhe lifetimes at threshold [Ty[T\<] is then about 8, because n is approx­

imative]}' equal to 20 ps in this structure [71]; this is enough for lasing, but much smaller 

than for previous lasers based on the same photon-assisted tiiimeliug transition at lower 

wavelength (more than 40 for example for D21!)0) [71]. The small rectangle in the inset of 

Fig. 4.4 represents the region of the values obtained for our lasers. 
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The density of s tate 1 and the current flowing through the structure allow us to determine 

the lifetime T1. of this n = 1 state. With the values of this lifetime as a function of the 

electric field, wc an: then able to simulate the transport characteristics (V-I curves) of the 

structure. We look into account, the phonon absorption and the population decrease of state 

1 at higher temperature by populating the higher states including the first excited state 2' 

(see Fig. 4.1). Indeed, the electroluminescence spectra show an intensity increase of the 2/-1 ' 

vertical transition with temperature (see below and Fig. 4.11); thus the current due to this T 

state gets important at high temperature and therefore becomes an important current leakage 

channel. We assumed also an injection t ime into this 2 ! state of twice the lifetime of the s tate 

itself (about 1.2 ps), changing the population of the state 2 ! by a ratio of 2. We calculated 

the current, and the population of s tate 1 by iteration taking into account the population of 

the lower state n ^ = j • T{>/q. As explained above, the non zero lifetime of this lower stale 

has been deduced from the ratio of the lifetimes at threshold (calculated to be about 2.6 

ps). We calculated the current density vs. voltage for different temperatures and compared 

them with the experimental curves measured on the electroluminescence sample (see below). 

as shown in Fig. 4.5. Good agreement with the experimental curves was obtained after 

dividing the calculated current by 1.17. An adjustment of the current was also performed 

in Ref. [71], »rid is probably due to an uncertainty of the doping level and/or the injection 

barrier thickness. 

Since the gain cross section gc is 

the different quantities used in the model can be related to the material properties. In 

FA[. 4.1.17, A = 10.1/j.m is the emission wavelength, n = 3.2 the material 's refractive index, 

F = 0.52 the moda.] overlap factor, eo the vacuum permittivity, Lp = 31.6 inn the period 

tliickness, Zi1/ the; matrix element of the laser transition and (27) = 12 ineV the full-width 

at half-maximum of the luminescence peak (see below). o,0( are the total losses (waveguide, 

o,„. and mirror. o m , losses: atot = o,„ — j-ln(Il), where R = 0.26 is the facet reflectivity and 
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L IIJC cavity length). 'T]it: peak inalcrial gain is then Gv — ^ ( " i — " i ' ) -
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Figure 4.5: V-I curves of luminescence sample at. different temperature (respectively 

101), 150, 200, 250 and 300K) with corresponding calculated curves. 

The calculated matrix elements of the transition at different electric fields allow us to de­

termine the gain cross section gc of the device. In a second step, wt: calculated the peak net 

modal gain GM = gc[n\ — Ji-i<) for différent temperatures as a function of the current, taking 

into account tlic density of state n = 1 ' as well. The result of these calculations is shown 

in FJg. 4.fi for different temperatures between 0 and 300K. We observe a gain saturation for 

T > 180A'. This explains the abrupt degradation of the laser performance for temperatures 

above 150K. Indeed, by using the threshold condition (Fq. 4.1.3). we could calculate the 

threshold current density. QC lasers with the same waveguide at 11.5 firn and about 10 

ynri exhibited waveguide losses of ow — 74 c m - 1 and nw = 40 c m - 1 respectively [105, 74]. 

Assuming a value for alol (= GM at threshold) of 57 c m - 1 (dashed curve in Fig 4.6), we 

get a Ith{T) dependence which is in good agreement with (,ho experimental data as shown in 

Fig. 4.7. Assuming mirror losses of am = fi.4 c m - 1 {with L = 2.1 m m of the device shown in 

Fig. 4.7 with squares), we find waveguide losses of about a.,,, = 50.fi c m - ' . A discussion about 
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those waveguide losses with measurements using the llakki-Paoli method will be presented 

in the Sec. 4.1.6. 

1 2 3 4 
Current density [kA/cm2] 

Figure 4.6: Peak net modal gain GM =• fo-(»i ~ri\<) derived by tlie model as a function 

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

cm"') used in Kig. 4.7. 
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Figure 4.7: Comparison between threshold current density measured on two different 

lasers and calculated (dashnd line) for the 2.1-mm-long laser with o/oj = 57 cm-1. 
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The experiments show an abrupt increase of the threshold current above T = 150K which 

is well predicted by our model. The model also predicts that laser action stops at 220K 

while ex peri menta I Iy a maximum operating temperature of 200K was observed. Therefore 

room-tempora turo operation is no) possible with this structure. To got higher maximum 

fempcralurc operation, we need to decrease the lifetime: of the downstream n = 1 ' state and 

increase the energy of state 2' (i.e. increase the energy difference between state 1 and 2'). 

We expect tha t such changes in the laser design should improve the performance of the laser. 

4.1.5 Continuous-wave and spectral analysis 

The spectra of the laser in pulsed mode are strongly miiltiniodc. In continuous-wave (CW). 

the spectrum slightly above threshold is nionomodc. with a measured linewidth limited by 

the resolution of our spectrometer {0.1 c m - ' ) . When increasing the electric field, the device 

becomes multimode. CW L-I curves are shown in Pig. 4.S for a 0.782 nun-long, IS/tm-wìde 

buried heterostrucfcure device. 
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Figure 4.8: L-I curves in continuous wave of a 0.782nun-loiig, 18/iin-wide buried liel-

crostructnre laser at, four different temperature with a V-I curvo 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 5OK with a maximum 

output power of 45 it) VV at 10K from a single facet measured by a powermetor. The threshold 

current is / = 2SOm/1, corresponding to a threshold current, density of Jn1 = 1.99/.:/1/cm2 

which is higher lhan in pulsed mode because of heating of the at t ive region. 

Tn order to measure the linewidth of the laser with higher accuracy, we used a eoufocal-planar 

Fabry-Perot resonator in an open-loop measurement. The distance between the two mirrors 

is 16.8 cm. resulting in a free spectral range of about 0.9 GHz and a minimal full width 

at half maximum (FWHM) of the resonance peak of 6u ~ 2 MIIz. The latter value was 

calculated using a reflectivity of the minors of R ^ 99.3 % at 10.1 fim. As shown in Fig. 4.9, 

we have been able to detect a linewidth of ~ 3.9 MlIz on the device shown in Fig. 4.8 driven 

with a current of 306 m A (corresponding to 2.2 kA/cm 2 ) in continuo us-wave, The linewidth 

obtained is only twice the limit of the setup. QCL linewidths in the; kilohertz level have been 

accomplished by using electronic servo techniques frequency [107]. 
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Figure 4.9: High resolution Fabry-Pérot. spectrum of the device shown in Fig. 4.8 

driven in continuous-wave at a current of .'tOfi niA (corresponding to 2.2 kA/cm2) and 

at a stabilized temperature of 42 K. The FWHM obtained is only 3.9 MHz. The origin 

of Mio frequency axis is coincident with the omission wavelength of 10.1 /mi. 
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4.1.6 Waveguide losses 

Wc obtained waveguide losses on the order of .00 c m - 1 by comparing flic threshold current 

density temperature dependence of our laser with the model (Sec. 4.1.4). VVe can also 

determine these waveguide losses experimentally using the Hakki-Paoli technique [108]. This 

technique allows to evaluate the gain below threshold through high-resolut ion measurements 

of the Fabry-Pérot oscillations in the luminescence spectra. VVe use in fact a technique based 

on 1.1 to analysis of the Fourier transforms of subthreshold omission spectra (interfcrograms). 

This method ta kos into account both shape and contrast of the Fabry-Perot fringes, and is 

therefore superior to the classical Hakki-Paoli technique [109]. 

Start ing from the iuterferograms of the high-resolution luminescence spectra, this technique 

measures the peak net modal ga.in minus waveguide losses GM — ow or net gain. Wo per­

formed these measurements in continuous-wave. The 0.782 mm-long. IS /iin-wide buried 

heterostr net lire laser whose performance has already been shown (Fig. 4.8) was used for 

these measurements. The results are reported in Fig. 4.10 where the net gain is displayed for 

different increasing injected currents. The plot, of the pea.k net gain versus injected current 

density j shows a linear dependence with aslope Vg = 64.5cm/k A. where # = 4^ = ^ ' " ' " 7 V ' 

is the gain coefficient. The extrapolation at J = O yields waveguide losses of l l l . S c m - 1 , 

which is much larger than the 50 cm""1 deduced by the model. 

Tins large discrepancy could have several reasons. First, the waveguides 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 

[lakki-Paoli measurements is symmetric with two InP cladding layers (one of them regrown). 

But the use of two different waveguides cannot explain such a big difference in the waveguide 

loss. Another reason could be either thai current and gain are not linearly depending on each 

other or that the mathematical analysis itself has a problem, mainly because of an inaccuracy 

in the measurement of the background. An additional, but non-negligible, possibility is the 

current-depending lifetime of the lower s tate which leads to an increasing re-absorptìon at 

low current densities. This effect was not taken into account in the calculations. 
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Figure 4.10: (Upper) Peak net modal gain measurements using the Fabry-Pérot fringes 

of the luminescence spectra in continuous-wave for increasing current (Hakki-Paoli mea­

surements). The temperature is 10 K and the measurements were perform«! on the 

device show» in Fig. '1.8. {Lower) Peak net gain Gm - a„, as a function of the current 

density. 

Indeed, we considered a constant lower state lifetime, but we can observe a small overall 
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change as a. function of the threshold current density in Fig. 4.4, leading to an approximative 

value of A ps by extrapolating at zero current. The ground state population is thus large 

enough to enable residual iiilcrsubband absorption IYom the ground state Io the excited 

states. This effect leads to an over-estimation of the waveguide loss using the Hakki-Paoli 

measurements. 

4.1.7 Electroluminescence and tuning 

The intersubband electroluminescence was investigated as a function of applied electric field 

in order to study the nature of the photon-assisted tunneling transition. Luminescence 

spectra performed at 80 K for different voltages are displayed in Fig. 4..11. A strong first-

order Stark-shift is easily observable due to the interwell 1-11 transition. This is because of the 

targe spatial difference zu -Zw between the center of l;he electron probability distribution of 

stales 1 and 1\ The measured electroluminescence peak shifts from 13.3S //in at low current 

densities (4.9 V)to 9.27 /nu at 13.0 V. The second peak observed in the electroluminescence 

spectra at high bias is due to the vertical interwell transition 2 ' - ! ' in the 7.4 nm-wide well. 

The third peak is attributed to a transition between mini band states. The full-width at 

half maximum of the luminescence peak is about 12 meV. This is significantly larger than 

t h e one observed for a vertical transition structure at similar wavelengths (~ S meV) [110], 

The reason for this broadening is tha t diagonal transitions are more sensitive to inl.erfacial 

roughness than vertical ones (see Appendix C). 

The inset of Fig. 4.11 plots the measured transition energy Eit< of the electroluminescence 

peak as a function of the voltage. The Stark-shift of this transition can be written as 

A/i 'u ' = qAF[zu — zin'], where q is the electron charge and AF is the increment of the 

electric field in the region between states 1 and F . AF can be expressed as AV1,jLp where 

AVp is the voltage increment across one period (here V/50) and Lp is the thickness of one 

period (31.6 nm). From the da ta of the inset of Fig. 4.11 between V = C.3 V and V = 

13V, we deduce a value of 7 inn for Z11 — z\>\>. Al low bias, the experimental Stark-shift 

deviates slightly from the straight line due to the screening regime where the electron charge 

progressively transfers from the doped regions into the n — 1 s tate [71]. 
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Figure 4.11: Intersubbaiid electroluminescence spectra al SOK between 4.9 and 13.0 

V. '!'he transition energies are labeled by the states numbering in Fig. 4.1. The inset. 

shows the position of the electroluminescence peak as a function of applied voltage. 

The dashed line is a linear lit between fi.SV and IKV which yields a value of fi.97 nm 

for S]1 - 2 , . , . . 

WR also tested tlie electrical timing bollavi or of Illese lasers [71, 74]. The: top contact met­

allization consists of two segments of equal length (0.75 mm) separated by a small gap. We 

are then able to inject different current densities J1 and .I2 (and thus different voltages V\ 

and V'i) in each section; this allows us to adjust electrically the laser photon energy towards 

large energies. In Fig. 4.12. the electrical tuning of a 1.5-mm-long laser at SO K in pulsed 

modo willi two sections of equal length is presented. For this iiicasuroniont, the current Z1 

in the first section was set to some arbitrary value and the current /2 in the second section 

was increased until threshold. We measured also the voltage in each section; this is shown 

in Fig. 4.12 as well. The tuning range obtained for this laser is about 85 c m - 1 (9.47 /mi to 

10.31 /uri). We observed thus a. tuning factor of ^ = 8.3 %. This value is larger than the 

Photnn-nssiste.fl
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ones seen in otbor structures basini OTI tbe sa.inc photon-assisted tunneling transi lion: 6% at 

6 fnii [71], 3% for a bidireclional laser at about 6.5 //.m [111], or even 4% for an a.i iti crossed 

Iransilioii at ]Ü /Jin [74]. However. 1.1K: last result was measured dose to rooni-leni pelature, 

which makes the laser very suitable for spectroscopy of liquids. 
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Figure 4.12: Laser tuning at 80 K at threshold showing a tuning range of 85 c m - 1 

corresponding to AA/A ~ 8%. (a) Representative spectra at. different currents, (b) 

Voltage in the two sections vs. lasing energy. The dashed curve shows the Stark tuning 

observed in the electroluminescence measurements (see Fig. 4.11). 
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4.1.8 Conclusion 

Wn have shown modeling of QC lasers baaed on a photon-assisted tunneling transition taking 

into account a finite lifetime of the lower state of the laser transition. This tunneling escape 

time is about 1 ps computed under the assumption tha t the injection region behaves as a 

continuum, and was then often underestimated and considered to be zero in the models used 

until now. In fact, we round in this work that the escape time is 2.6 ps, which is much longer 

than 1 ps. This was already shown by Faist al. [112]. The new value found for the lower 

slate lifetime is therefore not, negligible and is important for all designs, in particular for 

the threc-quanlum well active region, since ultimately the populations of the lowest states 

are extracted into the inject ion/relaxation region by a tunneling process. This long escape 

t ime 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 

(see Appendix C.3), since transport in the lower miniband provides a very efficient electron 

extraction. Nevertheless, the injection efficiency is not, optimum in these superlattice active 

regions, and is less efficient than for the three-quantum well design. 

These considerations led recently to the proposition and experimental demonstration 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 based on a bound-to-continuum transition [ IH] or on two-phonon 

resonances [115] {see Fig. 4.13). 

a) 

Sound-to-co ntit 

W 
M U 
UUI n 

b) 

W-Double optical phoiwu 
resonance 

Figure 4.13: New designs recently demonstrated. The active regions are based on 

boiind-to-cont.inuiim or two-phonon resonances. 
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In both cases, one uses the high injection efficiency into the upper state of the transition pro­

vided by the fact tha t the upper s tate wavefunction penetrates significantly into the injection 

barrier (thrce-quanfmn well active region characteristic). In the bound-Lo-continuuin design, 

a high extraction efficiency is achieved by having the lower state of the transition belonging 

to a miniband, whereas the high extraction efficiency of the two-phonon resonances design 

is obtained by spacing the lowest three levels by an optical phonon energy each [113]. 

Significantly better performances than the traditional design based on the three-quantum 

well active region have been obtained with these two new designs, promising useful room-

temperature applications using quantum cascade lasers. Continuous-wave operation at 396C 

with few milliwatts of optical power has recently been demonstrated using the two-phonon 

resonances design [H). 

4.8 k ^ 
One period . 3 g 

I 1 3.1 ^J 
2.9 

Figure 4.14: Self-consistent computation of the energy band diagram of two periods 

of the l i iCaAs / lnMAs structure S2007 under an average applied electric field of about 

75 kV / cm. The thickness of the different layers is indicated 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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act eristics. 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 

stale and design the structure in such a. way to increase the energy difference between the 

state 1 and 2'. This will avoid a population of state 2' with hot, electrons. We designed and 

grew such a structure (sample S2007) in which this energy différence is more than 140 nieV, 

compared to about 60 meV in the laser structure SfS ÎS, as shown in Fig. 4.14. 

IJ-I and V-I curves in pulsed mode of a 1.875mm-long, 28/tm-wide laser are displayed in 

Fig. 4.15 for four different temperatures. 

Current density [kA/cm2] 

Figure 4.15: L-I and V-I curves in pulsed mode of a 1.875iuiii-ioiig, 28/nn-wide laser 

S2007 based on llie new design at four different temperatures. 

The performance is not as high as predicted. Indeed, using our model, we predicted room-

t.eniperature operation (sec the prediction of the peak mil, modal gain for this st.rnel.ure in 

Fig. 4.1G) and this laser operates only up to 120 K with a voltage threshold much larger 

than expected. A 3 mm-long laser worked up Io 200 K. The high threshold voltage causes 

the NDIi. observed in the V-I curves, which corresponds to a dramatic breakdown 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 problem, which was not taken into account, is the re-absorption into 

the upper lasing state. Indeed, at voltages slightly above the predicted threshold voltage 

(already at SO kV/cin) , the energy differences between states 1 and V (the transition energy) 

and states 1 and T become roughly the sanie;, leading to a substantial re-absorption. This 

re-absorption decreases again if the field becomes larger than 110 kV/cm. The corresponding 

voltage of M V is approximately the threshold voltage observed at 80 K. Given this design 

bug, it is nevertheless surprising tha t lasing operation was obtained in this structure. 

1 2 3 4 

Current density [kA/cm2] 

Figure 4.Ki: Peak net modal gain GM = </c • (n\ - TJ1/) derived by the model as a 

function of the current density for the new design S2007. Tho dashed curve represents 

the total losses of 57 cm - 1 , as in Fig. -1,6 for laser Sl548. 

4.2 Measurements on a superlattice 

We observed mid-infrared eilejctrolnniinesceaice from a doped superlattice and performed 

measurements in which the superlattice was embedded in a waveguide to allow a comparison 

between the spontaneous emission and the emission amplified in a cavity. 
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4.2.1 Electroluminescence in a su perla ft ice 

The superi at ti ce studied is formed by 120 periods of Gaa.47l1iu.53As wells of 8 11m and 

Alo.4sI1io.53As barriers of 3.2 nni (sample S1390). For optical characterization, the sam­

ple: was processed into 150/xm diameter circular mesas, instead of usual square mesas (see 

Sec. 3.5). In contrast to the nominally undoped sample of Scaniarcio ef al. [47], our sample 

is highly doped. 

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

tcrwcll) transitions, as shown in Fig. 4.17. 

2 

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

Figure 4-17: [Normalized electroluminescence spectra for different applied voltage be­

tween 3.4 and 18V. Tlie insert shows the condiiclioii hand diagram for au electric field 

of 11)0 kV'/cm. The three arrows indicate the three different transition observed in the 

electroliimincscenco spect.nim. 

Gaa.47l1iu.53As
Alo.4sI1io.53As
spect.ni
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The luminescence spectra, consist of three peaks. The first peak centered at an energy of 

about 120 me.V is identified as the diagonal intervvell transition between the lowest Wannier-

Stark states of two adjacent wells (1 —y 1, see inset, of Fig. 4.17). A first-order Stark-shift 

is easily observable for this transition between 107 kV/cm (14.3 V) and 130 kV/cni (17.5V) 

as shown in Fig. 4.18. However, for Binali electric fields (< 100 kV/ctn) . the tra.iisit.ion 

energy is almost constant, which is explained by the formation of spatial field domains with 

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 (interwell) 

1-1 transition corresponding to Eu — eFd, where, d — 11.2 am, or even with taking into 

account, the antierossiug which occurs between the ground state and the first excited state 

of the next well. 

Figure 4.18: Transition energy as a function of the applied voltage for Uie diagonal 

(interwell) transition. The straight line represents the calculated linear Stark-shift. 

The second peak is identified as the vertical (inlra.well) transition between the first excited 

stale ii = 2 and the ground state n = 1; its measured photon energy of 160 nieV corresponds 

well to the calculated value of 166 meV. The third peak centered at 195 meV is identified 

as the vertical (intraweit) transition between the second excited state n = 3 and the first 

Ele.ctrotnininesc.cnce
tra.iisit.ion
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excited state n = 2, in agreement with the calculated value, of 196 meV. The linewidths 

of the two vertical intrawel! transition are narrower than tha t for the interwell diagonal 

transition, which is a characteristic, of the intersubbaud transitions. As already mentioned 

aI)OVc (Sec. 4.1.7), this is due t;o the fact, tha t the diagonal transitions are more sensitive to 

interface roughness. 

4.2.2 Measuring gain in a superlattice 

Electroinagrielic gain in an in version less, strictly periodic superlattice lias been calculated 

using the semi-classical miniband picture by Ktitorov et al. [Ufi] and Ignatov ct at. [3S]. 

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 demonstrated tha t 

Bloch oscillations couple to an external terahertz radiation [117]. 

We present a technique which allows the investigation of the superlattice gain profile by 

comparing the spontaneous emission L(w) and the emission amplified in a cavity G(OJ) mea­

sured on a su per lat I. ice embedded in a waveguide. A red-shift between both emissions should 

indicate a dispersive Bloch gain. 

To obtain a laser structure, we regrow an InP top cladding (2 /mi n-doped to 1 x 101 ' c m - 3 

and Ì /im n-doped to 8 x 1018 c m - 3 ) onto the active region by Metal Organic Chemical 

Vapor Deposition (MOCVD). Tims the optical waveguide is formed by the InP substrate on 

one side and by the InP cladding on the other side. The wafer was then processed like a 

laser into ridge waveguides of 2S /mi width by wet chemical etching. One facet was polished 

at a 45° angle, but only on half the substrate thickness. This way, the light could be coupled 

out of the structure either by the facet (with passing the waveguide) or by the 45° angle (as 

for luminescence experiment} as shown in Fig. 4,19. 

Optical nieasuremenls are then performed on these laser stripes. Fig. 4.20 (upper) shows 

the signal measured either by the facet G(u) or by the 45° angli; L{UJ) at 4.2 K. We find 

two differences between both emission profiles. The peak corresponding to the diagonal 

(interwell) transition between the WS states is indeed slightly red-shifted by about 2 meV. In 

addition, the emission peak which is a t t r ibuted 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 

Isolation layer | \ ^s" / / y Ti/Au contact 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 phenomena that migli I. be responsible for the observed difference of the émission from 

the waveguide (faced) and the 45° angle, i.e., the waveguide losses, the re-absorption of the 

emission into the first excited state and the iutra-ui ini band absorption (Bloch gain). The 

waveguide losses, assumed to be dominated by free-carrier absorption, are calculated using 

the following relation [34]: 

tt^M = 7 ^ T 7 : (4.2.18) 

when: the constant C ~ 0.479 eV cm~ l for our structure. For the re-absorption indo the 

excited stade, assuming that this state is empty, we use a. Lorentzian-shaped absorption 

spectrum, i.e.: 

Or12M = w — z\%
 7 , a

 2 ^f, (4.2.Ii)) 
C0IIrC ( E w - Z l W i 2 ) 2 + T f 2 d 

where zyi = 1.9 nm is the dipole matrix element, 27 ] 2 = 14 meV the full width at half 

maximum (FWHM) of the measured transition, » r — 3.2 the real part of the; refractive 

index, c the speed of light, d = 112 Ä the supcrlattice period and T — 0.5 the confinement 

factor. This re-a.bsorption also results in a red-shift 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 UK: AC c:on<liicl.ivity |3S, 118): 

„B(W) = _i_» TIe2Tp / | ( A / 2 W ) 1 - i'ur£ - o>^T,rp 

C 0 n r c ' L " l " / o ( A / 2 W ) ( 1 + W ^ T « T p ) ( w | T e T p + ( 1 - W T p ) ( I - ÎWT>)) 

(4.2.20) 

wJiere Wß = eFdjìì is the Bloch frequency, A the miniband width, r'1, T _ 1 the energy 

and momentum relaxation rates, m 5 ' ' = 2h/A<P the effective mass al, tlie bottoni of the 

minibaiRl and /„ are the modified Bessel functions. 

The theoretical curves for G(u) and /v(w) are shown in Fig. 4.20 (Lower). The theoretical 

shift of G(u) due to the different absorption mechanisms of the originally gaussian lumines­

cence signal L{ui) with a measured FWHM 2-yi | = 16 meV is given by: 

1 tL 

G{w) = L(w) - dz- < r | a ' "» , w l + " ' 3 l w | , : , (4.2.21) 
L Jo 

where the Bloch contribution has been neglected at first. 

With a cavity length of L = 0.S3 nun, we obtain a total shift of -2.52 meV due to the 

re-absorption, whereas the contribution from waveguide losses are negligible. Tims, the ex­

perimental value of-2 meVcan be already explained by the re-absorption 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-energy shoulder of the diagonal transition and 

thus pushes the luminescence signal towards lower energies. A more detailed investigation 

including the Bloch gain ftß(w), F<|u. 4.2,20 calculated for a, temperature oT 80 K, reveals 

that the red-shift due to this Bloch gain amounts to only a small fraction (~ —0.4 meV) of 

the red-shift due to the re-absorption [HS]. In addition, we do not observe the predicted 

shoulder at about 125 meV in G(UJ) (dashed curve in Fig. 4.20), which is a signature of the 

dispersive Bloch gain. 

In conclusion, this technique is indeed sensitive to gain/loss mechanism in waveguide het-

oros t inctures. In a snperlattice, field domains are always accompanied by a more or loss 

pronounced anticrossJng of ground and adjacent excited states, which leads to an inevitable 

re-absorption. Thus, it is questionable if it is possible to obtain a stable snperlattice structure 
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with little re-absorption. 
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Figure 4.20: (Upper) Experimental at. '1.2 K and (Lower) theoretical electrolumines­

cence spectra (normalized to the 1-1 diagonal transition signal for the expérimental 

results) for the signals coming from both the facet. (G'(u>), black curve) and from the 

'15° (f,(u)), gray curve) for a, current of 1.2A. at '1.2 K. 'the shift of the peak due to 

tlie 1-1 transition is clearly resolved. The dashed curve represents the theoretical G{w) 

curve taking into account the red-shift, due to the Bloch gain ag[u). 
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4.3 S u p e r l a t t i c e in m a g n e t i c field 

4.3.1 Motivation: superlattice laser 

The energies of the Waimicr localized sl.ai.es in a superlattice are subbands separated in 

energy by e.Fd and show a parabolic dependence in Ar-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 subbands one according to the other by the quantity 

k-shifi- This applies obviously to superlattices as schematically shown in Fig. 4.21 b). 

Figure 4.21 : Dispersion relation of a superlattice (a) without magnetic field and (b) 

willi a magnetic field applied parali«! Lo the layers. 

The optical transitions between a Wannier-Stark s tate v and a second one v + 1 occurs 

between occupied states if there is no applied magnetic field. The motivation of the study 

of diagonal transitions in magnetic field comes then from the fact that a high enough kahijt 

allows the electrons of the subband v to reach unoccupied states of the (i/ + l)-subba.nd. 

A population inversion could be created simply by putt ing a superlattice into a parallel 

magnetic field. In the same way. one could imagine to obtain a superlattice-laser. 

In fact, the theoretical situation ìs relatively 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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electric and magnolie field system (see Sec. 2.7.2). Numerous studies have been done for such 

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 UH to perform electroluminescence spectra, of our superlattice under applied 

parallel magnetic field. As shown in Fig. 4.22 for spectra at a constant voltage of 14 V and 

at 30 K, the diagonal (interwell) 1-1 transition is strongly quenched by increasing parallel 

magnetic field in contrast to the expected behavior. 

Energy [meV] 

Figure 4.22: Eleet.roliiiiiincsceiice spectra, of a superlattice at a constant voltage of 14 

V for different applied parallel magnetic field between 0 and 0 T. 

Moreover. Hie vertical (intrawell) 2-1 transition is on the contrary increased in magnetic 

field, while the vertical (intrawell) 3-2 transition seems to be unchanged. So the basic idea 

of the superlattice laser in parallel magnetic field seems not Io work. To be sure, it would 

be useful to do the same measurements on a superlattice embedded in a waveguide identical 

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

Following the latter measurements performed on the superlattice, which are difficult to 

expiai]] because of the three different transitions observed ate relatively important (see 

Fig. 4.22). we present in this section experimental measurements investigating the influ­

ence of a magnetic field applied parallel to the layers on our QC laser S154S based on 

photon-assisted tunneling transition. This laser shows also the vertical (mirawcll) transition 

2-1. but with a strongly reduced intensity (sex; Fig. 4.11). Therefor« it is more adapted for 

the investigation of the diagonal interwell transition in a parallel magnetic field, by studying 

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

4.4.1 Luminescence dependence of diagonal-based QC lasers 

Luminescence speclra at 3OK obtained at a constant voltage of 13 V for different applied 

magneti«; fields arc displayed in Fig. 4.23 a). The main peak due to the diagonal interwell 1-1' 

transition at, about 130 mcV presents three important different behaviors in function of the 

applied magnetic field. First, the peak has a strong quenching of its intensity. 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 element. This latter seems Io strongly decrease in a parallel 

magnetic field. We made computation of the energy band diagram and matrix elements of 

the transition taking into account, the effects of the parallel magnetic field by inserting the 

hamiltonian in our model. The values of the transition matrix elements calculated by this 

model 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 transition energy. Iu 

contrast, besides the broadening, our model predicts a red shift, of the emission, as shown 

in Fig. 4.23b). Here we made the assumption that the matrix element of the transition is 

constant. This explains why the peak intensity does not change in the simulation. Measure­

ments performed at If) V and at; 200 and 300K at 13V have shown the same decrease of the 
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peak integral of the luminescence peak, as shown in Fig. 4.2-1. This effects seem to depend 

neither on bias nor on temperature. 

Figure 4.23: a) Luminescence spectra at SO K for different applied parallel magtidic 

fields at a voltage; of .13 V and h>) simulated luminescence spectra predicting a broad­

ening and a red-shift of the peak. 

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

which is five times less doped (sample Slfi"2). Houghly the same three behaviors were seen. 

Lvmine.ace.ncp
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Luminescence spectra performed at 30 K and 150 K are shown in Fig. -1.25, 

0 2 4 6 8 10 12 14 

Magnetic field [T] 

Figure 4.24: Peak integral as a. function of the applied parallel magnetic, field for 

si rue-lures S1548 (circles and crosses) citici SKÌ72 (squares) for different temperatures 

and voltages. Simulation is shown by the dashed curve. 

I • ' ' I ' ' ' ' ' ' ' I ' ' ' ' ' ' ' I ' ' ' I I « • • i - ' « i " « « i - « " i " « « i « ' 

Figure 4.25: Luminescence spectra in parallel magnetic field of structure S1IÌ72 at 13 

V1 at 30 K (left) and 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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at. lofj K. Duc to the weak doping {u, = 5 • IO10 cm" 2 ) . I here arc probably field domains 

present, without magnetic field and t.he sl,nicl,un; is stabilized by applying a parallel magnolie 

field. We see that the intensity of the second peak at about 170 meV decreases strongly with 

magnetic field, Tha t 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 might he due Io the quenching of impurity-induced transitions. Those transitions, 

which are produced by the weak doping, are allowed at zero magnetic field. 

We see that, our simple model based on single-particle theory is in relatively good agree­

ment with (.ho broadening of the luminescence emission, while it predicts a red-shift of l,he 

peak. This shift cannot be cancelled by many-body corrections as shown by Apalkov and 

Chakraborty [123), 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 inlotTare roughness and due to charged impurities in the structure [124]. 

In both cases, they sa.w a large suppression or the redshift predicted Tor clean samples, a« 

shown in Fig. 4.2(i. The emission line at, high parallel magnetic field is almost a t 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. 

Our experimental measurements can then be explained by the presence of disorder in the 

s I. in cl ine. 

The effect of the disorder could be observed by comparing quantum cascade lasers with 

abrupt and with graded interfaces at the quantum wells of the active region. Indeed, lu­

minescence measurements at both cryogenic and room-temperature have shown narrower 

spectra and slightly better threshold current density for a graded interface device [12.5]. 

These better performances were at tr ibuted to the changing interfacial roughness, but are 

still to be confirmed by investigating in details two samples grown one after the other. The 
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measurements in a parallel field can be one of these investigations. 

130 160 
Energy [meV] 

Figure 4.26: Luminescence spectra of our QC structure in the case of (a) charge-

neutral impurities and (b) charged impurities in the presence of an externally applied 

parallel magnetic field coming from Apalkov and Cha.kral>orty [124]. The insert shows 

our experimental result«. 

4.4.2 Dependence of the threshold current 

Besides the electroluminescence study, we performed measurements of the lhreshold current 

of various QG lasers as a function of the applied parallel magnetic field. The threshold 

current nonrmlized by its zero-field value as a function of the ratio of hujç over the transition 

energy hu is shown in Fig. 4.27 for six completely different lasers. VVe measured two lasers 

based on a vertical transition at about 4.6 /mi (lasers D2065 and U2075 [112]), a similar 
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laser but at about 5 /nn (laser D2122 [7]), one laser based on an ani icrossed transition at 

about 10.4 //m (laser S1397 [126]), one GaAs/AlGaAs-based anticrossed laser at 9.4 /nn 

(laser S1543 [9]) and the laser based on a photon-assisted tunneling transition at about 10 

firn (laser S154S). 
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Figure 4,27: Threshold current as a function of parallel magnetic field for various 

QC Ls. 

The dependence of the threshold current is approximative^' proportional to B2 for each 

laser. More remarkable, their behavior scale very well together if plotted as a. function of 

TiU)1.Jhv. The threshold current depends then more specifically on (~ r ) • The exact reason 

for this behavior is not yet known. 

4.5 Quantum cascade lasers in perpendicular magnetic 

field 

TTLIK; magnetic field is applied perpendicularly to the layers, i.e. parallel to the electric field, 

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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ID mid-infrared quantum cascade lasers, the lifetime of the upper state is controlled by op­

tical phoiion emission (see Sec. 2.5.3), which strongly reduces this lifetime. It has been 

proposed that a quantum dot laser could efficiently quench the optical phoiion emission and 

therefore lower the threshold current density substantially [127, 128, 129]. Predictions range 

from one to many orders of magnitude reduction in the threshold current density. However, 

the manufacture of such a quantum dot structure for the observation of confinement effect 

is a difficult experimental task. Jt has also been proposed that a magnetic field applied 

perpendicular to the layer, by completely quantifying the system into Landau levels, would 

have the same qualitative effect [130], simulating then a quantum box laser, since the iuter-

subbaiid emission should occur between Landau levels instead of subbands. This approach 

has already been tried for iiiterbaud lasers [131]. 

This behavior is expected: the lifetime of the upper s ta te will decrease (and the threshold 

current density increase) each t ime the upper state can emit an optical phoiion resonantly 

into a Landau level, and increase in the opposite situation, since the optical phonon emission 

should be forbidden in this case (see Fig. 4.2S). 

quantum well quantum box 

JV-
Figure 4.2S: Schematic drawing of the transition in a quantum well and in a quantum 

box. The dashed arrows represent the possible optical phoiion transitions. 

The energy of the nl> Landau level of state i (which has Ilio energy E;) is given by (Equ. 2.7.21) 

£,„,(£;) = Hf + (n + ^J hwe (4.5.22a) 

^Z+L + L)-*!* , (4.5.22b) 
2/ „, •0+ft) ' 
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where we took into account the noti-parabolicity in the energy-dependent effective mass 

m*(B) = w' ([ -f ^ H , where /;'„ is tlie material 's band gap ( - 0.8 eV in InGaAs), and 

which is valid if (n + \)huic <£ /¾. So the magnetic fields for which there is a resonance 

betwwn the n1h Landau level of the lower state or the laser transition (of energy /¾) and the 

first Landau level of the upper s tate of the laser transition (of energy E3) minus the optical 

phonon energy are simply given by the condition ' 

M^) " ^ o = ,̂,,(¾) ¢4-5-23) 

The threshold current, of several quantum cascade lasers have be-on ineasnnod in a strong 

perpendicular magnetic field to observe these resonances. Indeed the threshold current 

shows maxima when a resonance with the optical phonon occurs. First, a quantum cascade 

laser based on a vertical transition at about 5 /mi (sample D2160 [7]) was measured, but 

no oscillations of the threshold current were clearly seen. A second test was done on a 

device based on an anticrossed-transition at about If).'I jim (sample Sl3f)7 [12fi]). As shown 

in Fig. 4.29, oscillations of the threshold current have been observed, bu t they cannot be 

explained only with the energy of the lasing transition E3 — /¼. 

Unfortunately for our experiment, the design used for this QC laser requires two states 

below the upper s tate of the Using transition (states 2 and 1, see inset of Fig. 4.29), which 

then translate into two ladders of Landau levels arid therefore into two different resonance 

channels. The arrows indicate the position of the resonances between states 3 and 2 (solid) 

and beUveen states 3 and 1 (dashed). This decreases the average distance between Landau 

levels and, due to their broadening, decreases the modulation of the threshold current density. 

The mixing of these two scattering mechanisms (with different transition energies) in the 

well where the transition occurs has to be taken into account to explain the oscillations. The 

peak of the threshold current density at about 10 T can be explained by the simultaneous 

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

'The energies of (,lie states are calculated from llie bottom of their own well and we take into account 
tlie energy difference between the bottom of the two wells. 



88 Quantum rasende Infers in perpendicular magnetic field 

Figure 4.29: Threshold current density as a function of the applied j>erpendicular 

magnetic field for the laser S1397 based on a vortical transition at X ~ ICM /Jm. TIm 

arrows indicate the positions of Mie resonances (full lines for E3 -4 /¾, dashed for 

Ez -» Ej). The inset shows the energy band diagram of two periods of the structure 

under an electric, field of'tl.C kV/cm. The laser transition occurs between state /¼ and 

E2. 

h\ order to avoid this effect, we used a structure based on a photon-assisted tunneling 

transition at fyim (sample SI384. copy of sample D2190 [72]) in which there is only one 

s tate below the upper s tate of the lasing transition. Tn this way, we will have only one ladder 

of Landau levels to winch the upper state can scatter. Tins should maximize the modulation 

of the threshold current. Oscillations of the threshold current, between 9 and 14 T arni a 

curve of the light intensity versus applied magnetic field are displayed in Fig. 4.:10. 

Resonances with l.lie optical phouon, which lead to increases in the threshold ciiirent. are 

clearly identified in correspondence with the decrease of the emitted light. The arrows 

indicate the positions of the resonances calculated using Equ. 4.5.22b with an effective mass 

of m* = 0.046077(0 2. The resonance occurring at higher magnetic field corresponds to the 

2TInB effective maus was obtained by lifting the value of the inagnelic field or the experimental resonances 
as a function of the Landau level index of the lower state (ri = 7,8,9,10) with Equ. 4.b.'2'2b. 
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resonance witli the V Landau level of Ilio lower slate. A smaller energy difference be1.W(x:n 

l.lic s1.at.es involved in the transition should give more obvious of reels, seeing that we should 

observe resonances wi1.li Landau levels of smaller index. 

7 8 9 10 11 12 13 14 15 
Magnetic field [T] 

Figure 4.30: Threshold current and light intensity as a function of the applied perpen­

dicular magnetic field for the laser S13S4 based on a photon-assisted lunneling transi­

tion at C ftm. The arrows indicate the positions of the resonances with in* = 0.0'1(î9»!0 

(see text). The inset shows the energy band diagram of two periods of the structure 

under an electric field of 79 kV/an . 

Therefore, we measured the device already well studied in Sec. 4.1 based on the photon-

assistocl lunneling transition transition at ahout IU /an (sample Sl-MS). Unfortunately, the 

measurements on this sample did not give a larger modulation amplitude of the oscillations 

in threshold current, although their positions are measured correctly. These oscillations are 

not dramatically different from those seen in the previous sample, as shown in Fig. 4.31. 

The arrows indicate the positions of the resonances calculated using Equ. 4.5.22b with an 

e lect ive mass of in* = 0.0472wo 3 . ft is not well understood why this experiment did not 

lead to a clearer result; more detailed measurements will be necessary to clarify tins point. 

3TInS effective muss WAS obtained by fitting the value of the magnetic field of the experimental resonances 
a» a fiiiK'liou of llic Landau level index of the lower slate (n = 4,5, G) with Equ. 4.5.22b. 

s1.at.es
wi1.li
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800 

T = 3OK, AE = 113.5 meV 

• • l • • • l • . . l • 

4 6 8 10 
Magnetic field [T] 

12 

l'igure 4.31: Threshold current as a function of Llie applied |x;rpeiidiciilar magnetic 

field for the laser S.1548 studied in See. 4.] based on a photon-assisted hinneling (diag­

onal) transition at 10 /nn. 



Chapter 5 

Far-infrared quantum cascade 

structures 

5.1 Motivation for the magnetic field measurements 

In Ihr fai-infrared, where the subband separation energy E = hu is larger Ui an Uic optical 

plioiioti energy IÎULQ, valions clasl.it; scattering processes art: allowed sudi as scattering by 

ionized impurities, interface roughness scattering or electron-electron scattering, or inelas­

tic processes such as acoustic-phouon emission (see Sec.2.5.3). With the sub band energy 

spacing being less than the optical phonoii energy, the emission of such optical phonons 

is forbidden, but can he extremely efficient as soon as the temperature is high enough fco 

1 hernial Iy activate electrons with a sufficiently high energy. This relaxation process becomes 

lhen again dominant at high temperature [63]-

Without magnetic field, all these scattering mechanisms, in particular i liters ubbajid electron-

electron scattering, can occur continuously in Avspace. the energy and momentum of the 

carriers being conserved after the interaction. The main channel which contributes to the 

upper s tate depopulation is the 2211 process [65], i.e. an interaction between two carriers 

initially in the excited state which scatter into the ground state with energy and momentum 

conservation, as schematized in Fig. 5.1 a j . This scattering is possible for a. continuum of 

energy changes A i ' , meaning that one electron undergoes an energy change -\-AE and the 

91 
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other one a change of -AE. 
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Figli] '« 5.1 : Dispersion rotations in the case of a) no applied magnetic field and with an 

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

carrier scattering b) which is almost forbidden in intermediate situations and c) allows 

the int.cr.sul)l)and Landau resonances sketched here for Sn = I. d) Full quantum l imi t : 

/iw, > hv. 

VVe already noticed that the effect of a magnetic field applied perpendicularly to the layers 

on flu: structure leads to the; appearance of the Landau levels and quantizes tlio in-plane 

states (see Sec. 2.7.1 for 1.1K: llieory or Sec. 4.5 for experiments in the mid-infrared). As 

theoretically predicted Hy several authors [130, 132], t inse Landau levels croate a dramatic 

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

energy changes AE are now multiples of the cyclotron resonance energy: A'/iwc = AE, with 

int.cr.su
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Ar being Hii integer, fis sliown'hi Fig. 5.1 c). Of course discrete Landau levels exist only in ideal 

situations. In real structures, these Landau levels are broadened by impurities or interface 

roughness and carrier-carrier scattering can occur ne veil, h el ess in intermediate situations, 

as schematized in Fig. .5.1 b). Moreover the electron-electron scattering rate is inversely 

proportional to the associated change in energy and momentum [133]. So this scattering 

is suppressed more and more by increasing magnetic field, since the Landau levels splitting 

is increased. In fact, the inLersnbband emission should then occur between Landau levels 

instead of subbands, thereby efficiently quenching the non-rad iati ve scattering mechanisms. 

mid without being influenced by the optical phonon 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 measure of the suppression of the intersubband scat­

tering rates. This effecl was first observed by Ulrich ci. al. [134] and then demonstrated 

in our vertical transition-based structures as shown furl her in the text. À lifetime increase 

or intersubband relaxation rate slowdown has already been observed in quasi quantum dots 

[135] created also by magnetic confinement, and in a three-barrier, two-well heterostrnctnre 

Depending on the magnetic field, one can have intersubband Landau resonances if the Landau 

levels of each subband are at the same energy with a Landau level index-change Sn = 

1, 2 ,3 . • • - (see Fig. 5.1 c). The condition for such a resonance is given by 

E,rail, = Sn • hue (5.1.1) 

where Eiriin, is the; transition energy a.ud u>e = rB/tii* is the cyclotron frequency. Coherent 

tunneling between intersubband Landau levels with different indices is forbidden in ideal 

cases, but these resonances are possible due to the scattering between the Landau levels. 

Since the current should increase in such resonant situations due to the scattering mecha­

nisms being more efficient, magneto-transport measurements should allow the observation of 
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such resonances in tlic variation of Um current (or the voltage) as a function of (Im magnetic 

field. If Uic magnetic field is strong enougli, i.e. wlmu the cyclotron energy is higher than 

the intorsi11)1 mnd transition energy (at about 9.3 T for GaAs system ami 5.9 T for InGaAs 

system for hi/ = 16 meV), we are in the so-called full quantum limit and we simulate the 

ult imate quantum box structure, as shown in Fig. 5.1 d) . 

Transport in superlattices in perpendicular electric and magnetic fields has been the subject 

of many investigations [137.13S : 139] and these resonances have been first observed by Canali 

cl. al. [140, 141] in an undoped GaAs/Al rGai_, ;As superlattìce structure. They called them 

Stark-cyclotron resonances due to the VVannier-Stark-Landau localization of the electronic 

states in the superlattice. Liu et ai have obtained similar results in sequential resonant 

tunneling through Landau levels measurements [142]. 

The goal for the far-infrared quantum cascade structures was to investigate their behavior 

under the application of a strong perpendicular magnetic field and to observe the effects 

discussed just above: current decrease, lifetime increase, light intensity enhancement, inter-

subband 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 two different photon-assisted tunneling transition-based QC structures. The ,first one gave 

broad electroluminescence peaks and we used magneto-transport incasuremerits io confini) 

that the electronic spectrum was due to the diagonal transition. The second structure used 

the conclusion of the analysis of Sec. 2.6 and was designed to prevent hot electrons doing 

vertical transitions in the active region-well. 

5.2 Vertical transition-based structures 

5.2.1 Structures 

VVe studied two vertical transition-based (intrawell) structures, based on either InGaAs/JnAlAs 

lattice matched to an H+-InP substrate (sample S1431) or GaAs/AlCaAs lattice matched 
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lo a n-doped GaAs substrate (sample Sl 774). In fad. ilio GaAs-bascd slructure is ti copy 

of Ilio first dosigli which gave far-infrared electroluminescence [12], hut with a higher dop­

ing that enables large injection currents (tlie NDH. appears licit: at j = ISOA/om2 at low 

temperature) . Compared to diagonal (interwell) transitions, the vertical transition has the 

advantage of large oscillator strength and a narrower linewidth since it is less influenced 

by interface roughness, as we will see below. IiJoUi structures consist of 35 periods of four 

quantum wells separated by thin tunnel barriers. As in niid-infrared conventional (piantimi 

cascade structures. each period consists of an inrdoped active region, in which the sponta­

neous emission occurs, and a graded-gap injector. Both structures h avo been designed to 

emit approxiiiialively at the same wavelength (around ID-Ui nieV). The calculated hand 

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

a) b) 

34/38D/14/255/13/225/14/223 
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- F = 2 . 5 k V / c m 
-hv = 16meV 

n = 2.4-1016 cm"3 

Figure 5.2: Rn orgy band diagrams of l.wo periods of the Kill vertical transition-based 

structures a.) in Ino.naGao.^As/liio.r^Alij^aAs material under an average applied electric: 

field of 1.9 kV/cm and b) in GaAs/Alo.isGao.ssAs material under an average electric 

field of 2.5 kV/cm. The conduction hand offset is respectively 0.52 eV and 0.15 eV 

for InGaAs and GaAs material systems. Shown are tlie moduli squared of the relevant 

wavefiinotions. The wavy line indicates tlie transition res]>onsil)le for electrolumines­

cence emissions between state 2 and I. The layer sequence of one period is indicated 

in nanometers. 

Stmctuiv.fi
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The electroluminescence and magneto-transport measurements were performed with the su­

perconducting magnet and using the InSb detector (see Sec. 3.2 and Appendix D). For 

UK* electroluminescence measurements, we applied electrical pulses between top und back 

contact at 6 kHz repetition rate and at a duty cycle of 50 %. For the iiiagnolo-transpoit 

measurements, we applied a continuous voltage on 220 /un x 220 /mi samples and measured 

the current while sweeping the magnetic field between zero and XA T. 

5.2.2 Electroluminescence spectra in magnetic field 

The electroluminescence spectra at a constant current of the two vertical transition-based 

structures (J = 40 mA for InGaAs sample and V = 100 mA for CaAs sample) are displayed 

in Fig. 5.3 for different applied magnetic fields. 

D 
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Figure 5.3: Electroluminescence spectra at 3K for different applied magnetic fields on 

both vortical transition-based structures. The curves are vertically displaced for clarity. 

Tlic dashed curves indicate the peaks due to cyclotron emission. 
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We observed an increase of the luminescence intensity for both materials. The light intensity 

normalized to the zero field value is displayed for both materials in Fig. 5.4 as a function of 

the magnetic field ( I J -B curves). These measurements show an increa.se by a factor of almost 

C in InGaAs a! 12 T and alinosi. 5 in GaAs at 14 T. An additionnai peak which times linearly 

with applied magnetic field is also observed in Fig. .5-3 (dashed curves); il; corresponds to 

the cyclotron emission of the samples. Electron injection into the excited Landau level is 

suppressed when the cyclotron energy is larger than the intersubband transition energy, 

quenching the cyclotron emission as observed experimentally, 

This enhancement of the light intensity for vertical transition-based structures indicates 

tha t the non-radial ive lifetime of the upper state of the tran.sifioTi increases with applied 

magnetic field, if we consider that the radiative lifetime should remain constant. At low 

temperature , 1his non-radiative lifetime was measured to be 11 and 14 ps for TnGaAs and 

GaAs respectively [63]. Tha t means that, the lifetime increases up to 66 ps at 12 T for 

InGaAs and up to 70 ps at 14 T for GaAs. 

The width of the intersubhand peak seems to be narrowed by about 30% for InGaAs and 

about 20% for GaAs under application of magnetic field (see Fig. 5.3). Hut tha t is not the 

true narrowing of the intersubhand emission because the resulting spectrum is broadened by 

the intrinsic liuewid th of the fu Sb detector. The experimental data, are a COTI volution between 

the detector's impulse response and the intersubbaiid transition peak. Using a. laser [14] a.s 

a probe of the InSb intrinsic linewidth (deduced to be 2.8 meV), we have convolved this 

response function with the expected unbroadened lorentzian shape intersubband spectrum, 

obtaining an estimate of the narrowing due to the field roughly equal to 60% (in respect 

to the zero field value). Since, for the tested structure, the linewidth at zero magnetic field 

measured in a vacuum FTIR. is 1 ineV. we can claim that the real linewidth at high magnetic 

.field is only on the order of 0.4 meV. This zero field measured intei'Kubband linewidth is 

too large to originate from lifetime broadening (0.06 meV — -^) of the upper state whose 

lifetime is estimated to about 14 ps [63]. Consequently we cannot a t t r ibute the observed 

linewidth narrowing in magnetic field to the increase in intersubband lifetime. However, the 

measurements are consistent with a picture where the intersubband linewidth originates from 

increa.se
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intra s ub band scattering events that are efficiently quenched by the magnetic confinement. 

In Pig. 5.4, wo see tha i the light intensity increases in an oscillatory manner. These os­

cillations are due to the intersubband Landau resonances (see Equ. 5.1.1). Min ima in the 

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

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

scattering. The vertical dashed curves in Fig. 5.4 indicate the positions of siicii resonances 

calculated using m* = 0.0427 for InGaAs and m* = 0.067 for GaAs. There is a good agree­

ment with the observed experimental resonances except. Tor the resonance occurring at high 

field corresponding to Sri = 1 (around 5.5 T Tor IuGaAs and around 9 T for GaAs). 

InCaAs/lnAlAs GaAs/AlGaAs 

Magnet ic field [T] Magnet ic field [T] 

Figure 5.4: Upper: Light intensity as a function of the magnetic field for both vortical 

transition-based structures. The intensity is normalized to the zero field value. Lower: 

current (or voltage) vs magnetic field curves. 

To understand tins effect, we have displayed the respective positions of the intersubband and 

cyclotron 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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witli an effective mass of m* = 0.0G7 for GiiAs ;uul -m* = 0.0427 for TnGaAs (dashed curves 

in Fig. 5.5). Al; the energies where !,lie intersubband and cyclol.ron transitions energies are 

approximately (.IK; same, we observed an effect of repulsion between them. In a perpendicular 

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 aji energy scale given by the strength of the scattering. It 

is therefore not a surprise that the energy level repulsion observed in Fig. 5.5 is on the order 

of the linowUIUi of the intersubband peak (of 1 or 2 ineV measured in the FTIR) . Al. the 

magnetic fields corresponding to this repulsion effect, the cyclotron emission overlaps with 

the intersubband emission which is at its minimum. The dashed curves in Fig. 5.4 show the 

expected behavior of the intersubband emission intensity, suppressing the cyclotron emission. 

So. based on the repulsion observed in Fig. 5.5 and the additional unexpected resonance in 

Fig. 5.4, we can conclude that this resonance must be due to 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 theoretical 

values of the cyclotron emission for both malerials using t»* = 0.067 for GaAs and 

m* = 0.0427 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 reststrahlen band energy [143. A] (see Sec. C.3). We applied the 

same technology, i.e. emission between minìbands in a chirped superlatticc, for terahertz 

intcrsubband emission. This type of structure has the advantage that the applied electric 

Held is compensated by a gradually varying SL and flat ininibands can be obtained without 

dopants. 

Injection 

Active 

E = 19.2 me V 

Injection barrier 

10.4 10.8 

Figure 5.6: Energy band diagram of uvo periods of the siiperlaltìce structure under 

an average applied electric field of 2.5 kV/cm. Shown are the moduli squared of the 

relevant wavefunctions and the ininibands. The thicknesses of the wells and barriers 

are given in nanometers, 

Our structure, which lias been realized in the GaAs/AlGaAs material system1 consists of 120 

periods embedded in a waveguide based on a double-plasmon structure [101. 102] formed by 

' ' t h i s structure was grow» in Cambridge (UK) by the Cavendish Laboratory's group. 
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the Al metallic contact grown in-situ in the M B E system on the upper side and a heavily n 

doped (n — 5 x If)18 c m - 1 ) CaAs layer on the other. A schematic band diagram is shown in 

Fig. 5.6. One period of oui' s tructure consists of a four well injector and a three well active 

region leading in both cases to two well-defined iuinibands. The injector's lower miniband is 

matched to the active region SL:s upper miniband through a 4.0 nm injection barrier. The 

expected terahertz emission should be dominated by a pronounced peak near the wavelength 

corresponding to the minigap between the second and the first miniband, We have computed 

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

For the experiments, the sa.mples were processed into 500 /an-wide stripes of various lengths 

between 220 and 880 yiin. The samples were powered by trains of 2 //s long current, pidses 

providing an overall duty factor of 45 % at a frequency of 413 Hz. The light was then col­

lected by an off-axis parabolic mirror, sent through a home-built Fourier transform infrared 

spectrometer (FT lR) under vacuum (principle identical to the one presented in Sec. 3.2) and 

detected by the liquid-helium cooled Si bolometer to perform spectra; the entire light pass 

was under vacuum. Representative spectra, taken at T — 10 K are displayed in Fig. 5.7. 

0 10 20 30 40 

Photon energy [meV] 

Figure 5.7: Optical spectra of the emitted radiation for différent injected currents 

between 300mA and 700mA for a 220 /mi-long waveguide. 
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They show that the luminescence spectrum consists of one main peak centered at a photon 

energy of 1S.S meV for a 220 /mi-long waveguide. This is in good agreement with the 

calculated transition energy <>r H).2 meV. The linewidth of ilio peak is relatively narrow ( A P 

= 3 meV)-

2 4 6 8 10 12 
Magnetic field [T] 

Figure 5.8: Current vs. magnetic field curves for a SSO /mi-long waveguide taken at. G 

different, voltages. The different resonances are indicated by the vertical lines for the 

three different transitions (see text). 

To measure this transition energy using a different technique, we used, as already explained, 

the magneto-transport measurements, i.e. the behavior of the current as a function of the 

magnetic field. These l-li curves are displayed in Fig. 5.S for a 8S0 /mi-long waveguide taken 
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at 6 different voltages. The intersubband Landau resonances are clearly resolved. The solid 

lines indicate the resonances of the lower s tate of the upper mjnibaiid with the upper s tate 

of the lower miniband (radiative transition) with Sn = 1 (around 11 T) . Sn = 2 (around 

5.5 T) and Sn = 3 (around 3.7 T) . TIK: dashed lines indicate the resonances of the lower 

state of the upper miniband with a s tate in the ccnler of the lower niiniband with Sn — 2 

(around 7.7 'I') and Sn = 3 (around 4.8 T). The dotted line, finally, indicates one resonance, 

with Sn = 2 (around 9A T) . of the lower s tate of the upper minibajid with the bot tom of 

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

Equ. 5.1.1. 

Figure 5.y a) shows, for the three different transitions, the comparison between transition 

energy vs. voltage curves derived from the spectra and the on« obtained from the inter­

subband Landau resonances with Sv = 1,2 and 3. The transition energies resulting front 

the calculations are also displayed for each transition. Figure 5.9 I)) shows the active region 

of the structure at 2.5 kV/cm. The arrows indicate the three different transition energies 

(E.| — E3 = 19.2 meV. E,\ — Ei — 25.5 meV and E.t — E\ = 31.7 meV) observed in the 

magneto-transport measurements. We see that there is a very good agreement between 

the transition energies deduced from magneto-transport measurements and calculations as 

well as with the electronic spectra for the radiative transition E^ — /¾. Tu conclusion, we 

have demonstrated thai; the observed terahertz lutninescence occurs through an electronic 

transition between the upper and the lower miniband of the structure. 

The same superlattice active region was grown in a. different waveguide structure. This 

waveguide [l'l'l], which is simitar to the single-pi as mon 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 /Mn thick) heavily doped (n = 2 X 1018 c m - 3 ) buried contact. This makes a. much 

lower computed value of the waveguide losses than the doublo-plasmou waveguide. Even if 

the overlap factor has decreased, the figure of merit T/ow is about four times larger for the 

buried contact waveguide than for the double-plasmon waveguide. With such a device, a 

pronounced linewidth narrowing was observed and lasing threshold was reached at a current 
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density of 210 A / c m 2 [14]. Kolilcr cl ai have aiso sliown laser action in a similar structure 

[13]. 
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Figure 5.9: (a) Transition energies vs. voltage derived from the intarsubband Landau 

resonances and for the calculations for the three different transitions observed corre­

sponding to E.\ — £3, E.\ — E-i and E,\ — 2¼. The electronic spectra of the radiative 

transition /¼ - /¾ are also display«! (full black circles). (I)) Active region with the 

three différent transitions observed in magneto-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 intenvell transitions as already discussed in the previous part of 

this thesis. First of all, w« will present results obtained on a Ihree-quantum well structure, 

including emission sped m and magneto-tran sport measurements. The emission spectra wen; 

relatively broad and we used the iiitcrsubband Landau resonances to confirm the diagonal 

behavior of the transition. Then we will show improved emission spectra obtained from 

a five-quantum well structure which has been designed differently taking into account the 

results of Sec. AA. 

5.4.1 Three-quantum well diagonal structure 

As shown in Fig. 5.10, one period of our three-well structure (sample S1443) consists of 

throe GfiAs (piantimi wells of decreasing width separated by Alo.tsGao.75As tunnel barriers. 

T'ho radiative transition is diagonal in real space and occurs via a 3.0 11111 wide AlGaAs 

injection barrier between state n=V belonging to the third, narrower, GaAs quantum well 

of one period (width=13.5 nm) and s tate n = 3 belonging to the first, broader. GaAs well of 

the following period (width=18.5 11111). In the bias voltage range studied, the ground state 

contains the majority of the electron population in this photon-assisted tunneling transition 

{see Sec. 2.6). A measurement of the current flowing in the structure allows then to derive 

the lifetime of tlie upper s tate (71 — ]') of the transition. Compared to vertical transitions 

presented in the previous section, the diagonal transition has a smaller oscillator strength 

and a broader linewjdth due to the interface roughness, but it has the potential of a better 

lifetime ratio for population inversion. 

The electronic slieet carrier density per period n3 induced by the doping was measured by 

capacitive measurements (see Sec. 2.5.2). We found for our sample (numbered as Sl443) a 

value of Nd = 2.ÎJ-5 -10'r> c m - 3 leading to an electronic sheet currier density of 11, = 1.G7-1010 

c m - 2 . This is about twice as large as the expected value n„ = 0.S7 • IfJ10 c m - 2 from the 

design. 

Alo.tsGao.75As
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one period 

n-doped 
n-doped 

Figuro 5.] 0: Self-consistent, 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 

modali squared of the relevant wave functions. Tlie diagonal arrow corresponds to the 

radiative transition l'-3 and the vertical one to the vertical transition -1-3 identified 

in the luminescence spectra (see text). The layer sequence of one period of the struc­

ture left to right and starting with I he injection barrier is 3.0/18.5/3.5/14.5/3.5/13.5 

(thicknesses in nanometers). 

O p t i c a l m e a s u r e m e n t s 

For optical characterization, bursts of 1.7 }ts long current pulses at. 2..1 /(S intervals were 

injected into the device, providing an overall duty-cycle of 40% at 413 Hz, in order to match 

the frequency response of the bolometer detector while minimizing heating effects. 

A few representative spectra taken using the FTlH. of Fig.3.4 at various increasing injected 

currents at T = 5 K are displayed in Fig. 5.11. They show tha t the luminescence spectrum 

consists of mainly throe peaks. The first peak centered at a wavelength of about A = 87 //m 

is identified as the desired \\=Y to n = 3 diagonal transition as its measured photon energy 

oT •— 14.3 DKiV COnXiS])OiKIs to the col cu In lud values of a,boul. 11 to 17 meV depending on 

the applied voltage. The second peak is identified as the vertical transition between the n=4 

and n = 3 state in the 18.5 nm well; its measured photon energy of 28.7 meV corresponds 
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will l,o the calculated value of 30.3 nic;V. The oscillai.«)!' strength (sec Appendix B) of the 

diagonal ati<l vertical transitions arc calculated as 1.21 and 13.7 respectively for a voltage of 

1.46 V (corresponding to the spectrum taken at 100 m A). The origin of Hie peak at hi/ -« 

37 meV, is a t t r ibuted to a grating artifact. 

Wavelength [^m] 

200 100 50 30 25 

59mA, 1,1V 
100 mA. 1.46V 
23OmA. 1.94V 

h&*^&flit 
10 2 0 30 40 50 60 

Photon Energy [meV] 

Figure 5.11: Luminescence spectra, of the emitted radiation for three different injected 

currents at T = 5 K. 

The ratio of the population of states n = 4 and n = I' allows to determine the electron 

1 emperafure, because 

(5.4.2) 
"4 z3m 

= ft kT 
V1. 

where JK41* = E^ — Ey. The ratio of the population is also proportional to the ratio of the 

peak integral due to the n = 4 to ?i — 3 vertical transition and n = 1' to ii = 3 diagonal 

transition: 
I. - f,,- F 2 -

(5.4.3) 
"A „ h-3 / i '3 El3 

nv /,,_3 /43 Eh 

where /,-_.,• is the peak integral of the transition i — j , / , j is the oscillator strength, and /¾,-

the transition energy, between states i and j . Taking into account the spectrum performed 
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at 100 mA, we obtain an electron temperature of approximatevely .10 K. The position of the 

l '-3 transition as a function of applied bias is displayed in Fig. 5.12 along with the calculated 

vaincs. The niagnitndc of the Stark tuning is significantly lower than tin; calculated values. 
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Figure 5.12: Luminescence peaks energy vs. voltage which corresponds to the observed 

Stark-shift and transition energy obtained by the intersubband Landau resonances mea­

surements (see further in Lie text) with E\>$ — $n ' H I"01" ^" = 2 (squares) and 3 

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

L i f e t i m e w i t h B = O 

Figure 5.13 displays transport measurements such as voltage vs. current (V-I) and light 

intensity vs. current (L-I) curves winch were performed on the same device at T = 5 K. 

In the V-I curve, one observes a region where negative differential resistance (NDR) occurs. 

This region was avoided in the electroluminescence spectra, because NDR is an indication 

for electrical h (stability of the device As mentioned, one can, from these V-I curves, easily 

deduce the ground state l ifet imern r as a function of the voltage using the relation r„ r = ^ 1 

where « , is the sheet density, <| is the electronic charge and j the current density. With 

the value for the sheet density measured by capacitive measurements, one obtains a lifetime 

which decreases between Tnr—100 ps at 0,8 V and rnr=20 ps at 2 V, as shown in the inset 
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of Fig. 5.13. 

In such structures based on photon-assisted tunneling, a necessary condition for electrical 

stability is that the overall scattering rate of the stato rt = 3 should increase with increasing 

electric field, But, due to the Stark effect, the transition energy ^[I3 increases with the 

applied electric field and thus the electrort-eleclroTi u;ef and elastic w^a,lic scattering tend to 

decrease with increasing momentum exchange Ak, i.e. with increasing subband separation 

(•Wf.f.rWrtnstic ~ JF~ and Ak ~ yE\ïl). To compensate the latter effect, the tunneling matrix 

element between the states n = F and n—3 should increase. In contrast to the work of Ref. S, 

this tunneling matrix element is basically constant with applied electric field and therefore 

(,lie structure is not elecf.iica.ily stable in the range of voltage 0.3 - 0.8 V. As we will see, the 

NDR can disappear with the application of a magnetic field on the structure. 
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Figure 5.13: Luminescence intensity and bias vs. injected current at T=SK. Inset: 

lifetime of the. upper state of the transition vs. voltage. The dashed vertical arrows 

indicate the position of Üie luminescence spectra of Fig. 5.11. 

From a n = 1' to n — 3 optical matrix element of about l.S nra (for an injected current of 100 

m A ) . we derive a radiative lifetime of 63 ps and a radiative efficiency tjritlt = rm./T™rf ~ 8.7 -

elecf.iica.il
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IO - 7 . The optical power Popt is related to the injected current I by Popt = iieoUVra<tNp„^hi', 

where I)60U is the collection efficiency, A'per the number of periods and \w the photon energy. 

If we take a collection efficiency of ~ 1.3-10"1 like in our previous paper (a value confirmed 

by new measurements on structures with vertical transition in GaAs and InGaAs wells) wc 

calculate an expected optical power of 9.6 pW. This is between 4 and 5 times larger than 

the optical power obtained m luminescence measurements. 

This discrepancy could have several reasons. Because of the small energy difference with the 

u = 1' state, the population of the n — 2' (E\-r ~ 3.7 meV) and n = 3' [Efy — 7.1 meV) 

cotild be increased if the electron temperature is high (calculated to be around 30 K). So the 

lifetime of the n = T state should decrease. Moreover, the grating efficiency which involves 

in the collection efficiency could strongly depend of the processing. The matrix element of 

the transition could also be smaller than the calculated one. 

M a g n e t o - t r a n s p o r t m e a s u r e m e n t s 

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

are plotted at 2K for zero, 7 and 12 Tesla in Fig. 5.M. 
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Figure 5.14: Voltage va. injected current curves at zero, 7 and 12 Tesla. a.t T = 2K. A 

NI)R region occurs at zero and 12 Tesla, but not at 7 Tesla. 
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They show clearly that , at a fixed voltage, the current decreases strongly with increasing 

magnetic field. This overall decrease is in good agreement with the picture in which the 

hitersubband transitions occur between di spersi on loss Landau levels instead of subbands, 

evidently quenching the non-radi ali ve I ran si fions. In addition, the current range whore 

NDR occurs shifts in current, density and even disappears in the range of 2 - 4 a.nd 5.5 - 10 

Tesla. Fig. 5.1G shows in gray areas the regions where NDR occurs for sample SH43 as a 

function of the magnetic field and voltage. The magnetic field seems to suppress the NDH. 

in this particular range and then to stabilize the structure. 

In order to study the behavior of the current (and lifetime) in the structure as a function 

of the magnetic field, I-B curves were performed by setting the externa] voltage to a fixed 

value while ramping B between zero and maximum. It is now possible to plot, the lifetime 

as a function of the magnetic field as shown in Tig. 5.15. As already mentioned, the lifetime 

is about 40-100 ps at zero field depending of the voltage. 

0 2 4 6 8 10 12 

Field n 

Figure 5.15: Lifetime of the upper state of the transition vs. applied magnetic field 

for durèrent voltages at T = 2K. Inset: 1-B curves with subtracted background current 

(exponential fit, used to botter identify the resonance maxima) for the same voltages. 

The curves are vertically displaced for clarity. Thn dashed lines show the resonance 

maxima. 



112 Diagonal transition-based structtire.fi 

Depending of the applied voltage, one observes a substantial lifetime increase with the mag­

netic field Li]) to about 400 ps, which is a factor of 4 compared to the value without magnetic 

field. This increase became important, only above 6T, where liwc ~- 10.5 iiicV which is com­

parable to the transition energy of <•« 14 meV. It corresponds Lo the strong decrease of the 

current as a function of the magnetic field observed in the V-T curves. 

Intersubband Landau resonances 

The I-B curves show a.!so maxima which we at t r ibute to the intersnbbaiid Landau resonances 

explained in the beginning of this chapter, whose condition is given by Equ. 5.1.1. These 

resonances a.rc clearly resolved in the I-B curves (see Fig. 5.15). For a better identification 

of the resonance maxima, we fitted 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 1-B characteristics for four bias voltages Vb,QJ = 0.8, 1.0, 

1.15 and 1.3 V. 

Figure 5.1G: Experimental (Bp,Vj.) points at Stark-cyclotron resonance with the fits 

resn med in Table 5.1 for sample S1443. The gray areas correspond to the ragions where 

NDR occur. 

structtire.fi
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To confirm the hitersubband Landau resonances with our experimental resonances, we ex­

tracted the positions of magnetic field peaks (Bp) for several different externa] voltages (Vp) 

from I-B curves. In Fig. 5.JG, one can sec- the (B p , Vp) points plotted for the sample mea­

sured. According to the above equation, a plot of the magnetic field values Tor which a. 

intersubband Landau resonance occurred as a. function of applied voltage should align on 

straight lines. 

Sl<M3 SI351 

An a [T/V] a(l)/a(>) a. [TfV] a(l)/a(» 

1 2.8± 0.3 [1] 3.2± 0-4 [1] 

2 1.5±0.2 1.9±0.2 1.6± 0.3 2.07± 0.3 

3 0.9± 0.2 3.1 ± 0.3 1.1± 0.2 3.0± 0.3 

4 0.7± 0.3 4.0± 0.5 

Table 5.1: Results of linear fit for the data of Fig. 5.] 6 and Fig. 5.17. Tlie intersubband 

bandau resonances aro identified by computing the ratios of a(l) /a(£n). 
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Figure 5.17: Experimental (Bn,Vp) points at Stark-cyclotron resonance with the fits 

resumed in Tabic 5.1 for sample S135I. 
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Experimental points clearly align along lines for the interval between 0.6 and about 1.6 V. 

The slopes of these lines are inversely proportional to the Landau-level index change Sn, 

since BpGj*. Table 5.1 summarizes the values of the fitted slopes. Looking at the ratios of 

the slopes to the first one (at higher field), the iiitersubband Laudati resonance conditions 

for transitions with Su = 1,2.3 and 4 are perfectly identified. In contrast Lo earlier papers of 

Ucltram et al. [HO, H I ] , we observed more easily the transitions with Landau-level index 

change Sn = 1 , but experienced more difficulty in measuring those with Sn=4. 

As Fig. 5.17 and the two last columns of the Table 5.1 show, we obtained similar results 

on an other, heavily doped, sample (Sl351: n„ = 7.0fi • IO10 c m - 2 measured by capacitive 

measurements), except for (Sn =4 . 

Compar i son spec tra- transport m e a s u r e m e n t s 

We can derive the transition energy with the iiitersubband Landau resonances using the fact 

t ha t &V3 = Sn • hue. Figure 5.12 shows the transition energies as a function of the volt­

age deduced form the spectra and from the magneto-transport measurements. The results 

correspond to the intersubband Landau resonances with Sn = 2 and 3, which, in turn , are 

equivalent, to the resonances occurring at a relatively small magnetic field. These magneto-

transport. measurements show good agreement with the calculated Stark-shift (dashed curve 

in Fig. 5.12) given the uncertainty in the calculation, and allow to confirm the diagonal-type 

of the transition. On the other hand, tins figure shows that the Stark-shift from the elec­

tronic spectra is smaller than expected from calculations and shown by the location of the 

resonances in transport measurements. This difference can he explained by the fact that the 

spectra are very broad; this makes it difficult to determine precisely the transition energy of 

the relevant transition. 
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5.4.2 Five-quantum well diagonal structure 

VVe 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-IIi. quantum cascade laser. VVe observed that in such a structure the population of the 

ground state of one period decreases at higher temperature; mainly by populating the higher 

stales, and in particular the excited .state of l,he next period (state n = 3 in Fig. 5.19). So 

it scxiTiis to be important to push this state as high as possible. VVe 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 overall scattering 

rate; should increase with increasing electric field. This scattering rate is roughly propor­

tional to xW times the overlap between the wave fu net ion s of the two states involved in the 

transition. In this photon-assisted tunneling transition, tin; transition energy increases with 

increasing electric field (Stark-shift), which makes TTT decreasing. Therefore the design over­

comes this effect in such a way that the overlap increases enough to compensate the decrease 

of - ^ . As shown in Fig. 5.1S (right), the V-I curve of this new design (structure A2429) 

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

structure (S'1443). The V-T curves of both samples calculated numerically is also displayed 

on the I oft. of Fig. 5.18. The scattering rale of the tt-axis is proportional to the current. 

; 

i-

i-

-

T " T 
Fi.'L>-Hiiani 

-<....\. 

..,..,.,., 
m w.-ll (A2429) 

Thrcr-quanTuir 

....... r 

well (SI 4«) 

Experiment 

. . 1 . . . . 1 . . . .1 . . . .1 . 

' '; 

-

-

-

(1.4 (l.S 

Scattering rate [A.U.] 
ci zo 40 60 HU inn 120 i40 

Current density jA/cm2j 

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

structures, from the calculations (left) as well as from the experiment (right). 
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S t r u c t u r e 

As shown in Fig. 5.19, each period of our five-well structure2 comprises five GaAs quantum 

wells of decreasing width separated by Alo.ieGao.85 As tunnel harriers. Under suitable applied 

bias, plioi.on-a.ssist.ed tunneling emission occurs via a 3.1 inn wide AIGaAs injection barrier 

between tlie ground state of the fifth, narrower, GaAs quantum well of one period (width 

= 9.4 inn) and the excited slate of the first;, broader, GaAs quantum well of the following 

period (width = 13.S urn). The 15 ftm metal grating was alloyed to avoid voltage losses in 

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

Figure 5.1 ÎJ: Self-consist cut com pu talion of the energy band diagram of two periods of 

the structure in GaAs/Alo.iriGaojjsAs material under an average applied electric field 

ofX4 kV/cin. Shown are the moduli squared of the relevant wave functions. The wavy 

lino indicates the transition responsible for electroluminescence emission Iwtween stato 

2 and 1. The thickness of the different layers is also indicated in iiauoiiiclers. 

E l e c t r o l u m i n e s c e n c e s p e c t r a 

VVe performed electroluminescence measurements in the vacuum FTIR, as shown in Fig. 5.20. 

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

2TlUs structure was also grown iu Cambridge (UK) by the Cavendish Laboratory's group. 

Alo.ieGao.85
plioi.on-a.ssist.ed
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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 1 increases proportionally to the field. The raw spectra have a broad 

shoulder at low energies due to a setup-inherent background blackbody. This shoulder was 

subtracted by a constant exponential fit and the resulting spectra, are displayed hi Fig. 5.20. 

There is still a shoulder at high voltage/current bias due to electron heating. An absorption 

at 16.4 meV is observed for several spectra. This absorption cannot 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 [14.5]. The line-width of 

about 3.5 meV of the emission peak is relatively narrow for a diagonal transition, but larger 

than the one for vertical transition which is about 1 meV, consistent with interface rough­

ness scattering. Compared to the previous three-quantum well design, we do not observe 

additional peaks which proves that the new concept of the design is correct. In particular, 

it seems tha t the excited n = 3 s ta te is not populated by hot electrons. 

T—I—I 1—I—I 1—I—I 1—I—I 1—I—I 1—I—I T 

5 10 15 20 25 
Energy [meV] 

Figure 5.20: Electroluminescence spectra of sample A242D based on a five-uiianlum 

well diagonal transition (with allayed contacts) performed in the vacuum FTIR at 

different applied voltages. The Stark shift is clearly observable. 
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Again, to confirm that the transition is diagonal, we performed current versus magnetic field 

(I-B) curves. These measurements were performed on samples with non-alloyed contacts, 

but nevertheless scorn to give consistent, results. These curves, displayed in Fig. 5.21, show 

a. strong decrease of the current in an oscillatory manner) as for the: previous samples. The 

dashed lines mark the iutersubband Landau resonances: they clearly indicate the signature 

of a diagonal transition. For the photon-assisted tunneling transition, we know tha t the 

non-radiative lifetime r is inversely proportional to the current density j : r = nse/j. where 

«g is the electronic sheet density. With a value of ns = 2.9S • 1Û10 cm" 2 measured by a 

capacitive measurement (see Sec. 2.5.2), one observes a lifetime increase with magnetic field 

U]) to about 350 ps, depending on the voltage, which is a factor of 2 compared to the zero 

field value. 

« J I i • I I I I 1 1 I I I I I I I I I I I I r • i 

0 2 4 6 8 10 12 
Magnetic field [T] 

Figure 5.21: Current as a function of the magnetic field of sample A2429 based on a 

five-quantum well diagonal transition (non-alloyed contacts) for five different voltages. 

The dashed lines indicate the positions of the intcrsubband Landau resonances. 

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

Equ. 5.1.1. The resonance positions allow us to determine the transition energy by identifying 
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the current maxima with different Landau level index-changes. In Fig. 5.22 is shown the 

comparison between the transition energy vs. voltage corresponding to the spectra and that 

extracted from UK: Landau intersnbhatid resonances as well as the transition energy from 

calculations. 
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Figure 5.22: Transition energie« deduced from magneto-transport, measurements, 

FTlR spectra and calculations. 

The Landau intersiibband resonances, except for Sn = 1 have given a. transition energy 

in good agreement with the calculations, while the Stark shift resulting from the spectra 

is slightly smaller than expected, as in the previous structures. ITI order to match the 

calculations, the experimental values deduced from the magneto-transport measurements 

have been shifted by 1 or 2 V due to the contact problems observed with the non-alloyed 

samples [145]. Due to the observed bla.ckbody emission, the pea.ks of the intersubband 

diagonal transition are slightly shifted at lower energies. This is probably the reason why 

we observed a. smaller Stark-shift in the spectra thaji the one deduced from the magneto-

transport measurements, which give the real positions of the resonances even in the presence 

of background effects. 
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Conclusions 

T1IK: application of a strong magnetic field, applied either perpendicular or parallel to tlie 

layers of a quantum cascade structures designed for the emission of light in the mid- as well 

as in the far-infrared, allows to obtain 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

retical proposals on OD devices, by using the competition between magnetic and confinement 

potentials. 

In the mid-infrared, tin: perpendicular magnetic field used during the experiments is not high 

enough to observe resonances between Landau level of small index and involving an optical 

phonon 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 system. Recently, a decrease of the threshold current 

by a factor of two [146] and oscillations in the tunneling current, explained as intersubband 

magncLophonon resonances due to electron relaxai-ion by emission of optical and acoustic 

phonous [147], have been demonstrated in CaAs quantum cascade !structures using such high 

fields. 

In our far-infrared structures, we observed an increase of the intersubband non-radiative 

lifetime of the upper state by applying 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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field, as the transition occurs between Landau levels instead of subbands. 

For vertical-transition based structures, the enhancement of the light intensity observed in 

magnetic; field confirms this conclusion and indicates an increase of the radiative efficiency, if 

we assume that the radiative lifetime stays constant. We did not observe gain by measuring 

such vertical structures, embedded in a waveguide, at, different injection cm-rents in the 

FTlH. (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 directly observe lasing action, we need comparisons 

between measurements performed with grating- and waveguide- structures in magnetic field. 

For diagonal transition-based structures, this increase of the non-radiative lifetime, up to 

a factor of four, is directly deduced from the magneto-transport measurements. Further­

more, as the photon-assisted tunneling transition is designed to favor population inversion, 

these structures are promising for a far-infrared quantum cascade laser. Electroluminescence 

spectra measurements of such structures in perpendicular magnetic field should allow a mea­

sure of a. possible gain. The di agonal-based structures are more influenced by the interface 

roughness which plays a important role. In the presence of a parallel magnetic field, the 

luminescence of a photon-assisted tunneling transition-based structure decreases in the mid-

infrared. This effect is precisely attributed to disorder. It is then also interesting to measure 

mid-infared QC structures based on veri Seal transitions in parallel magnetic field in order to 

investigate the exact role of interface roughness, and. as already mentioned, to explore the 

graded-interface concept. 

In this work, we have shown that magneto-transport measurements are a powerful technique 

to confirm the electronic spectrum and to gain insight into the physics of ilitersubbaud tran­

sitions of far-infrared structures consisting of various active regions, i.e. based on vcrtical-

and diagonal-transitions or even in transitions in superlaUiccs. 

As we know now that Mie quantum cascade technology, in particular the chirped superlattice 

design, can bo used for laser action also in the far-infrared or terahertz range, and not only 

in the mid-infrared, the new challenge will be to find other better 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.l) and far-

infrared (Tables AA and A.3) samples measured during this thesis are given in the following 

tables, starting from the injection barrier. Also indicated are the doping levels, the nominal 

sheet density ».,, induced by this doping and the number of periods Ay The doped layers 

are underlined and the thickness or the ltarriers are in bold. The details coiicornig the 

processing of the mid-infrared and far-infarcd structures are discusseti in Sec. 3.5.1 and 

Sec. ',SJ).2 respectively. 

A. l Mid-infrared samples 

Sample 

S15« 

Layer sequence of one period, thickness in nm. AIGaAs bar­
il [em ] 

ricrs are in bol'l, ti-cloped layers are utiderlitietl. 

5.8/].5/2.0/1.9/1.T/4.0/3.4/3.2/2.0/2.8/2.3/2.3/2.5/2, ft/ 4-1017 

2.5/2.1 

», [cm '] 

3.701011 

N1, 

36 

Table A.l: Layer sequence of the mid-infrared sample based on GaAs/Alo.33Gao.o7As material 

system. 
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140 Mid-infmrfid samples 

Layer sequence of one period, thickness in inn. InAIAs bar-
Sample ^ H [cm-3] », [era"'] A;,, 

riers arc in bold, »-doped layers are underlined. 

1320155 C.8/4.8/3.5/2.3/1.0/2.2/2.2/2.1/2.1/2.0/2.0/1.8/1.8/ 3- IO17 3.8-1011 25 

1.7/2.0/1.0/2.2/1.0/2.4/1.4 

D2075 6.8/4.3/2.8/3.9/2.7/2.2/2.2/2.1/2.1/2.0/2.0/1.8/1.8/ 3 - IO17 3.8 • IO11 25 

1.7/2.0/1 .fi/2.2/1 .fi/2.4/1.4 

D2122 B.O/0.9/1.5/4.7/2.2/4.0/3.O/2.3/2.3/2.2/2.2/2.0/2.O/ 2-1017 1.24 • 1011 25 

2.0/2.3/1.9/2.8/1.9 

D21G0 5.0/0.1)/1.5/4.7/2.2/4.0/3.0/2.3/2.3/2.2/2.2/2.0/2.0/ 2-1017 1.24-10" 25 

2.0/2.3/1.9/2.8/1.9 

S1384 3.5/4.4/3.3/3.5/2.3/2.0/2.2/2.0/2.0/2.0/2.5/1.8/2.7/1.9 4-1017 3.52-1011 35 

SI390 3.2/2.5,3^,2.5 1 - IO18 3 IO11 120 

S1397 4.2/3.1/0.9/0.4/1.0/0.0/2.8/3.9/1.0/3.8/1.2/3.7/1.5/ 2.5-1017 2.55-10" 35 

3.9/1.7/4.0 

S1548 2.5/7.-1/2-5/5.5/2,5/4.0/2.4/4.2 0.2 • IO17 2.3 - IO" 50 

SI672 2.5/7.4/2.5/5.5/2.5/4.6/2.4/4.2 2- IO17 5 • IO10 50 

S2007 2.4/4.8/2.3/3.8/3^1/3.1/2.8/2.W/ 7.4 • IO17 2.3 • 10" 50 

Table A.2: Layer sequence of mid-infrared samples based on Ii)(),5;tGa()..i7As/Ii]o.s2 Al(MsAs material 

system. 



A.2 Far-infrared samples 
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Layer sequence of one period, thickness in mil. AIGaAs bar-
Sample n [cm-3] N, [cm-2] Np 

riers are in bold, «-doped layers are underlined. 

S1351 3,0/18.5/3.5/14.5/3.5/13.5 

S1443 3.0/18.5/3.5/14.5/3-5/13.5 

S1774 6.0/28.0/2.5/I8.0/4.O/I6.0/2.5/15.5 

A2420 3.1/13.8/3.8/12.2/3.6/10.2/4.2/1M/4.1/9.4 

A2433 4.0/18.6/0.6/15.-1/0.0/13.6/2.3/12.8/1.8/11.8/2.3/10.8/ 

3.2/10.4 

3-10'" 

6- JO15 

2.4- 10lfi 

2 1016 

1-1016 

4.35-101" 

8.7 .109 

3.84-IO10 

2 • 1010 

2.49-IO10 

50 

50 

35 

45 

120 

Table A.3: Layer sequence of far-infrared samples based on GaAs/Alo.|5Ga(|.sr>As material system. 

Sample 

SJ431 

Layer sequence of one period, thickness in Jim. 

riers are in bold, «-doped layers are underlined. 

3.5/38.0/1.4/25.5/2.3/2Z5/1.4/22.3 

In Al As bar-
j) [cm-3] 

5 -10" 

n, [r.m 2] 

1.12'1010 

N1, 

35 

TaWe A.A: Layer sequence of tlie far-infrared sample based ou Ii)(].Â3Ga(i.it7As/lii<u,2Al[ugAs ma­

terial system. 



Appendix B 

Electronic states in quantum 

heterostructures 

B.l Band structure calculations 

The electronic states (more specifically the energy eigenvalues and the wavefunclions of the 

states) of the heterostuctures studied in this thesis were computed numerically in a two-

band model. Unfortunately the parabolic approximation for the band structure is valid only 

al low energies, dose Io the relevant conduction band minimum. Al, higher energies the 

coupling, in particular l;o the valence baud, plays an important role and the effective mass 

becomes energy-dependent: this is the non-para.holicity effect.. To take into account the non-

para boli city, the standard theoretical approach considers the envelope-function llamiltonian 

in the Kane approximation (with the in-plane wavevector k±. of the carrier being zero) 

[7fi|, In this formalism, one obtains a Schrödinger equation for the envelope function of the 

conduction band <j>r{z)'-

Pz2^ËT)Pt + Eciz)] ^{Z) = E4>c{z) (RL1) 
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144 If(i7id structure calculations 

with an energy- and position-dependent effective mass 

+ ti{E,z) 3m0 [E-Elh(z) E-E„(z). 
(B.I.2) 

where Ec, E\h and E30 are respectively the conduction, light-hole and split-off position-

dependent band energies, Ep is the Kane energy (~ 2OeV in IH-V semiconductors) and 

P- = —W§; is til« momentum operator. OIK: lms to apply then the continuity al l.hc 

interfaces of tpc and of ,^. •_-. 8^ [76]. This three-hand model can be simplified through a 

unitary Iraji sformai, ion which allows one to replace light-hole and split-off bands with an 

effective valence band v [148], leading to an effective two-band model. Jn this case, the 

energy-de pen dent effective mass is given by 

1 1 
fi[E,z) Ui0 

E» 
[E~Ev(z)\ 

(B.1.3) 

The parameters Ec—Ev and Ev are determined from the measured values of HI* = fi(E = Ec) 

of the material and from the non-parabolicity coefficient 7 [149] defined as 

7 " 1 ^ W I E , - E 1 , ! / / ^ (B. 1.4) 

For typical InGaAs wells, with values of m* = 0.(M3mo and 7 = 1.13-10~N cm2, and InAlAs 

barriers with m' = 0.072mo, one obtains a Kane energy of Ep = IS.3 eV and an effective 

energy gap \EC - Ev\ = 0.79 eV. 

This model predicts the correct energies with an accuracy of a few meV. The only problem is 

that the wavefuuetions computed with (,his approach are not orthogonal, because one solves 

a one-band Schrödinger equation with an energy-dependent effective mass. So the dipole 

matrix element r,-,- = (<j>c \Z\ob \ between the stale i and j is ill-defined. To overcome 

this problem, one has to use the two-hand model and compute the dipole matrix element 

including the valence hand. One obtains [HS] 

file:///Z/ob
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The conduction band components <% and od must then be normalized to account for the 

underlying valence band in such a way that 

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 

largo box. The doping is taken into account by a self-consistent- calculation of Poisson 's and 

fjehrödinger's («imitions as described in Sot:. 2.5-2. 

B.2 Oscillator s trength 

Instead of a dipolo imitnx element, the optical transitions between states art; commonly 

described in terms of a dimensionless oscillator strength f defined by 

/O- = ^(Ei - £.-)(* m ài? = 2^(Ej - E1)Zf3 . (13.2.7) 

This definition of the oscillator strength allows the comparison with different systems, be­

cause it obeys the sum rule ^ - fa = ] . For an infinite quantum well, the oscillator strength 

between the two first confined states is inversely proportional to the effective mass in* and 

is /ia = 0 . 9 6 ^ [45]. One sees then the advantage of using a material with a. small effective 

mass. 

# 1 + 
E - Ee(z) 
E-Et,(z) 



Appendix C 

Population inversion engineering 

C l Character of the transition 

As mentioned in the text. there arc many different ways to achieve 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 overlap between the two 

wave functions of states n = 3 and n = 2 can be strongly changed by design and the char­

acter of the transition changes then from vertical Io diagonal (without taking into account 

the su perla ttice active regions). The advantages of a vertical transition (with the initia] and 

lina] states centered in the same well) are its large oscillator strength between the two states 

involved in the transition and the fact that the broadening of tin: intersubband electrolu­

minescence is relatively small. Nevertheless the main disadvantage is the short lifetime T32. 

where T^2 is the non-radiative scattering rate from level 3 to level 2. As the population 

inversion condition is given by T.Vi > r2 , tha t leads to a unfavorable ratio of the lifetimes 

between the 'upper and lower states of the transitions. Furthermore this condition is less 

stringent than the condition Tz > T2 between the total lifetime of s tate 3 and 2. taking into 

account the non-radiative channel 3-1 which is non-negligible in such structures. 

Let us now consider a thiee-quantuin-woll active region. In such a design, there is a thin 

well coupled to a thicker well in which the electronic transition takes place. This situation 

is schematically shown in Fig. C l b). As will be discussed in the next paragraph, the two 
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148 Character of the. transition 

lower states of the three-quantum well design are separated by one optical plionon energy. 

We refer to this design as anticrossed because the bound state of the thin well and the 

upper laser level arc anti-crosscd. Besides the good injection efficiency, the advantage of tins 

approach is a higher upper state lifetime:, however at the cost of a reduced oscillator strength 

between the two stales. In the ca.se of a purely diagonal transition, as shown in Fig. C.l 

c), which was described in details in the 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 coupling barrier, we can obtain an 

even larger population inversion, but again with a smaller oscillator strength. Fig. C.l shows 

schematically the change of the transition character between a) vertical, b) anticrossed and 

c) diagonal. 

a) 

vertical 

b) 

= E ; ^ : 

r\ 

anticrossed 

C) 

^ 
iZfc-

'V 
diagonal 

Figure C-I: Schemes of the change of the character of the transition between a) vortical, 

b) anticrossed and c) diagonal. 

As mentioned in the text, the diagonal transitions are more sensitive to interface roughness 

than vertical ones and therefore have larger emission peaks. For the active region of a 

diagonal transition at about 10 /mi (typically the structure S1548), the transition energy for 

an electric field of 55 kV/cm is 122.9 meV. By changing the thickness of the narrower well 

by one monolayer (about 3 Ä). the transition energy changes to 112.S meV (plus 3 A ) or 134 

IHRV (minus 3 A). Tha t gives a broadening of the transition of about 21 meV. However, for 

a vertical transition in a quantum well of 10.5 nm and at the same energy, the broadening 

induced by the change of the thickness by also plus or minus 3 A is only about f) meV 

{between 118.3 and 127.2 meV). 

ca.se
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The same calculations can be done in the far-infrared. There, the effect is less pronounced. 

for the wells are broader and the interface roughness plays therefore a less important role. We 

obtained a broadening of about 2.5 meV and 0.7 nieV for diagonal and vertical lransitions, 

respectively. 

C.2 Optical phonon resonance-based population inver­

sion 

The first demonstration of quantum cascade laser has been performed with the so-called 

three-quantum well active region [1] using an optical phonon resonance between tin; two 

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. C.3 a) . This design lias been studied in detail these last years in In-

GaAs/IuAlAs material system [2, 150, 105, 151, 75, 126, 152, 115] as well in GaAs/AlGaAs 

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

E 
, 3 

I ^k1, 

Figure C.2: Dispersion relation parallel to tlic layers of a three-level structure. The 

wavy arrow represents the radiative transition between states 3 and 2. The straight 

arrows represent the possible inlersubbaiid optical phonon processes. The energy sep­

aration between states 2 and ] is equal to the optical phonon energy. 



150 Other taxing schemes 

Quantum mechanically speaking, the discrete electronic states in quantum wells are created 

by the quantum confinement in the growth direction (usually labelled 2-axis). However, 

those states have plane waves-like energy dispersion in the plane of the layers. Figure C.2 

shows such n dispersion for a tliroe-level slructuve. Under suitable: applied bins, the energy 

separation between states n = 1 and » = 2 is then designed to be equal to the optical 

phonoii energy (34 meV in InGaAs and 36 meV in GaAs) to maintain population inversion. 

In such a configuration the optical phonon scattering rate is enhanced (see Sec. 2.5.3) and the 

scattering t ime from level 2 is very short (on the order of 0.2 ps). In contrast, the scattering 

t ime of the optical phonon between states n = 3 and n = 2 is much longer due to the fact 

that, this scattering is associated with a much larger wavevector transfer [HO]. 

This extraction tecliniqiie from the lower state of the transition based on optical phonon 

resonance was also used for active regions based on two quantum wells with a vertical 

transition [155, 156, 157], as schematically shown in Fig. C.3 b). 

a) 

3QVV 

f i r«. 
1 

Optical phonon 
resonance 
Tunneling 

b) 

2QW 
- Optical phonon 

resonance 

Figure 0 .3 : a) Three quantum well and b) two quantum well active regions based on 

optical phonon resonance extraction of the lower state of the transition 

C.3 Other lasing schemes 

Nowadays several designs based on other active regions, without optica] phonon resonance, 

have been demonstrated using I Ix: flexibility ol" intersubband Iransit.ion engineering. These 

active; regions were based on: 

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

ground state of the quantum well and by the non-parabolicity [112] (see Pig. 0.4 a)) 
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2. pliol.on-assisl.od fiinneling (diagonal) transition described in details in the text (sec: 

Fig. C.4 b)) 

3. iiitcnniiitbaiid transitions in a doped snperlattice active region. ITI this caso, the pop­

ulation inversion is anl.omai.ica.lly ensured because the electron lifetime at the top of 

the lower miuiband (T1 ~ 0.1 ps) is negligible with respect io i,hc electron scattering 

t ime (r2I -- 10 ps) by optical phonon emission from llic bot tom of the upper minibaiid 

to the lower minibaiid [15S] (see r ig . CA c)). 

4. chirped su periati, ices (superlafiices of coupled quantum wells), without injector, with 

the population inversion also relied to phase space argument [159. 160, 161, 162, 4} 

(see Fig. CA d)). 

Ail these designs have allowed to obtain laser action up to room temperature , except the 

single quantum well active region design. 

I Q W 

Tunneling + 
non-parabolicity 

b) 

Diagona 
- Tunneling 

c) _ ^ -j_n n n 

Superlattice j 

- Phase sp 

n n n r 

: : = : z : = = _ ^ 

ace 

d) *-> 

Chirped 
su periati 

ZZ 

ice 

- Phase space 

S 

^ 

i 

^ ^ 

=; 

—• 

Figure C.4: Other active regions which have demonstrated laser action, without using 

optical phonon resonances. They are based on a.) one quantum well, b) photon-assisted 

tunneling (diagonal) transition, c) doped snpcrlatticcs and d) chirped supcrlaXtices 

active regions. 

anl.omai.ica.lly


Appendix D 

Properties of the InSb detector 

The InSb detector used for far-infrared electroluminescence measurement is a photoconduc-

tive detector which operates absorbing far-infrared light al, the cyclotron resonance frequency. 

These TnSb detectors li ave been originally studied by Put ley [92]. A review of Landau emis­

sion / detection can bo found in [93]. 

Our detector is an off JnSb hot electron bolometer type QFI /X provided by QMC Instruments 

Ltd ] . The voltage-current characteristics at 3 K (temperature used during the measure­

ments) are shown in Fig. D.l for different applied magnetic fields between 0 and 2.52 T. The 

resistance of the InSb detector near zero bias is about 43 fi at 0 T and about 30 kfi at 2.52 

T (maximum magnetic field reachable under warranty for our small coil). The resistance of 

the detector increases then quickly with increasing magnetic field. Comparing these values 

with Mie one ai 4.2 K (about 35 f! at 0 T and 5 H i at 2.52 T) , the resistance oï (.he detector 

increases therefore also with decreasing the temperature, 

The detector works ideally in the curvature of its V-I characteristic. That is why we decided 

to use a battery as a current source with a serial resistance of /£ = 10 kfi. Thus the current 

in the detector is about 150 //A al. zero T and about 44 ft A at 2.5 T, as shown by the dashed 

curve in Fig. D.l . 

The intrinsic linewidf.li of the InSb detector is on the order of 2.8 moV, directly deduced by 

1QMC Instruments Lts. Department of Physics, Queen Mary and Westfiekl College, mile End Road, 
London El 4NS, UK. 
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measuring an iiitersubbaiKl teraliertz laser [14]. Fig. D.2 sliows audi a. laser spectrum with a 

lorentzian fi), (grey curve) allowing to determine the full width at half maximum (FWHM) 

of the emission peak. 
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Figure DJ : V-I curves of the InSb detector at 3 K for different, applied currents on 

the small coil between 0 mid 7.75 A, corresponding to magnetic fields up to 2.52 T. 
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Figure D.2: Terahertz laser spectrum using the InSb detector for the determination 

of the lincwirlth of this detector. The grey curve is a lorentzian lit of the spectrum. 
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