
UUO 

Institut de physique 
Université de Neuchâtel 

Far-infrared Quantum Cascade Lasers 

É:ê9B 

Thèse de doctorat 

présentée à la 

Faculté des Sciences 
de l'Université de Neuchâtel 

par 

Michel Rochat 

Neuchâtel, 2002 



Institut de physique 
Université de Neuchälcl 

Far-infrared Quantum Cascade Lasers 

Thèse de doctorat 

présentée à la 

Faculté des Sciences 
de l'Université de Neuchâtel 

par 

Michel Rochat 

Neuchâtel, 2(102 



IMPRIMATUR POUR LA THESE 

Far-infrared Quantum Cascade Lasers 

de M. Michel Rochat 

UNIVERSITE DE NEUCHATEL 

FACULTE DES SCIENCES 

La Faculté des sciences de l'Université de 
Neuchâtel sur le rapport des membres du jury, 

MM. J. Faist (directeur de thèse) 
P. Mattinoli* K. Unterrainer (Vienne) 

et C. Sirtori (Paris) 

autorise l'impression de la présente thèse. 

Neuchâtel, le 26 août 2002 

Le doyen: 

F. Zwahlen 



Pour Catherin« et Léa 



Résumé 

Cette thèse traite du développement des lasers à cascades quantiqes (QC) dans l'infrarouge 
lointain (A > 34/im). A la différence des lasers semi-conducteurs in ter-bandes, la technolo­
gie des cascades quiintiques utilise des transitions inter sons-bandes unipolaires. Les transi­
tions ont lieu entre des étals électroniques dans des puits quantiques créés par des couches 
semi-conductrices déposées par jets moléculaires (MBE). Une émission laser utilisant cette 
technologie n été démontrée pour la première fois dans l'infili rouge moyen (X = 4.2/mt) 
utilisant une alternance de couches IuGaAs/AlInAs. La force de cette technologie est la 
capacité de réaliser une émission laser sur une large bande spectrale par ingénierie de bande 
électroniques avec un couple donné de matériaux (X = 3.2yi//i jusqu' à A = 24(iin poni' le 
couple IuGaAs/AlInAs ). 

L'objectif de ce travail était la réalisation d'une émission laser utilisant cette technologie à 
une longueur d'onde sui>érieure à la bande rcstatrafilcn, où l'énergie du photon est inférieure à 
celle des phonons optiques des matériaux utilisés. Pour les lasers QC dans l'infrarouge moyen, 
rémission de phonons optiques est le processus non-radiauf principal utilisé pour obtenir une 
inversion de population électronique. Dans l'infrarouge lointain, ce processus ne peut être 
utilisé et d'autres processus sont donc nécessaires pour obtenir une inversion tie population 
électronique. Le premier pas vers un laser QC-FIR a été obtenu avec; la démonstration d'une 
électro-luminescence dans l'infrarouge lointain par une hétéro-structure basée sur transi­
tion optique vellicale. La dynamique électronique de cette structure à été étudiée par la 
mesure de la dépendance de l'intensité lumineuse avec l'augmentation de la t empra t ine . 
Ces mesures ont montré que dans cette structure, J'interactions électron-électron est le pro­
cessus non-radiatif dominant aux basses températures. La population électronique h été 
calculée en résolvant les équations de bilan stationnaires. Les résultats ont montré que le 
taux d'extraction des électrons de l'état fondamental est le principal goulet d'étranglement 
limitant la formation d'une inversion de population électronique. Afin d'obtenir un effet 
laser, il est nécessaire d'avoir un milieu amplificateur avec un gain suffisant et un résonateur 
avec de faibles pertes. Un guide d'onde double plasnion a été créé et des mesures de pertes 
de guide ont été effectuées. Les résultats montrent que de tels guides d'ondes out ties pertes 
trop importantes pour atteindre le seuil laser avec ce type de structure. 
Une structure QC de type super-réseau avec une extraction optimisée des états inférieurs a 
été crue. De plus, un guide d'onde simple plasmon utilisant un substrat semi-isolant pour le 
confinement, a permis de réduire notablement les pertes. Une émission laser à A = 69/im a 
été obtenue jusqu'à une température de 44K. 
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Abstract 

This tliesis reports on the development of far-infrared (A > 34/mt) quantum cascade (QC) 
lasers. In contrast, to interband semi-conductor lasers, the quantum cascade technology is 
based on unipolar iiitersubband transitions. Tlie transitions occur between electronic states 
in (iliantiiin wells engineered by deposition of semi-conductor hnterolayers by molecular beam 
epitaxy (MBE). Laser action using this technology was first demonstrated in the mid-in fra red 
using InGaAs/AHnAs !intero layers at A = 4.2/mi. The strengt]) of this technology is the 
possibility to achieve laser action over a very broad range of wavelengths using electronic 
band engineering for a given couple of materials (A = 3.2/mi up to A — 24ftm for the In-
GaAs/AllnAs material pair). 

The objective of this work was to achieve laser action using the same technology at wave­
length above the ivststTtüdm band, where the photon energy is smaller than tlie optical 
phonon energies of the materials. In mid-infrared QC lasers, the emission of optical phonons 
is the main non-radiative scattering process used to achieve population inversion. In the far-
infrared, this scattering process cannot be used and other scattering processes are necessary. 
The first strep towards laser action was achieved with the demonstration of electrolumines­
cence from a vellicai transition quantum cascade structure in tlie far-infrared. The electronic 
dynamics was .studied with temperature dependent measurements of the emission intensity. 
These measurements demonstrated that electron-electron scattering is the dominant non-
radiative scattering process at low temperature in such structures. The electronic population 
has been calculât«! by solving the steady state rate equations. The results show that the 
extraction of the carrier from the ground state is the main bottleneck limitating population 
inversion build-up in the structure. Laser action requires both an active region and a low loss 
rosonuator in the considered spectral region. A double plasmon waveguide was designed and 
waveguide loss iueasureineiits have been performed. Results from these measuremeut,s show 
that such a waveguide exhibited too high losses to achieve laser action with the available 
active regions. 

A chirped supperlattice QC structure was then designed where tlie extraction from the lower 
states of the optica! transition is enhanced. Furthermore, a single plasmon waveguide, where 
a semi-insulated substrate is used as lower cladding was designed to achieve low losses. Laser 
action at A = 69//»» was finally demonstrated up to 44k. 
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Chapter 1 

Introduction 

1.1 Introduction and Motivation 

Tlie history of the LASER, acronym for light amplification by stimulated emission of ra­

diation, starts as early as 1017 when A. Einstein predicted the phenomenon of stimulated 

emission.[1] The first realization of a stimulated emission amplifier and oscillator by Townes 

and co-workers occurred in 1954 with the MASER hi the microwave spectral region. After a 

theoretical study done by Schawlow and Townes concluding on the possibility of stimulated 

amplification in the visible, Mainian builds the first ruby optical MASER or laser in 1960.(2] 

The laser amplifier operating range covers today most the electromagnetic spectra from the 

microwave and up the ultraviolet. The amplifying laser media can be in any physical state of 

matter (liquid, solids, vapor and even plasma) where a population inversion can he produced. 

The inversion is generally reached by either optical or electrical pumping. The applications 

are as nuineiouR as various going from eye surgery to heavy industry, from gas sensing to 
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Figure 1.1: Electromagnetic spectrum ranging from the millimetric to the sub-nanoinetric 
wavelength range. A lack of convenient powerful room-temperature operating sources is 
observed in the terahertz spectral region. 

data storage via telecommunications. The latter field is a powerful technological engine for 

the development of laser sources as the needs are very specific and demanding. The need for 

low cost, robust, high power, small sized, room temperature operating and spectrally well de­

fined laser sources is increasing. The market needs for such laser is enormous and increasing 

meaning that important resources are available for their development. In 1962 semiconduc­

tor laser have simultaneously been demonstrated by three groups (Hall et al., Nathan gj 

al. and Quist et ai).[3] They have become key components as they demonstrate very high 

performances capabilities and are even now entering new fields where more traditional gas 

and solid state laser are usually used due to high power requirements. High performance 

semiconductor lasers are essentially available from mass production in the near-infrared and 

infrared spectral region. In the mid and far-infrared the need for high power, frequency tun­

able and user friendly laser sources is increasing in fields such as environment monitoring, 
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medica] imaging, astronomy and telecoimiuicatioiis.[4, 5, 6} Even if valions efficient laser 

sources are available, they usually are impractical for many applications being huge in size 

and nnaffordable such as the free electron laser or need specific operating conditions as the 

I)-Ge or lead-salt lasers.[7] 

The demonstration of the quantum cascade laser (QCL) in 1994 at AT&T Dell laborato­

ries by lraist and coworkers opened a new trail in the development of mid and far-infrared 

lasers. This type of laser differs in a fu rid amenta! way from traditional bipolar semicon­

ductor as the optical transition occurs between subbands with only one type of charge 

carrier. The realization of this laser relies totally on energy band structure engineering. 

In traditional gas or solid state laser, the optical transition occurs between naturally avail­

able atomic or molecular energy states. With the QCL technology, the possible transition 

energies are not bound by the semiconductor baudgap, but by the bandgap offset of two 

different semiconductors. As shown in Fig. 1.2 compounds with different bandgaps and 

similar lattice parameter are available from HI-V sei reconduct ois. This allows the growth 

of inonocrystals with alternate succession «flayers of different semiconductor material with 

different band edge creating an artificial energy band structure. This alternate succession of 

hetero-junctions form potential wells where carriera can be trapped and confined (Fig. 1.3). 

Confinement, of the carriers inside the well forces them to occupy discrete energy levels and 

optical transitions between these energy levels are possible. Suggestions to use electrically 

pumped intersubband optical transitions for laser action has been proposed by Kazariuov 

and Suris in 1971. In their proposal, light amplification is due to the transition of an elec­

tron from the ground state in one quantum well to an excited state in an other quantum 
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Figure 1.2: Lattice parameter versus energy gap at, room temperature for various III-V 
comprili wis and their alloys.[8] 

well which is accompanied by photon emission.[9] Population inversion is possible due to 

relntively long non-radiative relaxation time between adjacent, wells comparai to the desex-

cit.ntion time inside the well. Optical intersubbantl transitions at seinicoiiductor-insulator 

interfaces have been experimentally oljserved in plioto-indnccd experiments by Wheeler et 

«./. in 1975. One year later (1976) Gornik and Tsui detected hot-electron induced infrared 

emission caused by intersubbaiid transitions.[10, 11] In 1985 West and lSglash reported the 

first observation by infrared absorption of a direct intra-conduction band transition between 

S(JHaI1C quantum well statcs.[12] This was made possible by the development of extremely 

high precision epitaxial growth techniques such as the molecular beam epitaxy (MBB).[13] 

Helm et al. successfully implemented Kazarinov and Suris proposal with the observation 

of intersubbaiid electro-luminescence from quantum wells.[14, 15] But no laser action was 

observed in such structures. Many proposals for the realization of a quantum cascade laser 
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Figure 1.3: Conduction and valence band profile in a type I heterostructure. 

were made [16, 17, 18, 19, 20, 21, 22] but a new step was achieved in 1993 when Faist et al. 

demonstrated iutersubbnnd electro-luminescence at A = 5/tm up to room temperature from 

a quantum-well cascade structure.[23] With this structure they claimed population inversion 

and possible laser action when embedded in a suitable waveguide. Laser action was demon­

strated a few months later at a wavelength of A — 4.2/i:m.[24] Silice tlien the evolution of 

the QCL lias been constant and very recently room temperature continuous wave operation 

lias been achieved at a wavelength of A = 0.1//?».[25] 

The spectral limit of the quantum cascade technology is fixed on the high energy side of the 

electromagnetic spectra by the maximum bandgap offset. The large bandgap offset of the 

Gt'aAiI'iibiAs — /iMj.4B-fri[)..:wj4.s hfitero junction of AE1. = 0.52cK eimbles to design QC laser 

up to a wavelength of A = 3.4^/;t.[26] On the low energy side of the spectrum, laser action lias 

been achieved up to n wavelength of A = 24/fm. using the QCL technology [27] but is virtually 

only limited by level broadening due to monolayer fluctuation of the hetero junctions.[10] 

Practically intersubband emission was observed up to a wavelength of A a; 140/mt by Helm 
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Active Relaxation & Injection 

Figure 1.4: The quantum cascade design philosophy is to divide each cells in an active 
region and mi injection region . The latter is used to selectively inject carriers at the with 
the (lesimi energy into the active region. 

and co-workers.[14] 

The realization of a quantum cascade laser is a difficult task because of fast non-radiative 

relaxation processes present with the emission of optical phoiions. The success of the QCL 

in the mid-infrared was to design a structure with an intersubbaud optical transition larger 

than the optical phonon energy and to take advantage of these fast relaxation processes to 

induce a population inversion. As show» in Fig. IA1 the active region where the population 

inversion and gain takes place consist schematically of a ladder of three states engineered 

to maintain a population inversion between states n=3 and n=2. This is reached when the 

total non-radiative rate T2"
1 out of level n=2 is higher than total non-radiative rate T.^ ' .J22] 

By designing the energy difference A/iji in resonance with optical phonon emission energy, 

depopulation of state n—2 is extremely fast and population inversion may be achieved. An 

relaxation/injection is then necessary to cool down the elections and re-inject them into the 

next period. In the far-infrared, i.e beyond the Reststr/üilcn region, the optical transition is 
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smaller than the optical plionon emission energy (AE3H < AE^i )• A structure design with 

the far-in fra reti optical transition above states in resonance with the optical plionon energy 

transition should not be possible without a magnetic field. Optical plionon emission from 

state n=3 to state n=l is much likely to happen as only small momentum exchange is re­

quired. Depopulation of level n=3 will therefore be very efficient preventing any population 

inversion. Furthermore, as shown in this work, non-radiati ve electron-election scattering is 

very efficient between states n=3 and n=2. In contrast in the mid-infrared optical plionon 

omission from level n=3 is much more likely happen to level n=2 than to level n = ] . Car­

rier dynamics in far-infrared structures is thus totally different in the mid-infrared for tins 

structure scheme. 

Many attempts to obtain a far-infrared source hnvo been mad« using intersubband tran­

sitions in quantum wells. Luminescence was successfully demonstrated from !lehn <:t ai 

implementation of Kazarinov and Suris proposal. However no laser action was demon­

strated from such a structure.[15] An other approach was tried in 1996 by Maranowski d. «/. 

with emission from para boli cai Iy graded quantum wells with demonstration of far-infrared 

electroluminescence.[28] Gain in an ideal parabolic potential is in principle impossible on 

any given optical transition since the next higher transition is capable of absorbing photons 

at the same energy. Since then mainly three groups have published emission from QC struc­

tures in the far-infrared. Emission from a three level QC diagonal structure with an optical 

plionon was achieved by Xu and Williams et ul.[29, 30] and from a vertical and a diagonal 

transition with no optical plionon by us and Ulrich et «/..[31, 32, 33] 
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1.2 Scope and Organization of the text 

The objective of the present, work is Io achieve laser action in a quantum cascade structure 

beyond the ivststvalduit band, i.e. at wavelengths beyond A « 34/rm. Chapter 2 is a presenta­

tion of the used techniques and equipment for sample processing and characterization. The 

first generation of luminescence samples is discussed in chapter 3. Both the vertical and the 

diagonal intcrsubband transitions are explored to demonstrate the possibility of far-infrared 

electro-luminescence from a quantum cascade structure designed with an injector and an .ac­

tive region. Electrical and optical properties of the samples are performed to understand the 

physical properties of the devices. In chapter 4 electronic dynamics in the heterostructure 

is explored. Understanding of the electron dynamics in the QC structure is the key for the 

design of an active region with optical gain. In chapter 5 the other key component of a laser 

is discussed. The design and realization of a low low optical resonator for far-infrared wave­

lengths is demonstrated. Waveguide characterization of the loss and gain are performed. In 

chapter 6 a second generation of QC structures are desiglieli and tested. These structures 

are expected to have increased gain compared with the first generation. Performance of 

the waveguide is increased to achieve laser action in the far-infrared. A uiid-iiifrared high 

performance laser structure is optimized for mid-infrared long-wavelength and characterized 

for further optimization of the laser performances in the far-infrared. 



Chapter 2 

Sample Processing and 

Characterization 

2.1 Sample Processing 

TIIG first process into Uie realization of our samples Ls the growth of the crystals. The stating 

material for a. MBE growth is a two inch GaAs or IuP substrate. They serve as crystalline 

seed for subsequent crystal deposition. In general, a quantum cascade (QC) structure starts 

with a highly doped contact layer followed by the QC heteterostructure and is terminated 

by a top contact layer (fig. 2.1). This process is done by Molecular Beam Epitaxy (MBE)on 

both the InP and GaAs material system.[13, 34] The first quality test operated on the new-

grown samples is an X-ray diffraction. The results of this measurement allows us to measure 

the periodicities of the crystal, and particularly the periodicity of the repeated Quantum 

Cascade (QC) structure. Knowing the periodicity we can then estimate the real thicknesses 

9 



10 Sample Processing 

ridurr. 2.1: TIiP. QC structure consists in general of a heterostructure grown between two 
contact layers on a substrate by MDE. 

of the layers and use these experimental values to re-simulate the structure. 

Commonly three different, processing of the sample is performed. Namely they are the sur­

face emission, where the light is extracted by the surface of the sample, the edge emission, 

and finally the "Schottky" processing used for doping characterization. 

The processing are performed in clean room conditions using contact lithography and wet, 

chemical etching- It starts by a cleaning sequence of trichlorocthylcne, acetone and iso-

propanol baths. The samples are then dehydrated at a temperature of 1600C for 3 minutes. 

This dehydratation of the samples has shown to significantly increase the adherence of the 

photo-resist to the semi-conductor surface. Shipley 521-1 photo-resist, is then deposited on 

the samples and spinet! at 5(1(10 RPM. This allows to obtain an average thickness of 1.5/mi.. 

During the spinning, resist, accumulates in the corners of the sample and must be removed 

manually with a thin glass plate before any further action. The samples are then heated for 

120s at a temperature of HO0C to dry the resist. The samples are then exposed to ultra violet 

light through a quart/, window with patterns. The exposed surface is then removed chemi­

cally by immersion of the sample into a developer (Microposif, Developer) for 40-60 seconds 

leaving the unexposed patterns. Depending on the stage of the processing, either metal-
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Hc depositions or wet chemical etching is performed- The metallic deposition is performed 

by election-beam evaporation under high vacuum (3 x 1(1-7 - I x lfì^vtbar). Depending 

on the type of contacts which arc chose», either non alloyed Ti/Au (10/400mu) or alloyed 

Au/Ge/Ag/Au (12/27/50/100 inn) contacts are deposited. The metal is then selectively 

removed with the dissolution of the resit using acetone ("Lift-off'). Before chemical etching, 

on the other hand, the resist must be post baked during 60s at HO 0 C This increases further 

more the adherence of the resist on the edge of the patterns preventing localized under-etch 

and leads to sharp edges. The etching is performed by the use of H2SO4 : /-/2O2 : H1O for 

GaAs material system. The relative concentration of the various components is 1:8:1 with 

an etching rate of Q.lfim/s at room temperature while shaking the sample at 1 Hz. The rate 

can be controlled by changing the relative concentration of Ii2Oj. This rated decreases with 

a decrease of its concentration. In the InP material system, HBr : HNOj : H1O etching 

solution is used. The etching rate is typically O.òftm/rnuivtc. 

2.2 Coupling light with ISB Quantum Wells 

In order for an electromagnetic wave to interact with an intersubband transition, it must 

satisfy the intersubbaud selection rule.[35] This rule requires that a propagating wave in 

the plane of the layers must have its electric-field vector parallel to the growth axis of the 

structure (Fig. 2.2. Specific waveguide geometries, as a multi-pass 45° wedge waveguide 

geometry (Fig. 2.3(a)), are therfore necessary to perform absorption experiments on quan­

tum wells. [30. 37, 38, 39, 40, 41] For infrared emission experiments, similar configuration 
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could in principle be used, but practically other configli rations are more suitable. In tlie 

far infrared, the iutersubband spontaneous emission power is expected to be in the pico-

watt range. These low intensities together with increased Drude absorption compared to 

the mid-infrared (o « X2}, requires a coupling method with short optical path length inside 

the material. Two approaches can be used to fulfill the required conditions. The first 

is to process the samples in a waveguide configuration, the light being extracted from the 

edge of the sample. This method in not straight forward and is a major challenge of this 

xvork (chapter 5). The second approach is much more simple and is done with the use of a 

grating coupler (Fig. 2.5). This technique allows us to extract the light directly through the 

surface of the sample, reducing considerably the optical path length. As shown in Fig. 2.4 

the action of the grating is to diffract the light, falling normal to the sample surface nearly 

parallel to the surface. Similarly for an intersubband emission, the grating will diffract, the 

light traveling parallel the layers into a light traveling normal to the layers and may then 

escape from the siirface.[42, 43, 41]. It has been shown experimentally that the coupling 

efficiency is proportional to the ratio of the grading period p to the iutersubbaiid emission 

wavelength in tlie material \(n, where r? is the material refractive index. (14) Two regime 

appear depending on the grating periods. If the grating period p is greater than Xfn the 

Figure 2.2: To couple light with ISB quantum wells, the electric field vector must be normal 
to the laver. 
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Fìguio 2.3: Multipass,(a) and (h) or two pass (c) and (d), waveguide geometries for inter-
suhbaud absorption measurements (taken from [41]). 

diffraction angle is real and the diffracted wave is a propagating wave (Fig.2.4 (!>)). Ou the 

other hand if p is smaller than A/n, the diffraction angle is imaginary and an evanescent 

surface wave is formed witli a decay length ô (Fig. 2.4(a)). The coupling efficiency v/ de­

fined as the ratio (E2)
2ZE0 of the total energy density /,-polarized wave Ez and the in-plane 

polarized incident wave E0 is shown in figure 2.4. The simulation is performed for various 

metal filling factor f, or duty-cycle of l.he grating period (Fig. 2.4 (c)). It turns out that the 

coupling efficiency decreases rapidly for grating periods greater than the wavelength of light 

in the material (diffractivc case) and increases for the evanescent regime. Surprisingly, the 

efficiency increases with the filling factor and eventually increases above unity due to wave 

build u]». The optimal grating coupler period p can be determined by fixing the decay length 
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(c) 

Figure 2.4: (a) The grating period p is smaller than the wavelength and (b) the grating 
period i> is larger than the wavelength.(c) Coupling efficiency for valions metal filling factors 
(taken from [41, 44]). 

of the evanescent wave in relation 2.2.] equal to the quantum cascade structure thickness. 

,2»;r a 2 T a 1 (2.2.1) 

Practically, the grating couplée can either be etched into the semi-conductor surface or 

deposited on top of the sample surface as a metallic grating. For the experiment, a pho­

tolithographic mask has been designed with grating periods of 15/mj., 10/mi and 5/mt. with a 

5(1% duty-cycle. The first step of the sample processing is to deposit the Ti/Au gratings on 

the surface of the sample. After providing the contacts on top of the gratings, the sample is 

etched to the substrate into mesa, of sines ranging from 90fl x flOO/im'"1 down to 80 x BOfinî1. 

Practically, mesa of 450 x 450/<m2 are more commonly used as they match the optical focal 

point size of our optics. Figure 2.5 shows respectively a photograph (a) and a schematics 
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( a ) ft>) FlR Einission 

Hack contact 
(Ce/Au/Ag/Au) 

Figure 2.5: (a)Photograph of sample processed in the surface emission configuration with 
gratings deposited on top of the mesas, (b) Schematics of the processed sample with a mesa. 

(b) of the finished processed sample for surface emission experiments. 

2.3 Sample doping characterization 

In a quantum cascade structure, the well and barrier thicknesses are determined in order to 

obtain a specific positioning of the electronic wavefunct.ions inside the structure. Iu order 

to obtain the desired electronic intersubband energy level configuration, it is crucial to li ave 

a homogenous and stable electric field across the structure ami prevent space charge build 

up. The structure is therefore doped to compensate the donors positive charge and keep the 

structures overall electrical neutrality when biased.[22] However as the absorption of light 

in seinicoiiductore due to free camera increases like X2~:i, this effect become increasingly 

important for far infrared radiation.[45] Low average doping is therefore required in the active 

region in order to reduces free carrier absorption. Average Si doping in the order 1O15Gm-3 

have been achieved in our samples. Sudi low dopings requires a clean growth system and 
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Figure 2.6: Bariti structure of (n) a metal ami a n-doped semiconductor ami (IJ) of a Scliottky 
coiit.act at thermodynamical equilibrium. 

good doping control. It is therefore crucial to bo able to characterize the samples after 

growth, specially when the samples do not behave electrically as expected. The average 

doping characterization of the samples arc performed by capacitive measurements.(3] At the 

interface between a metal and a semiconductor, the Fermi level must be continuous across 

the junction and leads to a. transfer of charges between the two materials. Depending on 

the work function c$,\f and có, of the two materials, a Schottky junction may be formed. 

This arises when the metal extraction energy is greater than the electrical affinity of the 

semiconductor ( r.<j>M > c,y). Iu this case, the electrons cascade into the metal until the 

Fermi levels are equalized as shown in Fig. 2.6. The height of the barrier is defined by 

relation 2.3.2. [46] 

E b = c<j>M - cX (2.3.2) 

The electron density being much smaller in the semi-conductor than in the metal, an impor­

tant portion of the semiconductors volume becomes depleted of electrons when equilibrium 
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is readied forming a depletion layer. Ry integrating Ihn Poisson equation (relation 2.3.3) we 

can derive tlie value of tlie electric field at the interface between (,lie materials (x=0) as a 

function of tlie doping Af
d and of the depletion length W. 

[ -t-^-dx = - ^dx = -E(x) = - ^ ( x - W) (2.3.3) 
Jx UX Jx Cj C$ 

Integrating once more and setting Vtl = Y{x = W) - V(x = 0) tlie difTerence of potential at 

the edges of the depletion layer allows to compute the depletion length as a function of tlie 

applied bias. This depletion width of a Scliottky diode is given hi relation 2.3.4. 

W(V) = (^)*'* (2.3.4) 
eArf 

Applying of a positive bias on the metal, will increase the barrier potential to Vj - K. Tlie 

depletion length and the space charge will increase accordingly creating a differential capacity 

given by relation 2.3.5. 

The average doping density A'(( as a function of the depletion length is then finally given by 

relation 2.3.6. 

2 d.V 
A<<M'> = 77, x WJ^) (2'M) 

The doping cannot be measured on the samples grown in the InGaAs material system 
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Figure. 2.7: Typical result, from a C-V measurement obtained for sample S1774. 

as the Schottky barrier height on .n-IiiGaAs is too low (<f>b « 0.2cV').[47] However in (,lie 

GaAs material system, the hairier hight is ^6 as O.Ov.V allowing C — V measurements to be 

perforinoli.[48] 

For the experiment, a small surface of the wafer is processed into mesas of various sizes 

ranging from 8.1 x 10~:,t:»ia to 1.4 x ](i~4an2. Before evaporation of the Ti/Au metallic 

contact, the highly doped top contacts are removed by wet etching to form the Schotty 

barrier. The samples are then soldered on sub-uinimts and iinmerged in liquid nitrogen. 

The capacitance is measured with a HP4284A Precision LCR Meter with increasing applied 

DC bias with a fully automatized system using a Labview™ environment. Typical doping 

profile is shown in Fig. 2.7 for sample S1774, described in details in the next chapter, where 

an average doping 0.61 x 1010WJi-1' is measured. This value is very close to the expected 

doping of 0.42 x 1010Cm-3. We clearly olwerve an oscillation of the doping due to the repeated 

J i I i L 
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Figure 2.8: Typical X-ray diffraction spectra obtained for quantum cascade structure grown 
in the AlGaAs/GaAs material system. TIm regular repetition of the small peaks originates 
from the repetition of the quantum cascade structure (Courtesy of Dr. M. Beck, UKINE). 

JP1OWtJi of the active region with the localized doped regions of the injector. The data has 

been fitted with a sin function on five periods with a period of 895.¾. Iu this particular 

case, the obtained period value matches exactly the periodicity extracted from the X-ray 

diffraction data (Fig. 2.8). 
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2.4 Far-infrared detection 

2.4.1 Introduction 

in our experiment, l.he main difficulties from the detection aspect conies from the detector's 

spectral responsiviIy mid its sensitivity. In the frame of this work, the spectral region is 

defined as the region where the photon energies are smaller than the optical phonon energy 

in the considered material ( A > 35/*?».). The expected emitted power of our structures can 

be estimated using relation 2.4.7 where (,lie radiative lifetime TTad is computed using relation 

2.4.8, 2,7 being the matrix element between the optical transition levels.[29, -19, 22, H]. The 

non-radiative lifetime T111- is n key issue of this work and will be discussed in detail in chapter 

4. 

P = ik—ttwNpA- (2.4.7) 
Traj C 

3TTCV*C 1 

Assuming 450/mt x 450/mi emission surface with a collection efficiency at the detector of 

Vc & 1 — 10% (Fig. 2.4 (e)), a quantum efficiency of T„r/Trnit « 10"fi, a number of periods of 

Nj, = 35, a photon energy of 1\LJ — 2QmcV and a current density of 100.4c7?i-2, the expected 

output power ranges between 15 and 150 pW. Specific detectors are therefore needed to 

detect such low light intensities and at such long wavelengths. 

Two principal types of photo-detect ois aie commonly available : photoelectric detectors and 

thermal detectors. The photoelectric detectors Lise an optical transition between two sets 

of quantum states in a material that absorb the incoming photons by exciting electrons to 
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Figura 2.9: Diagram of a bolometer detector. 

upper states. In general, sudi detectors have a fast recovery time ( < < 1 (.is) but are however 

spectrally limited on the low energy side of the spectrum by their finite energy bandgap. The 

other type are the thermal detectors which convert directly the photon energy into thermal 

phonons in an absorber. Their sensitivity is therefore independent in the incoming photon 

energy but the recovery time is rather slow (¾ nw). An diagram of a bolometer is shown in 

Fig. 2.9. The incoming light is absorbed by a thin diamond absorber thermally connected to 

a thermal bath hy a thermal conductance G[YV/K]. The temperature of the absorber rises 

with the incident optical light until the power flowing onto the absorber equals the power 

Rowing out into the thermal bath of temperature To- The temperatine of the absorber is 

then measured with a very sensitive thermometer (thermistor) which in our case is a Si 

clement. This element is connected to a battery through a load resistance /?./, delivering 

a constant current. The temperature variations changes of the Si element induced by the 

absorber will change the resistance R\, changing the bias at terminals A and B. The electrical 
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Figure 2.10: Tlte surface S of the hole drilled in the box is a practical approximation of a 
black-body surface. 

response S[K/H'] of the bolometer can be deduced by performing a load curve measurement. 

Description of this procedure is described in the bolometer documentation [50] and the theory 

of the thermal and electrical characteristics of bolometers is discussed in detail in ref. [51]. 

2.4.2 Bolometer Optical response 

In the characterization processes of far-infrared emitting devices it is important to have an 

absolute measurement of the emission powere. As the responsivit.ics given by the manu­

facturer (Infrared Laboratories) are obtained by measuring the electrical properties of the 

detector, absorption due to the filters and windows in front of the detector are not taken into 

account. Optical power calibration of our Si and Ge bolometers have been performed. For 

such measurements a home made black body source was used. Such a black body al>sorl>s 

totally any radiation, independently of its frequency, which falls on its surface. In return, 

a body which strongly absorbs any radiation will re-emit the energy as tlieruial emission 

(Kirchhoff.v lavi). The voluniic spectral density of energy u{v.T) is described by Planck's 

distribution law (Eq. 2.4.9) depends only on the equilibrium temperature T of the photon 
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Figure 2.11: Set up used for the calibration of the bolometer. 

bath inside the cavity. 

The total volumic power is obtained by integration of Eq. 2.4.9 over the whole spectrum. 

The thermal power emitted by an unitary surface is given by the Stcfmi-Boltzmami law 

(Eq. 2.4.10) where a = 5.67 x 10-K [ IVm - 2I i ' - 4] is the Stephaii-Boltzmann constant. (52] 

Knowledge of the temperature ami the black body surface gives immediately the emission 

power. 

Pm = ^ r X XS1111 = O^ x SM (2.4.10) 

Such a surface can be approximated by drilling a hole into box as shown in Fig. 2.10. 

Any radiation falling onto the hole, will be absorbed and has nearly no chance of getting 

out again after reflections and diffusions inside the box. The experimental set-up used to 

calibrate the bolometer responsi vi ty is shown in Fig. 2.11. The hot source is made from a 

graphite cylinder in which a hole has been drilled, surrounded by a heating coil. Copper 
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Figure 2.12: Lock-in signal is plotted versus black body temperature for both the Si and the 
Ge bolometer. Dashed lines are fits to the data. 

plates and a thin aluminum foil separated by a few millimeters with different hole diameters 

are mounted in front of the hole. These plates act as heat shields in order to have the black-

body surface surrounded by a cold background with an effective diameter of 2)¾, = 6mm. 

The temperature of the black body is assumed to be equal to the temperature of the graphite 

cylinder measured with a PT-100 calibrated thermometer. The black body is placed at a 

distance d (dsj = 43cm, dce = 51cm) from the bolometer and its thermal emission is chopped 

with a mechanical chopper at the maximum response frequency of the bolometers ( « 400Hz 

for the Si bolometer and AlHz for the Ge bolometer). Special care has been taken in order 

to chop only the black body aperture to prevent from detecting temperature changes of the 

"whole universe" placed behind the chopper. The chopper frequency is then used as reference 

frequency for the lock-in amplifier. The experimental data is shown in Fig. 2.12 where the 

bolometer .signal is plotted versus black-body temperature. This measurement has been 

performed for both a Si and a Ge bolometer. The obtained signal is linear with temperature 
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Figuie 2.13: Transmission spectra of the low band-pass filter of the Si bolometer. Data 
provided by the manu facturer IRLabs. 

down until the signal saturates, indicating that the temperature of the black body surface 

and the copper wings are the same. The observed decrease of the saturation temperature is 

due the presence of additionnai cooling wings when performing the measurements with the 

Ge bolometer. The total emitted power from the black body is calculated using Eq. 2.4.10. 

The power reaching the bolometer /\.// is proportional to a product of factors taking into 

account the various experimental properties of the set-up. The spatial factor i/s introduces 

the dependence of the transmitted power on the distance r between the source and the 

detector and on the cosine of the angle $ between the direction of observation and the normal 

to the emitting surface (Lambert's iuw).[53, 52] Conservation of the emitted power requires 

faSbb = i(0)S(r) to be satisfied, where io is the surface density of power of the source, Sy1 is 

the source surface. When the detector is in front of the emission source (8 = 0 , T ) the power 

reaching it is proportional to i/s = Sn/Sr where .Sn is the bolometer surface and ST is given 

I °'8 

.§ 0.6 

I 0.4 

0.2 
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by IMJ. 2.4.13. 

I0S1* = I(0)S(r) (2.4.11) 

= Iaœs0 2Trr2 I sivQdB (2.4.12) 

= Z0TTr2 (2.4.13) 

Formally, the spectral response of the bolometer is not bounded. However, a low-pass filter 

with a cut-off frequency at 350 an~ ' for the Si bolometer is added to decrease the noise. The 

Tj11J factor gives Um ratio of the incoming power which gets through the low-pass filter. This 

factor is determined manually by integrating the convolution of the spectral response curve 

(Fi(C. 2.13) with the theoretical Plank curve between 0 and 350cm_i for each temperature. 

The chopper placed in front of the source is acting as a grating removing half of the emitted 

power. The power finally reaching the Si bolometer chip is given by relation 2.4.14 where 

Sbb = 7rrjffc. 

PrJf = 0.5 x Su x a x T4 x J}S x rh (2.4.14) 

The optica] response curves for both the Si and the Ge bolometer are shown in Fig. 2.14 (a) 

and are summarized in Table 2.1. The Si bolometer has a response value of 17750 [V/W] 

which leads to a responsivity about a factor of 15 lower than the electrical calibration value. 

Noise measurements have been performed by closing a shutter in front of the bolometer 

window. The value given in VfyfHz by the lock-in amplifier is converted to Noise Equivalent 

Power (NEP) with the experimental optical responsi vity. 
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Figure 2.14: (a) Optica] response curves for both the Si and Ge bolometer, (b) Noise 
measurements data. 

2.5 Spectral measurements 

For far-ii if rar nd spectral emission measurements either a Fourier transform infrared (FTIR) 

spectrometer or a magnetically tuned InSb filter (14], can be used. A variant of the latter, 

an InSb-cyclotron resonance detector is also possible.[54] The main advantage of the FTIR 

is its high resolution capabilities as it consists of a Michcfatm-Morley interferometer where 

the resolution is given by the optical path length difference between two interfering light 

beams. The magnetically tuned InSb detector, has the disadvantage of having an intrinsic 

broad liuewidth given by the Landau levels scattering times and impurity scattering (Au = 

1.1 - 3.4meV'[54] and §5.4). However a very short optical path free of any beam splitter or 

mirrois between the sample and the detector is possible. The optical path length is also free 

of air absorption and of any 300K black body radiation as as the whole system is submerged 

in liquid helium. Helium bubbles may however appear when the samples are driven at high 
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Table 2.1: Parameters for bot.li the Si and Ge bolometer. The electrical responsi vi ties are 
given by the manufacturer. 

Ge 
Si 

Electrical resp. 
[VW-] 

1.67 x 10* 
2.69x10'' 

Electrical NEP 

0.85 
0.115 

Ojjticnl resp. 
[Kvr-'] 

0.725 x 103 

1.775 x 104 

Optical noise 
[10"8Vv^i] 

1.17 
3.23 

Optical NEP 

16.1 
1.8 

currents. An InSb system has punctually been used and is described in §5.4. 

Two different FTlR spectrometer set-up arc used. The first set-up is built around a 

commercial Nicolet 800 Fourier transform spectrometer (Fig. 2.15 (a)). No lenses are used 

in the optical path for light guiding. Instead, plane minors and parabolic off-axis mirrors 

are used preventing high material absorption at far-infrared wavelengths. The samples are 

soldered on a copper mount and are electrically connected to two gold pads by gold wire 

bonding. Tlin copper mounts are then mounted on the cold finger of a He flow .lanis .1T-

100 cryostat with a maximum testing capacity of two samples. Far-infrared transparent 

polyethylene windows nie used to isolate the cryostat vacuum from atmospheric pressure. 

The electrical power is provided by a HP-8114A pulse generator. The injected current is 

measured using a. Model 711 calibrated current probe by ALS. The probe is an electrical 

transformer placed around the injection current line. The current and the bias on the device 

are measured by a LeCi'Oy 0384JJ digital IGMIr/ oscilloscope. The far-infrared emission was 

amplified by a EGfcG 72C0 DSI* lock-in amplifier synchronized with the pulse generator. The 

bot.li
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Figure 2.15: (a) Experimental setup used for far-infrared light emission experiments.(b) Due 
to the low response I mie of the bolometer, the injected current is modulated at the maximum 
response time of the detector with macro pulses (dashed line). Micro-pulses instead of DC 
current are filling the macro pulses to minimize sample heating. 

whole experiment is driven via a GPIB network by a computer. Due to the slow response 

liiiir of the bolometer, the injected current is modulated into low frequency macro pulses 

with a repetition rate of 1/T = 413 Hz matching the bolometers maximum recovery time. 

To prevent as much as possible device heating, trains of 627 micro-pulses with a repetition 

rate of 1/r = 52OkHz are produced during the macro-pulse durations (Fig. 2.15(b)). The 

maximum possible overall duty factor is 50%. It can be reduced by changing the micro-

pulse duration iv or by reducing the number of pulses and their repetition rate. The light 

coming out from the sample is collected by a gold coated off-axis parabolic mirror with 

60 degree collection aperture. The collimated light beam is then sent through the Fourier 

transform infrared spectrometer used with a standard Si solid state beam splitter. Leaving 

the FTIR, the light is collected with a 90 degrees aluminum parabolic off-axis mirror and 

sent on the liquid-helium cooled Si Bolometer detector operated at 4.2K. The entire optical 
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Figure 2.16: Photograph of the interferometer board where the Far-infrared Nicolet beam-
split lei is used The board is then inserted in the vacuum chamber. 

path is purged with dry air with a 20 to 30% decrease of the water vapor absorption. Due 

to the very low intensities of the FIR signal, spectral measurements of the luminescence are 

performed using the FTIR in the step-scan mode. In contrast to the rapid scan mode, where 

the mirror is continously traveling back and forth, the step scan mode allows the signal to be 

detected with a lock-in amplifier. The mirror moves step by step with a waiting period equal 

to the i lie lock-in integration time. The measurement parameters is a trade-off between the 

sigiai to noise ratio and the resolution. Integration times up to 2 seconds per points at 

a resolution of 0.12 meV between adjacent spectral points, requires more than an hour of 

measurement time. Light versus current (L - I) properties of the device are performed with 

FTIR mirror left free. 

The measurement efficiency is increased with the second set-up consisting of a vacuum 

FTHt Is has been designed and built by our mechanical workshop. In contrast to the Nicolet 

si H i system which uses a linear motor with a HeNe laser fringe counter to monitor de position 
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of the moving mirror, our system uses by a stepper motor, the position being monitored by 

counting the steps. The stepper motor model ESP-300 supplied by Newport can move 

over a length of 25mm with a maximum step displacement of 0.075/i'm. A photograph of 

interferometer is shown in Fig. 2.16. The light from the sample is collected by 90° off-axis 2 

inches gold coated mirror and sent onto the beam splitter. The system is designed either to 

accept a beam splitter originally used on a Nicolet 860 spectrometer (as shown in Fig.2.1G) 

or a low doped, double sided polished silicon wafer specially cut for this application. The 

used wafer is 200/mi thick, limiting the light absorption, but unfortunately also limiting the 

resolution of the spectrometer due to the Fabry-Perot interferences. As a beam-splitter is a 

three medium system for an incoming wave (vacuum — 1 —> dielectric — 2 —> vacuum = 3), 

the interfaces dielectric <-> vacuum create mirrors with a transnhttatice and a reflectance. 

The transmission through a Fabry-Perot cavity depends on the incident light wavelength and 

either constructive or destructive interferences build up between the incident and reflected 

light. The separation between the maxima or mode separation, is given by Eq. 2.5.15 where 

c is the speed of light in vacuum. n„p the refractive index of the dielectric and L0111, the length 

of the cavity. 

A" = 2 ^ r z r (2'5-15) 

For a 200/j.m silicon (n=3.4) beam-splitter, the mode separation is Ai^ a 7.4cin~l (0.9meV), 

limiting the resolution to this value. The spectrometer is mounted inside a vacuum chamber 

and the sample is placed at the collecting mirror s focal point positioned by the outside 

with a x-y-z manipulator. The bolometer is connected to the side of the vacuum chamber. 
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Photon Energy [meV] Currenl (A) 

Figuro 2.17: (a) lïackground emission spectra measured in a dry-air purged optical patti and 
in vacuimi. (b)Coniparison of Um detected far-infrared emission from the vacuum FTIR and 
the Nicolei. 800 set-up. 

TIiR whole light, path, from the sample to the detector is under vacuimi. However, the 

beam has Io go through a polyethylene window, separating the bolometer vacuum from the 

spectrometer chamber. This is necessary as no airlock is mounted in between and allows 

to change sample without heating up the bolometer. A dedicated LabView program full}' 

controls the stepper motor together with the sample power injection and light detection 

allowing fully automated multiple runs of spectral ineasurcinents. Figure 2.17 (a) shows a 

background emission spectra performed in dry air and in vacuum. In dry air, we clearly 

observe important, absorption lines which are absent from the spectra performed in vacuum, 

with the exception of a line at 16.4 nteV. This absorption lines originates from the low-

pass filter of the bolometer. Quantitative measurements are shown in Fig. 2.17 (b). The 

light intensity is plotted versus injected current for both the vacuum PTIR ami the Nicolet, 

800 dry-air systems. A factor of four in the detected light intensity has been obtained 

with the vacuum FTIR system. Typical interferograin obtained with this set-up is shown 

in figure 2.18. The interferograin was performed with N—2048 points, A D = 2ftm long 
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Figure 2.18: Typical interferogram obtained with the vacuum FTIH. witli a spectral resolu­
tion of 1.22f;Tn-1 {0.15 ineV). 'The resulting spectra is shown in the right inset.We clearly 
observe the absorption of the filter in the center of the peak. As the interferogram is still 
oscillating at the end of the fixed stepper traveling distance, the peak is not fully resolved. 

steps. The length of the steps A D sets the high energy bound of the measured spectra. This 

energy can be calculated by the applying the Nyquist theorem stipulating that the maximum 

resolution in the frequency domain is half the sampling frequency. In our case, taking into 

account that the light travels twice the mirrors distance, the high energy limit is set to 155 

meV, clearly outside the bolometers detection range (43 nieV). As the resolution of a Fourier 

transform interferometer is equal to the inveise of the length D of the maximum optical path 

length, it can be written as given in relation 2.5.16. 

A = - ^ = 
1 

D 2x N x£D 
(2.5.16) 

Finally, the spectral resolution is 1.22cm ' (0.15 meV) eventually limited by the beam 

splitter thickness. 



Chapter 3 

First Generation Far-infrared Active 

Structures 

3.1 Introduction 

High performance, long-wavelength, room temperature operating quantum cascade lasers up 

to photon wavelengths slightly smaller than A = Z4fmi should be possible with standard iuid-

inftared QC technology. The main reason to the success of the quantum cascade laser in the 

mid-infrared is to have designed structures with an injection region, allowing high injection 

efficiency into the excited state of the optical transition conjugated with a very fast carrier 

extraction rate out of the active region. The latter is provided by having the transition energy 

AEn (Fig. 1.4) resonant with at least one optica! phoiiou emission energy Evk with snl>-

picosecond lifetime rpft as 0.8-0.25;;,¾ (55, 38, 22, 56]. In the far-infrared the optical transition 

energy is smaller than the optical phoiiou energy changing in a considerable manner the 

35 
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Figure 3.1: Schematic energy baud diagram of a vertical transition (a) and a diagonal optical 
transition (b). 

physics of the dynamics of the structure compared to tlie mid-infrared. Designs having 

an optical pliouon extraction are difficult to achieve as their emission may simultaneously 

depopulate the ground state and the excited state. Simple transposition of mid-infrared 

structures to the far-infrared is therefore not straight forward. 

Iu this chapter far-infrared electro-luminescence from a vertical and a. diagonal quantum 

cascade structure is demonstrated. As shown in Fig. 3.1(a), the vertical transition occurs 

between electronic states that spatially overlap in the same quantum well. In contrast 

the diagonal transition (b), or photon assisted tunneling transition occurs between states 

which are spatially separated in two different quantum wells. High quality interfaces are 

necessary as monolayer fluctuations in the active well have relatively greater influence in 

the far-infrared than in the mid-infrared. In a vertical transition the effects due to interface 

roughness are significantly reduced compared to the diagonal transition where the transition 

occurs through two interfaces. The diagonal transition however, has the great advantage that 

the non-radiative rate of the excited state is controlled by the injection barrier thickness 

separating the excited state from the ground state. Population inversion between these 
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states is therefore expected to be easier to achieve with the appropriate choice of the barrier 

thickness. For a vertical transition, the population inversion is controlled by the extraction 

processes of the. ground state which is more difficult to design. The structure design are done 

by simulation of the energy baud structures where the electronic states of the heterostructure 

are computed by solving the one-dimensional Schroediuger equation in the envelope function 

approximation. The nou-parabolicity of the dispersion curves is included in the simulation 

algorithm through an energy dependent effective-mass.[22] 

3.2 Vertical t ransi t ion s t ruc tu re 

3.2.1 Structure Design 

One period of our structure design consists of four GaAs quantum wells separateti by thin 

Alii^^Cu^.e^As tunnel barriers. As in mid-infrared quantum cascade structures, each period 

consists of an un-doped active region, in which the spontaneous emission occurs, and an in­

jector where the carrier can energetically relax and funnel into the next active region.[57] The 

active region consists of a 28mn GaAs quantum well coupled through a 2.5mn /Uo.156Vio.s5 

barrier to a ]811111 GaAs well. A 40nm extraction barrier separates the. injection/relaxation 

zone from the active zone. Its consists of a I611111 and 15.5nin GaAs well separated by a 2.5 

nm AlGaAs barrier. The injection barrier is 6O11111 thick. The emission occurs in the 28nm 

well through a vertical transition with a computed energy of AB2I = 15.3meV between 

states u=2 ami n = l . The dipole matrix element between these two states, computed using 

file:///Uo.156Vio.s5


38 Vertical transition structure 

Figure 3.2: Energy band structure for sample S1353 in the GaAs/AlGaAs mate­
rial system computed with the corrected layer thicknesses obtained from the X-ray 
diffraction data (+5.5%). The layer sequence, starting from the injection harrier is 
6 .0/28/2.5/18/4.0/16/2.5/15.5 where A^Ga^As layers are in bold, GaAs in Roman 
and underlined numbers correspond to doped region. 

relation 3.2.1 is 2-21 = 5.3îim. The energy band structure is shown in Fig. 3.2. 

^ = \{%\Z\9j)\2 (3.2.1) 

The ground state n of the injector is in resonance with excited state of the transition of 

the next period. The total thickness of one period is 92.5TWI. A similar structure has been 

designed in the InGaAs/AlInGaAs material system with the structure thicknesses given in 

caption of Fig. 3.3. 

Two wafers (S1353 and S1774) of the GaAs structure have been grown but with differ­

ent nominal doping values. A long time separation is however separating these growths 
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injrction bini er 

Figure 3.3: Energy band structure for sample S1431 in the InGaAs/AlIiiAs material sys­
tem computed with the obtained with the corrected layer thicknesses (-1.5%). The layer 
sequence, starting from the injection barrier is 3.4/38/1.4/25.5/2-3/22.5/1.4/22.3 where 
fi*<}.b2Al{iAnAs layers are in bold, IHQ^GHOATAS in Roman and underlined numbers cor­
respond to the doped region (Si,a x 10 l5cr»- :f) corresponding to an average doping of 
9.6 x 1015Cm-3. 

(Si 353:1097 and 51774:.1999) and growth conditions are therefore not identical as the back­

ground doping and growth rates may differ leading to slightly different structures. Structure 

S1353 is grown on an n-doped (1 - 2 x If)18Cm-3) GaAs substrate. A bottom GaAs contact 

layer and a buffer layer are grown, respectively 200m» and lOOOnm thick. Their nomi­

nal doping are respectively 2 x 1018 and 8 x 10lot.7/i.-3. The quantum cascade structure 

follows with a 35 times repetition of the elementary cell. The first well of the injector 

is nominally doped with Si at « = { x 1015CT».~J leading to a noiuinal average doping of 

nav = 1.4 x 1016CTH--3. Mid-infrared data have demonstrated that it is fundamental not 

to dope the active region to obtain narrow intersubband transitions.(57] Compared to mid-

infrared structures {it « 1.5 x 1017Cm-3 [22]) the structure is very low doped. Such low 

doping is chosen to limit the current and thus the sample heating and to prevent important 
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Figure 3.4: Calculated splitting energy between the excited state of the optical transition 
and the injector with increasing applied electric field for sample (a) S1353 and (b) S1774. 

free carrier absorption from the generated photons. On the top of the structure two contact. 

layers are grown respectively a 200mn GaAs thick layer nominally doped at n = 8 x 1015cm~3 

and a 30H.T/Ì( Zn)GnVIs, TI = 2 x 1018cm~3 highly doped layer finishes the growth. The addi­

tion of indium allows to obtain non alloyed Ti/Au ohniic contacts. Tins highly doped layer is 

rather thin to reduce free carrier absorption as this structure is processed with a top grating 

to extract the light from the surface. 

X-ray diffraction of the structures have been made on all samples and C-V measurement 

on the GaAs ones. Sample S1353 is longer than expected (+5.6%) which has the effect to 

increase the wavelength of the intersubbnnd emission. The measured average doping is a 

factor 2.1 higher than expected at TI„,, = 3.0 x ]0 I 5CTH. - 3 . Sample S1774 is however shorter 

(—3%) and the average doping higher by a factor of nearly 1.5 (iiQ„ = 6.2 x 1015Cm"3). 

The calculated structure for sample S1353 with the X-ray diffraction thicknesses is shown in 

figure 3.2. The InGaAs structure (S1431) is 1.4% shorter than designed. The energy band 
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Table 3.1: Designed and measured values obtained for vertical transition electro­
luminescence samples. The recalculated structure used the experimental values of the struc­
ture period. 

S1353 (GaAs) 
Measured 
Recalculal.ed 
Sl 774 (GaAs) 
Measured 
Recalculated 
S1431 (InGaAs) 
Measured 
Recalculated 

Period 
[w/i] 

92.5 
97.7 

+5.6% 

89.5 
-3% 

116.8 
115.1 
-1.4% 

[1014CTK-3] 

1.4 
3.0 

4.2 
6.2 

9.6 

1.3 
2.9 

3.9 
5.5 

11.2 

Electric Field 
\kY/r,n] 

2.7 
2.3-3.5 

2.2 

2.0-4.5 
3.0 

2.1 
1.9 
2.2 

*7 
[mir] 

5.3 

4.0 

5.3 
5.7 

5.8 

&E 

[iiicV] 

15.3 
14.1 
13.9 

16.7 
16.1 

15.1 
15.2 
15.5 

structure with the measured thicknesses is given in figure 3.3. The doping however could 

not be measured with the available technique. The designed and experimental values for 

vellicai luminescence structures are summarized in table 3.1. The devices operating electric 

field is reached when the energy separation between the ground state of the injector (g) and 

the energy of excited state of the optical transition (2) has reached a minima. Variation 

of this energy difference with applied electric field is shown in Fig. 3.4 for samples S1353 

and Sl774. The calculated operating electric fields are respectively F = 2.2kVcm~l and 

F = 3MVaIr1 for sample S1353 and S1774. 
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Figure 3.5: (a.) Optical spectrum of the emitted radiation for various injected current den­
sities. (b) Optical .spectrum of the emitted radiation for an injected current density above 
the region of negative differential region (N1DR). 

3.2.2 Experimental results 

Representative spectra from sample S1353 taken for increasing injected currents at T=5K 

are displayed in Figure 3.5. They show that tlie luminescence spectrum mainly consists of 

one narrow peak centered at a. the photon energy of 14.1meV (X sa 88/mj). At. low injection 

current density (j — lQAaiC*) we observe a small peak on top of a background. As the 

current density is increased this peak increases in intensity and eventually saturates at an 

injected current, density of j = 40Aan~'2. Increasing further the current density leads to 

a broad emission as shown in Fig. 3.5 (b). No Stark shift is observed as expected from 

a vertical intersubband transition. The peak is easily identified to correspond to the n=2 

to n = ] transition in the 28nm well, since its measured photon energy of hv = \A.\me.V 

corresponds well to the recalculated value of the n=2 to n = l transition of Iw = iZ.QmcV 
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using the thickness measured by X-rny diffraction (see table 3.1). Working with a spacing 

of 0.12meV between adjacent point«, the Nicolet 800 J1T]R allows us to spectrally resolve 

the luminescence peak and we measure a full width at half maximum (FWHM) of ().7iueV. 

This luminescence lincwidth is much narrower than reported in id-infrared hiuiinesceuce line 

widths (14-50 meV ).[23. 30, 22] This very narrow linewidtli suggest very clean interfaces 

between the AlGaAs and the GaAs layers as broadening of the luminescence is usually at­

tributed to monolayer fluctuations in the active well.[23] At j = W)Aait~'2, a small peak 

appeal's on the high-energy side of the main luminescence peak. This feature at 15.1meV, 

present on all the spectra measured at this current, is identified as the transition from the 

n=2 state to the n = ] ' ground state of the adjacent; well. The calculated splitting between 

the state n=] and n = T is 1.2 nieV, and corresponds approximately to the measured sep­

aration between this broad feature and the luminescence peak (O.ÜineV). The high energy 

shoulder decreases with increasing current, and essentially vanishes at j = 37,4(.7:;.-2. This is 

expected because the n=2 to n=J ' optical matrix element decreases abruptly with increasing 

applied electric field as the states u=l and u = T anti-cross. Simultaneous measurements of 

the voltage and optical output, power veisns injection current performed on the same device 

are reported for temperatures of T = 5K and T=SOK (Fig. 3.fi). In contrast to ineasme-

ineuts performed on mid-infrared devices the luminescence efficiency is not constant with 

current injection.[23, 58, 3!)] At T=SK, the optical power rises sub-linearly up to a current 

of .J=SOmA (.j « 4CiAaH'2) with an output power of 10.6pW (Fig. 3.6(a)). This point cor­

responds very well with the observed breakdown of the voltage where it abruptly increases 

with no furtlie]' increase of the current (Fig. 3.6(b)). At T=80K, the L-I characteris-
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ligure .1.G: UpJ)Or figure sliows the luminescence intensity versus injected current ill. T=5K 
and T=SOK. Tlie curve is fìtteti by a straight line at T=80K and by a square root relation 
at T=SK (dashed lines). Lower figure sliows; the bias versus injected current, at the same 
temperature, as indicateci. 

tic is more linear, with a lower efficiency and an output power of 7.6j)W at. .I=IOOmA. At 

higher current the output j>ower increases dramatically. Spectral measurements show that 

the abrupt change in optical power above .I=SOmA (for T=5K) mici ,I=IOOmA (for T=80K) 

correlated with the abrupt increase of the applied voltage arises when the ground state i/ of 

the injector is not, anymore résonant with the upper state n=2 of the optical transition and a 

Negative Differential Resistance (NDR.) occur.flG, 59] The optical spectrum in the region of 

negative differential resistance is extremely broad (> WHMV) and features many additional 

j>eaks (Fig. 3.5(b)). The spectrum is consistent with a broad injection in many energy lev­

els from electron population with a broad energy distribution. This very good correlation 
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between the electrical and S]>fìctral characteristics in the .saint; device is a proof that (,lie 

electro-luminescence .irises from a resonant tunneling injection into the n—2 state and not 

from a heating of the electron gas. The spectrum of Fig. 3.5 exhibits some additional small 

features at 24. 30 and 38 nieV. The lack of clear current dependence prevents unambiguous 

assignment to be done. However, the emission at 38meV is believed to be a plasnion mode 

excited by the polar GnAs optical phonons coupled by the grating through the surface. This 

peak vanishes for edge emitting devices (ref. Chap. 5). 

The shape of the optical output, power versus injection current characteristic provides some 

insight, into the scattering mechanism. As it has been shown in previous measurements of 

the electron lifetime in quantum wells, the non-radiative scattering at T=80K is dominated 

by optical phonon scattering by electrons with a thermal energy allowing the emission of 

optical phonons.[60] Indeed, at this temperature, we observe a fairly linear relationship be­

tween emitted power and injected current indicating a scattering process with a constant 

lifetime {Fig. 3.6(a)). However, at T=5K, in the limit of low injection current to prevent 

significant electron heating, emission of optical phono» is forbidden. It has been shown both 

theoretically and experimentally that for electron sheet, densities higher that ss iOxcm~2, 

electron-electron scattering is an efficient scattering mechanism. HyUtyaanl and Wilkin.s 

gave a simplified expression for the electron scattering rate, showing that it is in good 

ap])roxiiiiation proportional to the electron density of the excited sillabami of the transi­

tion (chapter '1).)01] Therefore the electronic population, and thus the optical power has a 

square root dependence with injected current. As shown by the fit on the data at T=5K of 

Fig. 3.G{a), this is very well observed in our data. This suggests that Ute main non-radiative 
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Figuro 3.7: Voltage versus current measurements are shown with increasing temperature. 
VVe observo that the NDR. breakdown occurs at a voltage of 1.2 volts independently from 
the lattice temperature. On the other hund (.lie current at the breakdown increases with the 
tei ti pera tu re. 

anil limitative process in this structure comes from electron-electron scattering in the excited 

,state. 

Voltage versus current measurements have been done with increasing lattice temperature 

(Fig. 3.7). VVe observe that (,lie N1DR. breakdown occurs at. a nearly constant voltage of 

1.2 volts independently from the lattice temperature. But, on the other hand the current 

at the breakdown increases with the temperature. The increase of the current at constant 

bias can be understood with the existence of a temperature activated leak. At T=F)K, and 

in the low injection approximation to prevent electron heating, the activated carrier popu­

lation through this channel is marginal.[62] As the temperature is increased, the electrons 

acquire excess kinetic energy and eventually escape through this channel creating a leakage 

current. The température dependant, current can lie expressed as the sum of the current at 
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low temperature and of the leakage current ./(7") = .i;,K + -h,{T). Considering an energy 

level with a population IIQ, the number of activated electrons is given by the Boltzmaitn 

distribution relation 3.2.2 where AE is the. activation energy, 7" the lattice temperature, 

k = 8.619 x lO^jmeK/t" - 1] Bvitzmimu's constant, and i/ the ratio of the energy level degen­

eracy. . 

-AE 
n,.(T) = v0 x g x < : a7»(-£p-) (3.2.2) 

The effective carrier escape rate tucff from level E-t is the sum of the non-rad iati ve rate W$K 

at low temperature and the temperature dependant Ia1XT) leakage rate, l i t e increase of the 

leakage current can be expressed by ./f,(7T) = qwj,njt(T). The total current increase with 

temperature can then be expressed by the ratio Ji,(T)/Jr,K given by relation 3.2.3. 

Ma = ! + ^ , „ ^ z A S ) = 1 + C x c , , : „ ( ^ ) (3.2.3) 
-Z5K WQ kT til 

A plot of the current density at the NDH. with increasing temperature ratioed over the 

current density at T=5K is very well fitted by using relation 3.2.3 (plain line, Fig. 3.8). 

The fit, gives an activation energy of A E = 18 ± 2mc.V consistent with the activation of 

optical phouons from hot, carrier to state »=] of the optical transition: of the structre of 

Fig. 3.2 (AEarlh,ulio„ = huJi,o — AEn = 22mcV). An analysis based on the intensity of 

the luminescence versus temperature at, constant current injection show that the emission 

of activated optical phonous explains well the decrease of the luminescence intensity with 

temperature (chapter 4). 

The electrical properties of sample S1353, S1774 and S1431 are presented in Fig. 3.9(a). 
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Figur« 3.8: TJIR rutin between the NDR. current, at T=r>K and the current, for increasing 
tempotature is shown. Tlic plain curve is a two parameter fit to (,lie data using relation 
3.2.3. 

Tlic maximum currents before the NDR. are. respectively 4fìAan~2 at 1.2V, 156Awn2 at 1.41'' 

and 'oiAair2 at 0.78V. We observe that tlin bias at Mie NrDR. is close to constant for similar 

structures independently from the sample doping. The higher bias at. the maximum current, 

injection observed for sample S1774 compiimi to sample S1353 is consisterli, with a shorter 

structure period (- 8.G%). The maximum current density before appearance of the NDR is 

plotted versus samp]« average doping Tf011 multiplied by v;.r.y(-t>Llt) which is proportional 

to Tn the tunneling probability for vertical .samples used in this work {Fig. 3.0(b)). A 

linear dependency of the maximum injected current, before the NDR with device doping is 

observed. This shows that tlic injected current can be increased by increasing the sample 

doping. This current increase is however not. due to sample heating u'ith higher injected 
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Figure 3.9: (a) Bias versus injected current density are shown for samples S1353.S1431 and 
SI774. (IJ) NDR current, density versus average doping multiplied l>y a factor proportional to 
(,lie carrier tunnel transmission probabilty through the barrici' for vertical transition .samples 
(T *~> (::vp(—K[sn)- Computed values of vx]>(—KLR) for samples S1353, S1353 and S1774 is 
T1, = 0.077, for S] 683 T1, = 0.098 and S1806 Tn = 0.337. 

current as L — I measurements show similar square-root dependence of the light intensity 

with injected current as observed on sample S1353 (Fig. 4.3). Furthermore, the maximum 

outjjut power has been increased front ÌÙ.CypW up to 44/JH' for sample S1774. Sj>cctral 

measurements i>crforined at, the maximum injected current density is shown in Fig. 3.10 

and show a j)eak centered at a photon energy of hu = 1G.7T».(.:1''. For comparison with 

the other samples the spectra are normalized in intensity with results obtained from the 

emitted light power versus current measure mei its. As the obtained power is the integrated 

J)OWCt* over the sjjcctral window of the detector, the spectra have been normalized with the 

integrated surface under the curves equal to the measured light power. This is necessary as 

the spectrum contains emission that does not originate from the iutersubband transition but 

fiotti black-body emission. VVe observe that the maximum spectral power of samples Sl 353 

and S1431 aie very similar. The FWHM of the InGaAs luminescence peak is 36% broader 
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Figure 3.10: Spectral measurements performed at, the maximum current density before aj>-
pearance of the N1DR for samples S1353,S143I and S1774. Measu remet its have been per-
formed in a dry-air environment.. The output power versus injected current density for these 
samples are shown in figure 4.3. 

(i.hiw.V) than the GaAs samples. Our measured line widths are however much narrower 

than those, reported from mid-infrared QC diodes luiiiiiiescence.[57, GZ] However they are in 

agreement with absorption measurements done on quantum wells in the mid-infrared showing 

a decrease of the intersubbaml absorption linewidth with an increase of the well width.[64] 

But, the same study has shown that the FVVHM is relatively insensitive (¾ 10%) to the alloy 

composition, at leant for small percentages (x a; 10%). Due to high concentrations used in our 

case (>50%), alloy composition could still contribute to the observed linewidth broadening 

of the (Al)GaIuAs luminescence peak compared to the (Al)GnAs sample luminescence peak. 

The emission spectra of sample Sl 774 exhibits a double peak due io the absorption line from 

the detector at KvhncV and in reality only one peak is present. A fit to the data with a 

Loreutzian curve show that the maximum occurs a 16.7meV with a FWHM of 0.87meV, very 
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Table 3.2: The photon flux from the httersubband transition are calculated to compare the 
output power from the samples. The ratio of the photon flux to the average electron flux is a 
figure of merit «.Inscribing the samples ability to convert electrons to photons. Note however 
that this value is not the quantum efficiency as the collection efficiency is not included in r/. 

S1353 
S1774 
S143] 

(GaAs) 
(GaAs) 
(InGaAs) 

Pnv 
[pW] 

4.4 
26.5 
5.0 

FWHM 
[meV] 

0.7 
0.0 
1.1 

hu 
[meV] 

14.1 
16.7 
15.2 

Photon flux 
[IO9«"1] 

1.97 
9.2 
3.0 

Election flux 
[101V] 

2.4 
9.2 
1.8 

V 
[io-*] 

0.8 
1.1 
1.7 

close to what is observed for sample Sl353. The integrated surface under the fit. is 26.5pW, 

which is au approximation of the emission power due to the intersubband transition without. 

the absorption hole and without any parasitic emission. Similar fit has been performed 

on the peak at 14.1meV, leading to a power of 4.4pW. This output, power is only 42% 

of the total collected power suggesting an injection efficiency of the same amount. The 

emission efficiency can however not be compared directly with these numbers, but must he 

transformed into photon fluxes. The photon flux is obtained by dividing the emission power 

with the measured photon energy. The obtained values are shown in table 3.2. The highest 

emission power is clearly obtained by the extrapolated emission peak of sample S1774. The 

emission efficiency can be obtained by performing the ratio between the injected electrons 

flux and the photon flux. The results show that the two GaAs samples have the sanie 

efficiency and that the InGaAs is slightly better but also with a broader emission. A cleat-

distinction however cannot be made between the used material systems in terms of emission 

efficiencies as they are very similar. Note however that the calculated efficiency is not the 
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quantum efficiency as it, does not include the collection efficiency. 

3.3 Diagonal Transition s t ruc tu re 

3.3.1 Structure Design 

The diagonal or photon assisted resonant tunneling transition structure 31443 consist of 

three GaAs quantum wells repeated 50 times. The structure starts with a 3.0 inn thick 

Ala.isGaQj&Aa injection barrier. The radiative transitions is diagonal in real space and 

occurs through the injection barrier from the ground state (2) of a 13.5 inn wide GaAs well 

to the ground state (1) of a 18.5 inn quantum well. The energy band structure diagram 

is shown in figure 3.11. it is designed to emit at the far-infrared photon energy of 14'1 

meV with an applied electric field of 4.2 kV/ciu corresponding to a working bias of 1.18V. 

The calculated matrix element is z-n = l.flmri. As expected this value is less than half 

than what is calculated for a vertical transition (z2\ = 4.2m/i). Because of the diagonal 

nature of the optical transition, the lifetime of the excited state n=2 of the transition is 

expected to be much longer than the intersubbaud lifetimes of the other states.[65] The 

majority of the carriers should be contained in this state. In contrast to vertical transition 

structure, the injection barrier controls the current through the structure. The electronic 

density is therefore quasiconstant and population inversion should be maintained in a wide 

range of electric: fields. A drawback to the diagonal transition is the expected spectrally 

broad euunission due to interface roughness. TIiR center of the quantum well is doped with 

Si at a measured sheet density o f » , — 1.67 x H)10OH-2 
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Figure 3.11: Energy band structure for sample S1443 in the GaAs/AlGaAs material system 
biased at F = 4.2ArI''cm"'. The layer sequence in nanometers starting from the injection bar­
rier is 3.0/18.5/3.5/J4.5/3.5/13.5 where Al^Ga^A* layers are in bold, GaAs in Roman 
and underlined numbers coirespond Ui the doped well (Si, ns = \.QlW0air2). 

3.3.2 Experimental results 

The sample were processed in the surface emission configuration with a 15/nn period grat­

ing on top of the etched mesa. Light and bias versus injected currant measurements are 

shown in Fig. 3.12(a). In contrast to observed vertical transition transport data (Fig. 3.R) a 

NDR. breakdown occurs with small injected current density showing electrical instabilities. 

The structure stabilizes with an applied bias of 1.4V corresponding to an internal field of 

5.0ArKaU"'.The excited state lifetime versus applied voltage is calculated by assuming that 

its lifetime is the longest present in the structure and ./ = H»<Ì/T, -ria being the measures 

sheet density and q the elementary charge (Fig. 3.12(b)). The obtained values of the lifetimes 

decreases from T,„- — 100JI.S at low bias up to T,„. = 20/J.S at, 2V. Representative luminescence 

spectra for various current, injection aie presented in Fig. 3.13. At in injected current density 

of ./ = 25.4cm"2 and at a bias of V=0.6 volts, we mainly see two peaks emerging from the 
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Fienili 3.12: (a) Lmnninscmicp ini-misity mid applied bias versus injected current. (b) Lifetime 
of the excited state versus applied bias. 

noise. Tlio fii-st is at In/ = 28.7IfIcK . At tliis operating bias, the iiijoctioii is broad and 

many states aie populated, in participer the excite state of the vertical transition n=3 to 

ii=l corresponding to the emission at 28.7meV. The second emission peak at hi/ = 37i»r:K 

attributed to the coupled phonoii-plasmon emission induced by the grating As the current is 

increased, we observe that, a peak at the photon energy of Iw ss 1'biuiV appear. An increase 

of the high energy peak is also observed. The peak at 14mev correspond very well with 

calculated diagonal transition energy (VOID stated n=2 to n=.l for an applied electric field of 

4.2ATKCHI_I . The phono» peak is however the most intense, suggesting strong heating of the 

sample. At nn injected current of .I=IODmA the low energy peak becomes the most intense 

and the high energy ones decline. The phono» peak has now become the less intense of the 

three considered peaks. Finally at an injected current of .1=23OmA the diagonal emission 

peak has stronly increased in intensity and has blue-shifted as expected fiorii a diagonal 

transition. The emission has also considerably broaden from 2.4tneV at 59mA Tip to 12moV 
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Figure 3.13: Luminescence spectra of the emitted radiatoli for increasing injected current. 

al 23OmA. The observed FWHM at the desiged bias of 1.2V is mudi broader than what is 

observed for the vertical transition of sample S1353 find for the n=3 to n=2 transition in 

this one (AE = Ù.ltiic.V in both cases). 

The vertical transition excited state n=3 being populated by carriers from the state n=2 

having an excess kinetic energy, its population is given by the Bolztnmm distribution. Ex­

traction of the carrier temperature from the spectral data shown on Fig. 3.13 is possible. 

The integrateti area under the emission peak is proportional to the carrier population, given 

by relation 3.3.4 where u,- is the population of the excited state and J/+I_ the boundaries of 

the emission peak. 

hv x 7J1-P = f I(v)d" 
Trad 

(3.3.4) 
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The population ratio between tlie excited states n=2aiKt n=3 of the diagonal and the vertical 

transition is given by relation .3.3.5. 

« i = A,u vr2^ x /»*-», = 4 8 ] f ì_ : ( = , , : ; , ( _ ^ E j (3.3.5) 

The calculated spontaneous emission times are respectively for the diagonal and the vertical 

transition T-I-^\ = %/is and T3^i = 2Afis coni]nited with the transitions respective matrix 

elements. Using the areas nmler the peaks at a bias of 1.1V (F = 3.5A-V"o;i._l), a carrier 

temperature, of! ' = 3(1K is obtained. Note however that this approximation does not take 

into acciiimd the non-radiative depopulation rates for states n=2 and n=3. 

An interwell electrically pumped intersnbband transition strillare has also been tried by Xn 

and Wi11iams.[29, 30] In contrast to our structure the two lower levels are in resonnance 

with the optical phoiion emission energy and are spatially separated in two adjacent, wells. 

This allows to liave a very efficient extraction from level H = 2 without the ( 1 isadVÌIntage of 

I)IiOIiOn emission from state n=3 to n = l . The far-infrared emission was first very broad 

but managed in a second publication to have a narrow &?iu = I.9/w:V* emission at 10.6 

ineV (A = UC//) attributed to the n=3 to u=2 transition. Ulrich et al. have performed 

comparative measurements in mnguetotransport and intersnbband electroluminescence with 

similar vertical and diagonal as shown in this work.[32] They observed stark shift from the 

diagonal structure but smaller than the one expected with a homogenious electric field. Same 

emission efficiencies from both the vertical and the diagonal transition were observed. 



Chapter 4 

Non-Radiative Scattering Rates in 

FIR Vertical Transitions 

4.1 Introduction 

Determination of the electronic lifetimes of both the excited and ttin ground state of the 

optical transition in a structure is a key issue in understanding the carrier dynamics. In the 

far infrared, tlie corresponding sub band energy spacing being less than tlie optical plionon 

energy, relaxation through this channel is therefore forbidden as the temperature is low­

ered (Fig. 4.1). Other scattering channels are therefore responsible for the non-radiative 

depopulation of the excited slate. The electron-electron scattering lias shown to be a very 

efficient decay process for n=2 electrons in large <|imiitiuii wells. It. has been shown experi­

mentally that the n=2 lifetime vary from 40 to 5 ps depending on the carrier <lensity.[ßG] The 

sub-linear dependence of tlie luminescence with injected current observed from our vertical 

57 
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Figure 4.1: Schematic view of the iutersubband relaxations processed for a quantum well 
where t,lie energy separation 7>JI is smaller than tlie optical plioiiou energy. In this config­
uration, valions processes may play a rôle: optical plionon emission (op), electron-electron 
scattering' (EE), ionizcd-iuipurity scattering (ii), acoustic-phonon emission (AC).[41] 

transition samples strongly suggest that at low temperature, the electron-electron scatter­

ing is the main limiting process (§3.2.2). An other important electron scattering process 

can occur through interface roughness. This effect is however expected to he important, in 

narrow wells where the effect due to thickness fluctuations can become important.[G4] This 

effect is enhanced with structures under high electric field, creating asymmetric potential 

pushing the electronic wave functions towards one side of the quantum well. This Stark 

effect however, becomes important Minier electric fields in the range of 100 /rV'c/n-1 and for 

.narrow well width (L < ] (htm).[41] In the fai' infrared, our structures are biased under fields 

not exceeding 5 kVctn~', leading to a weak potential asymmetry and the active wells width 

are much larger (L > 2OmO which strongly reduces the importance of interface roughness 

J I • • L 

0 
Wave vector 
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scattering for vertical transitions. This is clearly not tlie cas« for photo» assisted tunneling 

transitions. 

Acoustic phonons is an important relaxation channel as they may be emitted independently 

of the carriers energy ns no frequency gap is present in the dispersion curve. But calculations 

performed by Fcndm and Bastard show that the emission lifetime of acoustical phonons in­

creases with the quantum well thickness and has been calculated to be over 240ps for a 20nm 

well in the GaAs-(Al)GaAs material system with a 30% aluminum fraction.[55] These long 

lifetimes have been confirmed experimentally by Faist et al. as they have obtained lifetimes 

of Tlip = 300;**'.[67] This decay process is not very significative in our case, as the wells used 

in our samples are very thick (28nm) leading to even longer lifetimes. Electron-impurity 

scattering however, has shown to have its lifetime decreased with the increasing well width. 

Calculated lifetime of 31 ps for a 15nm thick undoped well are found.[55] This process can 

be an important decay channel as the active quantum well in our samples is relatively thick 

(28mii). 

4.2 Electron-electron scattering rates 

Electron-electron (EE) scattering being an elastic process, the total average energy and 

momentum of the carriers is conserved after the interaction. Even though energy and mo­

mentum may be transfered from one sub band to the other [68], this process dora not allow 

net energy loss, but leads to a thermalization of the electronic populations. The dominât-
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22-^-11 

Figur« 4.2: Schematic non equilibrium patron-electron scattering 2211 process between two 
sub-bniids. Tlie three pairs of opposite transitions arrows sliow the scattering between two 
uppei' sub ban«! electrons which decay to the lower sub hand E\. 

ing electron-electron scattering proems between two sub bands are the 1212, 2112 and 2211 

processes {wliere kit nit is an interaction with carrier 1 scattering from sub-band k to m and 

carrier 2 from state I to TI). 2221 processes also known as Auger processes where only one 

carrier changes sub band are forbidden. These type of scattering processes do not conserve 

parity and load to an intcrsubbnnd relaxation rate equa) to zero.[68, 18] The first two dom­

inating interactions allow energy and momentum transfer between sub band, but carrier 

populations remain unchanged and in this way do not depopulate the upper state, but lead 

to theriiialiv.ntion of the electronic populations of the two sub-bands. Process 2211,. repre­

sented sclieniatically in Fig. 4.2 is however the most, effective intei-subbaii«! scattering process 

when emission of optical phonons is not allowed and contribute strongly to the tipper state 

depopulation.[Gfi] Two carriers initially in the excited state scatter into the ground state with 
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energy ami momentum conservation. This process lias shown Io he directly proportional to 

the density of carriers of tlie upper sub baud.[6G, 69] As shown in Fig. 4.2, this process does 

not load to a cooling of the carrier distribution as the energy is conserved. In contrast to 

the other processes, net transfer of carriers between sub-bands is achieved proving trans­

port of carriers through the structure. It has been shown experimentally in time resolved 

pump-probe experiments that the 2211 processes are most efficient during the, initial pliM.se 

of the relaxation proccss.jG!), 62] Its importance decreases as the two sul>-bands approach 

a thermal steady state characterized by common electronic temperature and chemical po­

tentials. This electronic thcrmnlization arises after a few picoseconds after the femtosecond 

pulse excitation. In our experiments, as the current pulses are much longer than the relax­

ation time, the upper state is always in strong non-equilibrium during current injection and 

the EE scattering is always efficient. Knowledge of this rate in our structure is a key to 

the undemanding of the carrier dynamics. At low temperature, maintaining a population 

inversion between the ground and the excited state rely strongly on the ningiiilude of the 

2211 process rate and the electronic depopulation of the ground state. 

The transition rate for a given process can be expressed by Femti'a Golden Rule. The rate 

is proportional to the amplitude for this process to happen (the matrix element), weighted 

by the density of available final states (The phase space) (Eq. 4.2.1). In relation 4.2.1, H' is 

the Hainiltonian describing the dynamics of the process. 

^ , = ^1(/1^:)1^(^-¾) (4.2.1) 

pliM.se
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Hyldgaard finti Wilkiiis gave a simplified expression for the electron-electron scattering rat« 

given by relation '1.2.2 where (/"(¢^) is the un screen«! interaction innirix element and 

Ip(O) a; 0.785 represent a dimensionless integrated phase, space measure.[Gl] 

r « = ^ x ^ x ! y ° ( ^ ) | 2 x / p ( 0 ) (42.2) 

Parameter /ta = E)T-E2 is the energy difference between the Fermi energy and the electronic 

confinement energy of the first excited state. The Fermi energy Ep can be computed by 

dividing tin; carrier sheet density Ti2 l>y the two dimensional density of sates given in relation 

4.2.3 where S is the macroscopic sample electrical injection surface.[35] 

P(E) = ^ (42.3) 

The rate in « _ l is then given by Eq. 4.2.4. 

- I = I i I = .,„ x ^ x - ^ x I f Z 0 M f x /,,(0) (4.2.4) 
T,.,, ft i i TT 111. 

Assuming that the electron-electron scattering is the dominant non-radiative process, the 

injected current density can be written as J = n2qjr,IT = v^tj/ 2 x TPC_ leading to an expression 

of the current density as a function of the square of the electronic population in the sub 

Uniti (relation 4.2.5). As fLq. 4.2.4 gives the rate for the 2211 process to occur, the electronic 

transition rate is obtained by multiplying the latter 221J rate by a factor of two as two 
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Figure 4.3: Light intensity versus injected current density is shown for vertical transition 
samples S1774, Sl'JfiS ami S1431 at T=IOK. A fit, to the data is done with a square root. 
function (dotted lines). 

electrons are relaxing through this process. 

IWJ It-J(J Ry* 

Finally, the emission power lias a square root dependence with the injected current {E(j. 4.2.R). 

„ ,. ». •' v
 T«r -I V2(J \ß 

P = tlrJUiJïVp— X ~ = 
i: Truil a .lTTa,i TTod 

(4.2-n) 

As expected the emission intensity versus injected current for samples S1353, Sl774 and 

S1431 are well fitted with a square root function (Fig. 4.3). A current offset has been used 

as the luminescence emission does not start at zero (see curve S1774). A certain current 

flows throng]] the structure before it is fully aligned. As the injector is not aligned with 
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Finnin 4.4: Tlie offset current density is plotted versus sample doping. The latter is mul­
tiplied by a factor proportional to the (sefjufai1.ini) barrier transmission probability to ta ko 
into account the différent values of thfi injection barrier thicknesses of the samplesf PB:>:» = 
0 .0059 , /Vi= 0-0096, .Pi774= 0.0063, / W = 0.019). 

excited state, no radiative emission takes place. The emission occurs when the states are 

aligned. This is achieved when the applied external field has overcome the internal electric 

field originated by the doped region. The offset therefore increases with the sample doping. 

In principle, a measure of the starting emission current could allow a determination of the 

sample doping (Fig. 4.4). 
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4.3 Measurement of the EE scattering rate 

With increasing temperature the srjuare ioot dependence with injected current lias shown 

to vanish. At T=80K, the dependence on the emission intensity with injected current had 

become linear suggesting the appearance of a much more efficient scattering channel. At 

such high temperatures, thermally activated electrons makes the emission of optical plionons 

possible. This relaxation channel lias shown to he extremely efficient with sul>-picosecond 

lifetime and becomes the dominant relaxation process.[55] TIm non-radiative process in far-

infrared vertical transition structures can therefore be described as the interplay between 

the electron-electron scattering and the emission optical phonon depending on the electronic 

temperature. Optical phonon emission is however possible at low temperature if we consider 

infra-sub band electron-electron scattering processes where the carrier gain sufficient excess 

kinetic energy after the collision. Monte Carlo simulation have shown that the ratio of carrier 

using tills relaxation channel to the ground state is 25% .[C2] The total non-radiative rate 

-(U,,,- can be expressed by relation '1.3.7 with w,,r being the carrier-carrier scattering rate and 

w(lp flic optical phonon scattering rate. 

id,,,. = w«. + w,n,.c x v, ' " " + wlv,n x t~-ffi (4.3.7) 

The last term of expression 4.3.7 takes into account the reabsorption of optical plionons by 

the electrons. 

As the collected optical power depends on the electrical input power P1-] and on the ratio 

of non-radiative lifetime T111 and the radiative lifetime rTaii, temperature dependent mea-
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Figure 4.5: Luminescence spectra for (a)sample S1353 and (b) sample S1431 are shown 
up to respectively T = 120K and T=140K. We observe that intersubband transition peak 
mi ciisity decreases with increased lattice temperature suggesting that the upper state lifetime 

decreases strongly with temperature. 

mitemente of the emission power, together with Eq. 4.3.7. allows to extract the value of the 

carrier-carrier scattering lifetime.[29, 70] The value of the optical phonon scattering rate, 

however has to be calculated for normalization. 

Temperature dependent spectra of the luminescence have been done for samples Sl 353 and 

S1431. Special care has been taken to minimize black body emission through sample heating. 

Unlike electron heating, lattice heating can be minimized by having the sample thermally 

well coupled to a heat sink. Residual heating can still be discriminated as the black-body's 

maximum emission intensity is out of phase from the luminescence emission. The injection 

current is dunen to be as high as possible, at respectively 39.4cm -2 and 28.4cm"2 at T=IOK 

for maximum output power. Representative spectra are shown in Fig. 4.5 for both samples, 

the temperature being varied from T = 10K up to temperatures above liquid nitrogen for 
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Fig»rfì 4.C: Light intensity versus injected current are shown for sample S3353 and S1431. 
We observe that the intensity of the emission at a given current decreases strongly with 
leiii])cratiiir. The square root dependence of the emission with injected current vanishes 
quickly with temperature. 

I)OtIi SiHtI])IeS. At low temperature (T=IOK), both luminescence spectrum show mainly ;i 

narrow peak centered at photon energies of 14.1 and la.lmeV. Increasing the temperature 

while keeping the injected current constant clearly shows a decrease in the peak intensity 

for both samples. The luminescence peaks are observed up to 1'2OK for the (AI)GaAs. and 

140K for the (AI)GaInAs. The full width at half maximum is equal to (1.7 and respectively 

l . lmeV up to high temperatures (5OK and 60K) before increasing up to 2.2 and l.OineV at. 

respectively 120K and 140K. Similar line shape dependence with temperature is reported by 

IIcyman et ai from absorption measurements.!?!] Representative plots of the luminescence 

intensity versus injected current curves at different temperatures for both samples are shown 



68 Measurement of the EB scattarmi rate 

Temperature (K] 
100 40 20 10 
Il I I 

»)/ ; 
| 39 Wem 

: » " " 

F,.,, 
_b) / 28 A/cm* 

A/~~" 
:/* 

Ì 

= 11 

= 14 

PS 

W 

I 

(AI)GnAt 

K 

©0K 

(AI)InGoAs -

*" " — ' 

; 
O OK 

j . . , 

O 0 04 0 08 0.12 

IT[K"1 ] 

FiKHfP 4.7: Activation graphs for sample S1353 aii<l S1431 ars sliown. The data was filial 
using (¾]. 4.3.7 without. the last temi. Using the calculated optical phouoii rates, (.lie fit 
loads to «1 nr;1.foii-«lnct.Tini scattering rates of respectively l i p s and 14ps for tJie GaAs ami 
InGaAs .samples. 

in Fig. 4.6. Activation graphs of the integrated peak intensity, taken from the spectral data 

are shown for both samples in Fig. 4.7. The <lata is well fitted using Eq. 4.3.7 where the 

last term of relation has been neglected. The calculated optical phouon scattering rate of 

i/;op(GaAs)= 1.86 ps~' and («^(liiGaAs)= 1.31 JJS - 1 and respectively the energies for the 

optical J)IiOnOIiS of 36 ineV, and 33 meV have been used.[55] Electron-electron scattering 

rates of respectively wPP = 0.09 and 0.07 JJ.S-1 for the GaAs and the GaInAs have been 

obtained, corresponding to iiiteisnhband carrier-carrier scattering times of respectively 11 

ps and 14 j>s. Crosses shown in Fig". 4.7 (a) are the integrated spectral power at. the different 

temperatnres. We observe, that, at low temperatures, it's value matches the integrated peak 
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Figuro 4.8: Experimental |>lioU)(nriiiTinsr:«iice pnui]>-probe data (crossed squares) and cal­
culated (solid line) lntersubband Scattering time due dn EE interaction in wide (2Imn) 
quantum well.[66] Tenipeniture dependent measurement data is represented by the black 
dot. 

intensity. But. as the temperai urc increases, the data differ strongly as black body emission 

increases and dominates the emission power. 

The obtained vaines of the electron-electron scattering lifetime allows us to obtain the 

upper state density n-j — Jr/q for both samples. Assuming a 10(1% injection efficiency, the 

carrie]1 densities are respectively 2.7 x \(ivcm~2 and 2.4 x ]0'Jt:m-2 for the GaAs and the 

fiiGas samples. These results ate in good agreement with pump probe experiments done 

by Hurlii) et ai, as they have TeJ)Oi-IrCd inlersubbaiid scattering times due to carrier-carrier 

interaction of 32 ps for similar carrier densities (Fig. 4.8).(66] 
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4.4 Optical Gain Calculation 

]n order to obtain lift]it amplification in our structures, thn active region must, exhibit optical 

filili. The i>O;Ìk material optical gain of a wave traveling through the active region due to 

stimulated emission can expressed by relation 4.4.S where n,-j are the electronic surface 

density of levels Etj as defined in Fig. 4.9. n the refractive index of the medium, A the 

wavelength of the emission, 27 the the FVVHM of the luminescence and Lw the thickness of 

the active well. [72, 73, 4!), 74, 22] 

4 î r u ï ^ • 

Calculation of the gain requires the knowledge of the population inversion Tt,- — Vf be­

tween the excited and the ground state of the transition. The population inversion can be 

obtained by solving the steady state rate equations characterizing the carrier dynamics of 

the structure, modelized in figure 4.9 by a two-level system. 

•Uli . i _Ill(_!_ + ^ 1 (,,,,.a) 

tini , 1 1 , 1 
— = ?!.,,( + ) _ • „ , 
'It Tfvmtt Tfj. Tn,,, 

(4.4.10) 

The pojnilation inversion is then expressed by relation 4.4.11. 

_ „ , = ^ ( _ J _ + - L ) - ' - H | T o u ( (4.4.11] 
4 Tspmil T\ir 
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Figure 4.!): The vertical mtersnhband transition can be modeled as a. two-level system where 
a non-radiative rato and a radiative mUJ depopulate the excited state /¼. Tin: ground state 
E1 is depopulated through a sequential tunneling to the relaxation/injection region of the 
structure. 

We assume that the electronic population of the ground states of QWl and QW2. instantly 

thennali/e as they are separated with a small energy difference. The extraction however is 

assumed to be a incoherent (sequential) tunneling process through the'lnm harrier separating 

the active region from the relaxation region in sample Sl353.(]6] If the energy E\ is such 

that <'"'•" « 1, where K = \j2m(V0 — E)Jh1, and Ln is the extraction hairier thickness, 

the transmission probability through the barrier of an electron can he approximated using 

Eti. 4.4.12. [3, 75] 

Tn(E) « 1 6 g < % - £ ) x «-*'-» (4.4.12) 
' t i 

Tho tmmeling time through the barrier can then be approximated using Eq. 4.4.13 with the 

effective mass of (,lie electrons in the hairier.(16] The effective mass of the elections in the 

.4J1-G(Zi-JtAs is computed by a linear interpolation between the GaAs effective mass m£?u,,s — 

0.DGTm1) and the effective mass of the AlAs vi\]A> = 0.124mu. [35] The effective mass for 
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Figure 4.10: Parttclo of energy E incident, on a single barrier of thickness Ln-

AlxG<i\-TAn with x=0.15 is iff" = 0.07Gn>-o . Figure 4.11 shows Um electron tunneling time 

for increasing barrier thickness. For a barrier thickness of Ln=4nm we compute an extraction 

time Tim, = 6.4ps. 

*«» rV (4-4.13) 

Using the experimental values obtained with sample Sl353 of ./ = 3fMf;m-2, with an 

injection efficiency of 42% (page 51) ami r^jf = lljt.s, an inverted population of Au = 

4.7 x IfrYv/t-2 is co]iiputR(l. Using E(J. 4.4.8, the peak material gain is G,, = 43cm_ l . 

In order to compare this result with mid-infrared results, the gain coefficient. */ = Gp/J 

traditionally useil in the mid-infrared is y = 2.GcHiA'' a factor 100 higher than what is 

computed for mid-infrared laser at threshold {/; a; 0.015-(l.029rr/;i.4"').(72, 25] This suggest 

that the efficiency of this structure is mudi higher than mid-infrared ones. However due 

to the carrier density dependence of the EK scattering, Uiis gain advantage is considerably 

reduced and eventually canceled with increasing operating current. (Ie.nsi1.ies as the extraction 

time is constant. High temperature operation of such a laser seem to be difficult with 

Ie.nsi1.ies
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Figure 4.11: Calculated electronic; tunneling time from stale Ey ;= O.Ol'IeV vensns barrier 
Uiickiiftss. 

tins structure as with increasing temperature. activation of optical-plionon «mission will be 

possible and strong increase tlie non-radiative rate of the excited state will occur preventing 

any population inversion to build up. 



Chapter 5 

Waveguides 

5.1 Waveguide Design 

5.1.1 Introduction 

The dreien of a low loss waveguide in the far-infrared is crucial for the realization of a laser 

device. As schematized in Fig. 5.1.at the interface between two dielectrics, total reflexion of 

an electromagnetic wave traveling in the material refractive index ii\ can be achieved at the 

condition that the refraction index ii\ > n-i- Furthermore the angle of incidence 8 of the light 

inside the core must be smaller than a critical angle O1.. — Arariii(n-i/n\). In the mid-infrared 

this type of confinement provides good resonators and are obtained by growing low refractive 

index cladding below aud above a high refractive index active region.[22] This can be done 

by molecular beam epitaxy (MBE) as the needed cladding thickness is at least in l,he order 

of À/2 in the material. In the far-infrared however, waveguides based on pure dielectric con­

finement would require cladding thickness on the order of 10/jiii iinadapted to MBIi growth. 

70 
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Figuro 5.1: A dielectric waveguide is coin posed of a core with an index of refraction ii| and 
a cladding with a refractive index n.-2. A light, beam inside the core will be totally reflected 
at the interface if 7/., > ni2 and if its angle of incidence 0 < than a critical angle O1.. 

This technological difficulty can be nvoided by using metal waveguides similar to what is used 

in microwave engineering. This technique was Ri1St used in QC structures by Sirtori ci ni 

in waveguides where the modes are not supported by a layered transparent medium but are, 

electromagnetic surface waves or surface plasnion at, a the metal-semiconductor int.erface.[76] 

These surface plasnion are TM electromagnetic modes confined at, the interface between ma­

terials with dielectric constants of opposite sign. Metals below the plasma frequency exhibit 

negative dielectric constants and may be used for confinement. As the ititersnbband tran­

sitions selection rule requires TM polarizations, this type of waveguide is very suited for a 

quantum cascade laser. 

5.1.2 Metallic Waveguides 

Iu contrast to pure midoped dielectrics, metal may show Drude absorption due to free 

carriers. A metal can therefore be characterized with a complex index of refraction fi = 

t> + in = y/ÎÇ = -Ji + 7/wfo where n is the usual refractive index ami the imaginary part K 

the extinction index function of the metal with 7 = 7o /0 - 'iuir) being the Drude-Lorentz 
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conductivity linking the current, ami the electric field (J = 7#).[77] The parameter w is the 

light pulsation and j a = Tv,.q^jm, the stationary conductivity with T is the collision time 

(or polarization time). When wr > 1 the conductivity is purely imaginary (7 fa n'u/wr) 

and the dielectric permittivity expressed in Eq. 5.1.1 is real. 

f r * l - - r - = l - ^ (WT » 1 ) (5.1.1) 

where Ŵ  = 11,.1//'Uu0 is the plasma frequency. 

When the radiation frequency is smaller than the plasma frequency (co < OJP) and neglecting 

the scattering time (1 / r < < tu), the permittivity is negative (cr < 0) and the index of 

refraction Ti = ^fU is purely imaginary. The reflection R., given by Eq. 5.1.2 is then total 

anil the wave can be totally contained and ideally travel without any losses. 

Ä B f x r ^ l ^ x ^ = l (5.1.2) 
1 + IK 1 — IK 

Compared to waveguides based on dielectric confinement, this technique allows a drastic 

reduction of the cladding thickness, and allow a significant increase of the overlap factor 

between the guided mode and and the active material compared to a régulai- slab waveguide 

with the same thickness of the waveguide core (P > 70% for a single plasmon waveguide, 

r = 100% for the double plasmon waveguide, T =40% for a slab waveguide). Mid-infrared 

InGaAs waveguides take advantage of the lower refractive index of the InP substrate to 

confine the optical mode. Surface plasmon confinement was used only on the top side of the 
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Sample thickness 

Figure 5.2: Computed mode profile for a tloublo plasmou waveguide wi th a J 2(1 period active 

region. LOSSPR of n = 2 6 c m _ l have been computed for a waveguide w i th a bot toni gold layer 

(a) and n = 51 c m - 1 wi th highly doped GaAs bottom layer ( IJ ) . 

samples. In the GaAs material system the refractive index contrast between the. active region 

and and the suljslrato is not sufficient to confine the mode. However, cOiifineme.nt is possible 

by performing a so called double plnsinon confinement, or simply a metall ic waveguide by 

having a metal layer on both sides of the. active region (F ig. 5.2). To make the device, 

easier to manufacture, a heavily doped GaAs (v = 5 x 10"1OH - 3) layer replaces the metal 

layer below the active region. Practically, the modes inside the waveguide a computed 

numerically by solving the Maxwell equations for a T M wave wi th a complex propagation 

constant. ['19, 7S1 79]Each layer is characterized w i th complex index of refraction leading 

to an effective refractive, index of the in u l t i layered active region calculated by the transfer 

matr ix method. The imaginary part of the refractive index is obtained with the Drude-

.leiisen model where dielectric constant c is given by Ft). 5.1.3 and the the plasma frequency 

uv = ATTU,.1^/711', H1. being the electron concentration and ^00 the high frequency dielectric 
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Figure 5.3: The total frequency-dependent relaxation rote versus x = hu/G for samples 
of GaAs of varying concentration. For doping concentrations similar to ones used in our 
samples, we obtnin scattering rates of a:r = 0.5ps and j : r = 0.1/JJS at T=3Ü0K. 

constant.[22] The scattering times r are chosen depending on the average doping of the 

layers. The used values are taken from experimental measurements of the scattering times 

t.iikcn from r«feit;iir;e [80] reproduced in Fig. 5.3. 

U)* UJ3T 
(5.1.3) 

Replacing the bottom metal layer with highly doped GaAs leads to similar guiding properties 

as ii metal-semi conductor-metal confinement, at the expense of higher calculated waveguide 

losses (51CfU-' with doped GaAs instead of 26(.7/1-1 for a gold layer). However the expected 

losses are mudi smaller to what is expected from extrapolation to the far infrared of mid-

infrared waveguide losses. Laser resonnator performances may be characterized by the ratio 

r / t i of the mode overlap factor and the waveguide losses. In the inid-iufrared, typical values 



80 Waveguide Design 

_ 0.8 

i 
t 0 - 6 

I« 
0.2 

• " " , • 

-

I 

— Grating 
Edge 

-

-

15 30 

Photon energy |meV] 

45 

Fidili'« 5.4: A waveguide version of st.iuctiiin Sl,353, processed in the grating and edge 
emission configuration. The main emission peak from the iiitersubband ira usiti on occur a 
the same energy for bot.li configurations. 

of (,he V fa ratio i s « 4%cw~'.[24, 81] The over! a] > factor is increased up to f =70% Uj 81% by 

using a single plasmon waveguide, but with an increase of the waveguide losses of more than 

an order of magnitude compared to traditional cladding.[7G. 22, 82] The double plasiuon 

waveguide allows an overlap of F ss 10f)% leading to Yfa = 2 to 4 in the double metal 

confinement, configuration (Fig. 5.2(a)), with similar waveguide properties in the far-infrared 

as in the mid-infrared. 

5.1.3 Experimental Results 

A vertical transition structure similar to S1353, sample S1352 was grown with GO periods of 

the active region embedded between 6OO11111 highly doped n = 8 x 10lfl GaAs confinement 

layers. Samples were processed in the grating and waveguide configuration. Emission from 

both configurations are shown in Fig. 5.4. We observe, that the main emission peak from the 

bot.li


5.1.:( Experimental Results 81 

intersubband transition occur a the same energy für both configurations demonstrating the 

edge emission capabilities of such waveguides. Side peaks appear on the emission spectra 

from the grating emission which do not appear on the edge emission spectra. These peaks 

attributed to plasnion emission are induced 1¾' the grating as they aie absent from the edge 

emission spectra.[83] 

The structure has been optimized to increase the gain with an injection barrier reduced from 

Ginn to 5.5iiiii. This increases the injection into the excited state at the risk of decreasing 

the non-radiative lifetime but allows an increase of the emission power. The extraction 

barriers have been shortened from 4nm down to 3nm to enhance the extraction of the 

electrons from the lower level (Tmt = OApa —> 2.5/w). Sample S1683 is grown with the 

active region repeated 120 times. The bottom confinement layer is lOOOnui thick doped at 

vi. = 5 x IO 1 8 «« - 3 and followed by a 30f)nm parabolic grading of the potential to compensate 

the diffusion of the dopant and obtain an abrupt carrier distribution profile. Ou top of 

the active region, the same inverted parabolic grading is grown followed by a SOiiiti highly 

doped GaAs-IuGaAs contact layer. The first well of the injector has been doped with Si 

and measured by capacitance-voltage measurements with an average doping of n = 3.4 x 

1O15CHi-3. Compared to our Ri1St vertical structure, the maximum injection current before 

appearance of the negative differential resistance region (NDR.) is increased from AQAaiT2 

to 100.4cm-2. The waveguides are processed in 500 (.tin wide ridges by wet chemical etching 

and Ti/Au (10/-100 mu) non-alloyed oliinic contacts were provided on top of the ridges by e-

gun evaporation. The samples are then cleaved at different lengths and light intensity versus 

injection current density measurements were performed for increasing waveguide length. 
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Figure 5.5: (a) Luminescence intensity plotted versus injected curront density for various 
cavity length is shown. A clear dependence of the intensity witli waveguide length is observed. 
(I)) Applied bias versus injected current density is sliown for the 0.23-JiIIrIi long waveguide. 
Similar curves have been obtained for the other length. Dotted line as a DC measurements 
showing similar electrical characteristics. 

The J — V curve for the 0.234iinti long waveguide is shown in Fig. 5.5(b). In Fig. 5.5(a) 

we observe that at a fixed current density the light intensity increases with the waveguide 

length, demonstrating the waveguide properties of our samples. The polarization is found 

to be normal to the layers, indicating a transverse magnetic (TM) polarization as expected 

from the intcrsubband selection rule and also <hw. to the geometry of the waveguide. In a 

rectangular metallic waveguide the electric field is refluirei I to drop to zero on the edges of 

the waveguide parallel to the wave's electric field, introduciiig a cut-olf frequency. In our 

case, only the top and the. bottom edges of the waveguide have a metallic confinement and 

the. TM mode, having the electric field normal to the metallic planes, has no cut-off. However 

a cut off frequency is present for the TE mode and is given by the thickness of the spacing 
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Figure 5.6: Waveguide emission observed after a grating polarizer as sketched in inset is 
shown. Tin; vector P gives the direction of the grating polarizer. The light is transmitted 
when the grating is parallel to (,he layers (0°) showing a TM polarization with the electric 
field parallel to the growth direction. 

between the two metal layers.[77] Considering an active region of thickness Ii — 11/n«. for 

sample S]G83, the TE cut-off frequency is Aj'''1 = 2 x h x n = JO/mt, n being the refractive 

index of the active region . Beyond this wavelength the transverse electric modes (TE) 

experience very large losses and therefore the waveguide induces a TM polarization of any 

radiation traveling inside it. In this sense, the intersubband selection rule is not formally 

demonstrated with the data presented in Fig. 5.6. 

A structure grown in the InGaAs material system has been grown similar to sample S1G83 

embedded into a double plasmon waveguide. Unfortunately, no edge emission has been 

observed from the structure. This results suggests that the losses are much higher that than 

in the GaAs material system for such long wavelength. Similar results have be observed by 

other groups.[84] 
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Figure 5.7: TIm use of a technique based on MK: analysis of the luminescence intensity as a 
function of waveguide length is used to extract the (/;(./) — r.iin) parameter of our samples, 
where .'/(.? )[f s» - 1 ] is the gain inside the structure and n,„ the waveguide losses. 

5.2 Optical Gain Measurements 

5.2.1 Introduction 

As laser threshold has not been achieved, no inmiediate evidence of gain in our structure's is 

observed. Specific measurement, must, therefore be perforine«I to obtain the waveguide and 

active region characteristics. The use of a technique based on the analysis of the luminescence 

intensity as a function of waveguide length is used to extract, the ;i(j) — ivu, parameter of 

our samples, where y(j) is the gain inside the structure and «„, the waveguide losses. When 

injecting current into the waveguide at, a fixed injected current, density .1, every section of 

length fix of the waveguide will contribute with an emission intensity ilJ{x). The guided 

light will then travel down the waveguide and will either be amplified or absorbed by the 

neighboring sections until it leaves the waveguide. The transmitted luminescence intensity 

I1 escaping the waveguide is therefore a function of waveguide length L and of the waveguide 

parameter/y(j ) — (!,„ which can be expressed by relation 5.2.4 where Z11 is the the luminescence 
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Figure 5.8: Photograph of waveguides of valions length laying Mile by side is shown. This 
processing configuration as used to perform sample ctaractertaatioD of the nain and loss 
parameters. 

intensity per nnii length of the waveguide. 

I1 = I0X f,{""')x(lj = /„ x — — x Ir'"-"-"' - 1] (5.2.4) 
I U - "„• 

Performing measurements for différent cavity lengths and at various injection current densi­

ties, allows us to extract both </ and o„ separately. 

5.2.2 Experimental results 

For the experiment, a dedicated photolithographic mask has been designed in older to pro­

cess waveguides of différent length side by side on the same (hip. A photogiaph of the 

samples processed in such a configuration is shown in Fig. 5.8. Measurements of the light 

intensity versus injected current density for waveguide lengths ranging between 100 /un and 

1 mm are presented in Fig 5.9. Due to the very low light inten-it\ obtained from these sam­

pler. we have plotted the results of Successive measurements for each waveguide length. Solid 
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Figure 5.0: Measurements of the light intensity versus injected current tlciisity for waveguide 
lengths ranging between 100 /mt and 1 nini is shown. 

lines a re fits to Um data obtained by using Eq. 5.2.4 linking the emission intensity with the 

sample |pngt.h. The dependence of the intensity with waveguide length is mainly observed 

for waveguide length L < 500nm.. For longer waveguides. the light intensity saturates, in­

dicating that light emission occurring further away is totally absorbed before reaching the 

edge of thft waveguide. At the injection current density of 25 Ac.nC2, the fitted waveg­

uide parameter // — o„, is found to be -94.5 cni"1. The waveguide parameter increases to 

ij — tv«, = -75 .8cm - 1 at the maximum injection current, density of 100 Aran~'1 suggesting a 

differential peak materia] gain of G^ = 18.7c/;i- ' over the whole range nf injected current 

densities. Computing the gain coefficient between l^Av.in1 and 100.4t.7H2, where the struc­

ture is supposed to be fully aligned, leads a differential peak material gain of Gd = KJ.8(:fn~' 

and to (} = 0.55cni.4_l. The computed peak material gain at ./ = 39/lon~',! {with a 42% 

injection efficiency) is Gp = 29r.7N-1, with a full width at half maximum of Af = 2.2 uieV 

100.4t.7H2
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Figure 5.10: Electroluminescence sjjoctin for various injected current density for a 0.4 triti) 
long waveguide. The dip in tlie peak observed a low injection is due to the absorption of the 
detector window and is sample independent. 

at this current density (Fig. 5.11). The resulting gain coefficient is y = 0.7'ìunA~i and is 

expected to decrease with increasing injected current density due the EE scattering rate of 

the excited state. The obtained results are very encouraging and suggest that gain is present 

in this structure. However a clear demonstration of the existence of gain is not possible 

due to the important dispersion in our experimental values. This dispersion is due to the 

used experimental method and to the very low signal intensities leaving the sample. The 

experimental method requires a realignment of the sample for different waveguide length. 

No reference is therefore available assuring an identical positioning of the various waveg­

uides. The positioning criteria is fixed by the relative maximum intensity measure*! from 

each waveguide. A small misalignment of a few microns introduces important variation in 

the intensity. Furthermore, due to the cryogenic operating temperatures of the samples, 

tempera turn stabilization is also critical, as variation of the latter introduces variation in the 

sample holder position and directly affects the collected light intensity. This is particularly 
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Figur« 5.1]: The TWMM of the electroluminescence S])PrXm for various waveguide lengl.li is 
shown versus injected current density. 

(,run for long waveguides as the injected current is important, and heats the sample. 

Signature of optical gain can he observed through luminescence peak narrowing with in­

jected current, density when the sample is close to laser threshold. [24]. Electroluminescence 

spectra for increasing injected current densities and for various waveguide length have been 

performed. Tig. 5.11 shows the FVVHM of the luminescence peak with increasing current 

density from 43 Ac.iir'1 to 100 A<:m~'2. Narrowing of the FWHM with increasing injection 

current, density is observed for all waveguide lengt.h and could suggest, siib-threshold condi­

tions. .However, at a given current density, increasing the waveguide length, increases the 

FWHM of the emission, particularly for low injection current densities. The broadening 

with waveguide length can be explained by resonant reabsorptioii of the light by ground 

state carriers as the light travels through a medium of non-inverted population transitions. 

This reab_sorption efficiency should decrease with the increase of the population inversion 

between the transition states. Results shown of Fig. 5.11 suggest that if the injected curreiil. 

density is increased, further narrowing of the peak linewidth should be observed. Sample 

lengl.li
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Figure 5.12: I-V (a) and L-I (b) curves versus injected current density for samples SI683 
and S1806. Samples are respectively L= 0.46nini and L=O.4mm long and I = 500/nn wide. 
M cas u re n ici its of the FVVHM for sample Sl 683 (squares) and SI806 (disks) plotted versus 
injected current density (c) and versus applied bias (d). 

S1806 optimized for higher injection current has been grown. The injection barrier is re­

duced to 4.7nm and the extraction barrier to 2.3nui (rini, -» 1.3ps). The average doping has 

been increased and measured at TÎ£„.. = 7.4 x ]0 lof-iri-3. This optimization allows an increase 

of the injected current density before appearance of the NDR1 from If)O Acm~2 for sample 

S1683 up to 700 Acm'2 (fig. 5.12(a) and {!>)). The average output power has been brought 

to more than 20 pW (45 pW peak) in the edge-emitting configuration. Unfortunately, the 

spectra] data do not show any further narrowing of the emission peak (Ii^. 5.12(c)). Sur­

prisingly, the optimized S1S06 structure shows a smaller slope of the FWHM with increasing 

current than the S1683 structure, suggesting a gain independent process of the narrowing'. 

A plot of the FVVHM versus bias, shows however a good overlap between the two samples 
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(FiK- 5.12(d)) demonstrating a bias dependence of the narrowing. The origin of the observai 

narrowing is tlifteforn not. due to electronic population inversion in the. structure, but rather 

from changes in the electric field. As (.lie structure aligns with the field, the state anti-cross 

with a minimum energy splitting when the structure is correctly alignai. As the operating 

ton j pera tuie is non zero and the injection efficiency smaller than 10D%, anti-crossing stntPs 

are hotli populated and spont.fiiiP.ous emission may be initiated from both st.a1.es down to the 

ground state. The observed decrease of the FWMM correspond to electric field dependant 

energy splitting of the excitai states and teaches its minimum juste before the N1DR.. 

5.3 Waveguide Loss Measurements 

5.3.1 Introduction 

Conventional techniques usually applied to measure waveguide losses in semiconductor InSfI-S 

[85, 86, 87] are not applicable in our samples, as the observed luminescence intensity is too 

weak. The technique using a. single, multi-section device, is however feasible as it uses the 

luminescence generated by the QC structure inside the waveguide as the light source.[8S] 

In this configuration, separated electrical contacts of constant area are. provided on top of 

the waveguide (Fig.5.13). The light intensity /0 produced in a pumped section will travel 

down the waveguide U\ the edge of the sample with the intensity decreasing accordingly to 

Fq. 5.3.5 where I1 is the transmittal light intensity measured at the edge of the waveguide, 

L the optical path length measured from the pumped section to the sample alge and « „ the 

spont.fiiiP.ous
st.a1.es
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Figure 5.13: Schematic of the sample processed in the multi-section single-pass absorption 
measurement. The optical path length is modified be sequently pumping different section 
(i) of the waveguide. 

waveguide loss. 

I1 = I0X e~aL (5.3.5) 

The initial light intensity I0, identical for all sections provided that they are pumped with 

same current, can be obtained by measuring the light intensity produced by pumping the 

front section (labeled R in Fig. 5.13). Pumping an other section of the waveguide changes 

the light path length. Practically this means removing the sample from the measuring set­

up and rewiring it. Initial alignment can therefore not be perfectly reproduced. This can 

be overcome by measuring both the transmitted light and the reference light intensity for 

each path length allowing further renormalization of the intensities. Waveguide losses are 

obtained by a fit to the renormalized intensities plotted versus light path. A slight com­

plication to this method is that the sections are electrically not completely isolated from 

each other. A leakage current into the nominally unpumped sections might provide parasitic 

contributions to the luminescence. This leakage has the final effect to underestimate the true 
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Figure 5.14: (a) Mid-infrared luminescence spectra obtained Tor different optical patii length, 
from .1 QC laser (S1850) working under laser threshold at room temperature. (I)) the peak 
intensifies at the transition energy are reported versus optical path length. Dotted line is a 
fit to the data. 

waveguide loss. These contributions can however be deduced experimentally and included 

in the function used for the fit. 

5.3.2 Technique Validity Check 

To check the validity of the technique, waveguide loss measurements have first been per­

formed on a state of the art 9.1 yiin InGaAs/AlliiAs mid-infrared quantum cascarle laser 

(Sl850)with an MOCVD re-grown InP waveguide cladding operated below laser threshold. 

The sample processing is similar to the one described below for far-infrared measurements. 

Spectral measurements have been performed at a constant current of 200 iuA and at room 

temperature. Figure 5.14 shows the luminescence observed from the edge of the sample, for 

various light propagation lengths. All shown spectra have been miorninlized to one coiti-
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Figure 5.15: Compiiteli mode profile for sample S1G83 ami S1806. Au average doping of 
navjl = 3.4 x IO15 and navg = 7.4 x lO^'air1* have respectively been used for sample S1G83 
and S1S06. 

mon reference spectra. The peak intensity is plotted as a function of optical path length 

in Fig.5.14(b). A fit to the optical data gives loses of 1()±2CTH-_I, which correspond well 

Io the calculated loss of 9.5 <,w_l. Iu order to take into account the effect of the leakage 

current while injecting current into one section, we have measured the bias on (,he other ones. 

Current versus voltage curves performed for each section enabled us to obtain the current 

flow for each section. An exponential approximation for the current, versus waveguide length 

was used as a corrective term in the fitting function, resulting into a 3% increase of the true 

waveguide losses, 
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Figure 5.16: (;i) Obtained far-infrared luminescence spectra from a double plasmou waveg­
uide for various optical patii lengths for similar processing as sliown in Fig. 5.13. (IJ) 
Reportai! int.nnsil.ies as a function of light path length for two active regions, emitting at 
IG.4 and ISmeV are presented. 

5.3.3 Far-infrared Waveguide Loss Measurements 

For far-iufrare<I waveguide loss nicasureiiients, layers S1C83 and S180G described in §5.2.2 

bave I)CCiI used. For the experiment, the previously etched ridges were processed with 90 /trn 

wide injection sections which had a separation of 10 //m between each other and deposited 

on top of tli« 500 //in wide ridges by e-gini evaporation of Ti/An (10/400 inn). To prevent, 

device short-circuiting due to lateral ridge current, injection, a hard-baked resisi, layer has 

been used as an electrical insulator. Samples were soldered with indium on copper mounts. 

Data have been taken at a temperature of 1OK for both samples and with an injection current. 

of 120 niA and 500 IHA respectively for sample Sl683 and S1806. Figure 5.16(a) shows the 

reuoiinalized spectra for sample Sl683. Similar results have been obtained for the other 

sample. An identical baseline correction has been made t,o all the spectra in order to remove 

the black body emission due to sample heating. A decrease of the luminescence peak at 

int.nnsil.ies
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(a) <b) 

Figuro 5.17: (a) When the structure is unbiased, the carriers are located iti the ground state 
of the well. Carrieis may he excited by absorbing photons. When the structure is biased, 
the curriers cascade through the structure and do not accumulate in the ground state of the 
well and reabsorptiou is therefore less likely to happen, (b) For the resonant realjsorption 
experiment, section 2 bias with a pulsed current, and section ] is either grounded or DC 
biased. 

16.4 ineV with increased light path length through the waveguide is clearly visible. However 

the Sirie peak at 12m«V does not show the same clear effect. It is thus attributed as an 

artifact occurring from the black body background. Luniinescence intensity at 16.4 and IS 

nieV for samples Sl 683 and S1806 are plotted as a function of optical path (Fig. 5.16(b)). 

Fits to the data, with the current leakage correction, give cavity losses of nw = 42 ± 20<;//;-t 

and «,„ = 52 ± 29cm -1 respectively for sample Sl683 and S180C. Calculation of the losses 

based on free carrier absorption give according values of <i„, — S l a n " 1 and n,„ = 49cm - ' . 

The large error bars on our results originate mainly from the relatively low output power 

(typically less than 4 pVV) in the edge configuration compared to the noise level. These 

low output powers also limit the range of light path lengths available to the experiment. 

Noise has been reduced by increased integration time (5 seconds per spectral point), but 

still remains important (nearly 10 */, of the most intense peak presented in Fig. 5.16(a)). The 



96 Waveguide Loss Measurements 

% 3.0 

m 
C 
4) 

ï 1.0 h 

' I ' I I I 
(a) 

r\ 
: . , \ , 

• i 

-A' 

: 

•-.,..... 

-4 -3 -2 -1 0 

Applied bias [V] 

400 

,300 • 

S 200 

C)O 

• ( b ) 

^ 

\ -4V 
If/-IV 

\vo v 

10 ZO 

Photon Energy [meV] 

30 

rifilile 5.18: Resonant, absorption of the luminescence is demonstrated. Pulsed current 
injection is kept coiistnnt in section 2 and section 1 is either grounded or DC bin seti (Fig. 5.17) 
The observed luminescence intensity leaving the waveguide increases with applied OC bins 
on the foremost section (a). Spectral measurements show a spectrally selective increase of 
the light intensity with increasing negative bins close to the emission energy, showing that 
this effect originates from the intersuhhaud transition (b). 

structures based on n vertical transition, docs not, exhibit significant Stark shift with applied 

voltage and will therefore show resonant renbsorptiou when the ground state is populated. 

This effect was not significant in our results presented above, because of current leakage, 

which always slightly biases the front sections. Resonant ienbsorptioii has however been 

observed when section 1 was either grounded or when a small DC voltage was applied while 

pulsed injection in section 2 was kept constant, ( Tig. 5.17). Spectral measurements at vnrious 

bias show that the optical transition is responsible for this effect, as a selective increase of 

the light, intensity is observed at approximately the luminescence emission energy. Strictly 

speaking, we are therefore not measuring the wnveguidc losses at zero injected current, but 

the ones with which might always contain some small gain effect. 
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5.4 Vertical Structure in a Magnetic Field 

5.4.1 Introduction 

Waveguide loss measurements perforili«! on the far-infrared waveguides sliow that, the optical 

losses are nul = 42arC[ for sample S1683. Gain calculations peifoinietl with the latter 

waveguides suggested gain coefficient of C1, = O.TlaitA ' with a peak material gain of 

Gv = 29CrTtL-1. An increase of tit gain is therefore necessary to reach laser threshold. Blank­

et1 (U have suggested that a quantum well intersubband laser should work much better in 

the presence of a magnetic field, compared with the original design without a magnetic 

field.[89] In their proposal, they show that the effect of the magnetic field perpendicular 

to the AlGaAs/GaAs quantum wells dramatically reduces the EE scattering intersubband 

rates. If the scattering rate coniti sufficiently be reduced or even canceled, the gain in our 

structure could be increased and compensate the waveguide losses until laser action occurs. 

This inhibition of the scattering processes occur as the magnetic field introduces series of 

discrete Landau levels For both the excited and the ground state. At appropriately chosen 

magnetic fields, it is possible to reduce the various inlerband transitions processes due to 

new energy conservation requirements (see figure 5.19). Far-infrared intersubband electro­

luminescence enhancement by a magnetic field is reported by Ulrich e/ ul from a vertical 

transition far-infrared (Al)GaAs QG structure emitting at I7.3meV processed as ridge mesa. 

At a field of B = 7.2 T they report an emission intensity twice the one measured a B = 

0 T demonstrating the non-radiative transition rate reduction by a perpendicular magnetic 

field. [54] 
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Figuro 5.19: (a)Parabolic dispersion of ilio sub-bands allows a continuous C-C scattering 
process with energy and momentum conservation (b)AppIying a magnetic field iionnal to 
(.lie quantum wells discrete Landau levels appear. The parabolic dispersion of the energy 
is then replaced by a discreti/i.:d energy spectrum. Energy and momentum conservation 
rules ruling carrier-carrier scattering an; less likely to be satisfied decreasing consequently 
the non-radiative rate. 

5.4.2 Experimental results 

In our samples available gain is limited by the extraction lifetime Tmii and from the non-

radiative lifetime T,„.. Reducing T1,,. should increase (,lie gain and posibly reach laser threhold. 

For the experiment, Sl 683 samples processed into waveguides were used. A schematics of 

the used set-up is shown in Fig. 5.20. The emission bom the sample is guided by a closed 

20 cru long light pipe to an InSb photoconductive detector. The detector is biased with a 

constant current and operated in the cyclotron resonance mode. The spectral width of the 

cyclotron resonance photocell«!uetivc response is about 1.1 ineV. By tuning the magnetic 

field, the spectral sensitivity can be changed according to the cyclotron resonance frequency 

i'r — e.Bfm* where B is the magnetic field and e is the electron charge. The detector has 

a tuning constant, of about S.OGmeV per Tesla. Spectral iuea.surenie.iits are performed by 

iuea.surenie.iits
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Figure 5.20: Set up used to perform luminescence inefisnreniciits in a magnetic field normal 
to the. layers. The measurements were done nt TU Wien, in collaboration with .1. Uh-icli r.t 
at. 

tuning the top superconducting magnets from 13—OT to a maximum of B=2.5T changing 

the cyclotron resonance frequency of the InSI? detector of to a maximum photon energy of 

huj m 20//)/:1''.[28] The whole spectrometer and the sample are submerged in liquid heliimi. 

Figure 5.2] (h) shows the light intensity from the waveguide with the applied magnetic; field of 

B=OT to 13 = 7.0 T for a constant injected current of 13OmA. The lush detector is constantly 

tuned at the intersubband transition energy. We observe an increase of the emission intensity 

with a maximum at. B = 6.63 T. This maximum intensity is more than a factor 2.5 higher 

than a B=OT. This increase of intensity is not, monotonous with increasing magnetic field 

hut exhibits oscillations due the Stark-cyclotron resonances (SCR) due to clastic tunneling 

between the Wanier-Stark-Landau levels with non-equal quantum numbers on neighboring 

wells. A resonance occur if the energies of the initial and the final state coincide and the 
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Magnetic field [T] 

Figur« 5.2.1: (n) Energy levels of sample S1G83 plotted versus aj>p1if»l magnetic field fora stil>-
l>autl energy separation of 16.1 ineV. (I>) Light, intensity plotted against applied magnetic 
field with il cou Stil i it. injected current. The detector was constantly tuned at the photon 
emission if the i i iters ubbai id transition. 

carrier may escape through (,his channel decreasing the overall non-radiative lifetime and thus 

decreasing the emission iiitensity.[54, 33] Fig. Ti.21 (a) show the energy levels of sample S1683 

plotted versus applied magnetic field for a sillabanti energy separation of 16.4 ineV. The 

observed minima of the emission correspond very well with the corresponding resonances of 

the excites state Landau level ii\ = 0 and the ground state -iiü = 3 and nü = A. Similarly, the 

maxima in the emission intensity cones-pond to the anti-resonance of these levels. Spectral 

measurements performed with a const,ant, injected current of J = 230m..4 ¢.7 = 82.4f.7H2) 

and increasing magnetic field up to 6.6 Tcsla are shown in Fig. 5.22. The poor signal to 

noise signal obtained during these experiments is due to the low signal intensity from the 

edge emission. Nevertheless we observe an emission peak occurring at 16-lmeV and slightly 

82.4f.7H2
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Figure 5.22: (a) Spectral data from a waveguide at, n constant current density of 82Anil l 

with increasing magnetic field.(b) The I7VVHM of the emission versus applied B field is shown. 

red-shifts with increasing field. The red-shift is an artefact due to the .influence of the high 

magnetic field on the InSb detector. The full width at, half niaximuin show a decrease with 

increasing field from 3.5meV to 2.2meV al. B=6.CT (Fig. 5.22(b)). Subtracting the detector 

linewidi.li of 1.1 ineV we observe a true narrowing of more than 50%. This »arrowing of the 

emission peak is similar to what, was observed by Ulrich et /it on their vertical transition 

samples (30%) and does not suggest any narrowing from stimulated emission. The narrowing 

more likely occurs from the in plane depliasing time involving scattering between Landau 

levels which increases proportionally with the applied magnetic field. [5'I]. The effect of the 

iutersubband lifetime increase due to the magnetic iield is too small to be observed compared 

to the other broadening processes. Assuming an increase factor independent of current and 

taking Tn=0 — ììpa. the effect of the magnetic field induces a narrowing of 5E = 0.2bnu:V at 

6.6T. Fig. 5.23 shows spectral measurements at a constant high magnetic field of 13=6.6 Tesla 

and for varying injected current from .T=OOmA up to .T=230niA. As expect«), no shift of the 

emission peak are observed. The FWlTM of the emission peaks however do show a narrowing 

linewidi.li
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Figuri1 5.23: (a) Spectral measurements performed with increasing injected current nini a 
constant high magnetic field of 13 = 6.GT. (b) A plot of ihn FVVHiVl of Mie emission peak 
plotted versus injected current is shown. 

from AE = S.QtticV nt. .1= 90 iriA down to AcT = 2.2w<:V at. .1 = 230 inA. These values aie 

very similar to what was obtained in alwence of aj)plied magnetic field (see figure 5.11) and 

therefore do not show evidence of gain in these structures. Further ex peri mei its with the high 

magnetic field Het-up in Neiichatel were performed on sample S1G83 and samples S1774. The 

latter is processed with a grating on top of the mesa for surface emission. The objective of 

these measurements is explore the possibility of gain enhancement with an applied magnetic 

field perpendicular to Üie epitaxial layers up to tlie full quantization limit with a magnetic 

field of 13 = 14T. Both structures are similar hut not identical as sample S1683 is optimized for 

carrier extraction as described earlier and cannot directly be compared. In any case, if gain 

is present in the structures and is enhanced by the magnetic field, the observed narrowing 

from the waveguide sample should be much stronger than from the surface emission sample. 

In (.lie first case, nan-owing due to gain will be added to the effecl-s due to the reduction of the 

E-E scattering rate ami in-phiue dephasing time with applied magnetic field. In the second 
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Figure 5.24: Spectral measurements performed with a constant injected current up to a 
magnetic field of B = 14T for sauiple S1GS3 ;ui(] S1774 processed respectively into a double 
plasmo» G83/iTJt long waveguide and with grating for surface emission. 

caso the effect, of gain will have no contribution to the narrowing due to the absence of any 

waveguide. Furthermore the intensity increase with applied magnetic field should increase 

faster for the waveguide sample than for the surface emission sample. The emission spectra 

for I)OtIi configurations is shown in ligure 5.24. The measurements have been performed at 

a constant injected current, and increasing applied magnetic field. The emission intensities 

have been normalized to unity for no applied magnetic field. The data shows an increase 

of the emission intensity of a factor o f « ft for both samples with an applied magnetic held 

of 13 = 14T showing no extra enhancement of the output power for the waveguide sample 

compared to the surface emission sample. Narrowing is however observed for both samples 

but with similar values. However true liuewidth is difficult to measure due to the presence 

of the cyclotron resonance emission peak present on the edge emission spectra and due to 

the relatively large intrinsic litiewidt.lt of Af; — 3.4'1/H1I'' of this JuSb detector. 

litiewidt.lt
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Thft obtained result,s do not demonstrate l.ho inexistence of gain in otjr structures as its 

effficts am only expressed close the laser threshold. Recent achievement of a far-infra red 

laser allows the open question of gain enhancement with applied magnetic field to reach an 

answer. If this this assertion is true, a reduction of the threshold current density will he 

observed with increasing applied magnetic field. 



Chapter 6 

Second Generation Active Regions 

6.1 Introduction 

VVc have seen in the previous chapters that, electro-luminescence from an interstibband far-

infrared transition is possible. ami moie more specifically that electrical pumping is possible 

using n cascade type injection. Our experiments on tlie active regions .suggest that popula­

tion inversion has boon achieved and thai, some gain is present. Furthermore the plasuion 

waveguide have shown to have relatively low losses. lint as laser threshold is not reached at 

this stage both the active region and the waveguide must be improved. 

Study of the structures has shown two mail) bottlenecks: the injection and the extraction of 

the carriers. Increasing the injection allows to have more carriers on the excited state and 

increases the gain provided population inversion is maintained. In the vertical transition, 

the non-radiative lifetime of the excited state is inversely proportional to the carrier density. 

and therefore decreases with increased injection !imitating the maximum upper state pop-

105 
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nlalion. The second bottleneck is the ground state extraction. The extraction time in out' 

structures is relatively slow as (.lie carriers must tunnel through a barrier with n tunneling 

time dependent on (.lie barrier thickness. Tlte vertical raiisition is therefore not adapted as 

active region for a FlR-QCL. The diagonal structure should be a good candidate but has 

exhibited broad emission reducing the possibility of high gnin. 

Since the demonstration or the. QCI in the m id-infra red, dramatic performance improvement 

has been achieved both in output power, temperature and in the increase of the emitted pho­

ton wavelength. The output powers mid operating temperature have been greatly increased 

wilh the so called vertical three quantum wells design (3QVV)1JD(I] The injection efficiency 

was significantly increased by increasing the overlap between the exited state wave-function 

and the ground state of the injector, while reducing the overlap of the latter with the ground 

states active region. This overlap incrca.se is done using a chirped superlnttice simultane­

ously as a funnel injector and a Bragg reflector suppressing the escape of the carriers from 

the excited state of the transition. This allows high performance device to reach an emission 

peak power of 5T)UiW at n wavelength of A = 11.5//m at room temperature. [91] The longest 

wavelength reached with this design isso fai- A « 13/im.[92] However, these devices exhibited 

fairly limited performances with a maximum operating temperature of T„ias = 175A'. The 

limitation is due to a bottleneck with the carrier extraction. Recently a structure design with 

a mini-band extraction has demonstrated significant, increase of operating temperature ami 

output, power.[93] Improvement on (he emission wavelength has been obtained using devices 

based on chirped supeilattice active regions with demonstrated operation at much longer 

wavelengths, reaching 17, 19, 21 and finally up to A « 24/<m. [04, 95, 82, 27] However, these 

incrca.se


107 

structures me limit«! to operation tenipeint»res below 2D(J - 240A' 

6.2 Far-infrared Chirped Superlattice 

Tim successful improvement obtained in the inid-inl'rar«! suggest thai- far-infrared struc­

tures could l'endi laser threshold by taking advantage of the in id-in fra m l QCL evolution. 

The main limiting factor in the first, generation of far-infrared structures is the extraction 

of the carrier from the ground stale. Reducing significantly the extraction barrier would 

allow to reduce significantly the tunneling time. This can be done in chirped su pèrla ttices 

consisting of a. periodic stack of quantum well and barriers. This type of structure creates an 

artificial crystal with electronic conduction band and band gaps similar to what is observed 

in bulk SeIiIi-COiIdUCtOi-S, but inside the conduction band and the valence band. However, 

to electrically inject carriers in such a true superlattice, it must, be biased. This causes the 

structure to form a Stark ladder , as proposed by Kasarinov ami Suris.[D] Such a structure is 

electrically unstable and practically useless as a quantum cascade active region. Scaniiarcio 

ct id. have stabilized such a structure by inserting doped region between undoped regions 

to keep the mini-band structure and simultaneously having a potential drop, creating this 

way an injector and an active region.[96, 97] The minimize dopants into the structure, the 

mini-bauds can be kept flat without any dopants with the so-called chirped superlnttice. 

Au effective quasi-electric field is generated by chirping the superlnnice period so that, a 

fiat mini-band condition can be reached.[98] Very thin barriers can be used in such designs 
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allowing to have f|uasì-coiitiiiimiii bauds where the carriers travel without being' limited by 

tho barrier tunneling time together with the interface roughness scattering from (he multiple 

barriers will enhance the extraction 

6.2.1 Structure design 

Supnrlatl.ice with far-infrared intermiuiband optical transition energies liave been designed 

both in (,lie AllnAs/lnGaAs and in the AlGaAs/GaAs material. Schematic band diagram 

are shown in Fig .G.l and Fig. 6.2 Both structures are very similar and consist, of a four well 

injecUir and a three-well active region leading in both cases to two well defined mini-bauds. 

The injectors lower mini-baud is matched to the active superlattice upper mini-band through 

a 2.5 nin AIInAs respectively '1.0 mil AlGaAs injection barrier. The expected 'terahertz 

«niisKinn should be dominated by a pronounced peak near the wavelength corresponding to 

the mini-gap between the .second and the first, mini-band [96]. The ground state of mini-

band 1 and the ground state of mini-band 2 of the IuGaAs sample reach a minimum of the 

energy slitting of AB = 0.84,nif:i/ with an applied electric field of 2,1 kV/cin. The calculated 

optical transition occurs with a photon energy of Iw = 16.4meV\ The matrix element is 

longer than in (,he vertical structure with a value of 2;/ = 8.1m».. Beyond the minimum, the 

energy splitting increases strongly (Fig. C..3 (a))and higher states of the mini-band are then 

easily populated decreasing the injection efficiency. Similarly, the GaAs sample reaches its 

minimum energy splitting of A/f = l.bGinr.V with an applied electric field of 4.0 kV/cin. 

The computed optical transition is }iv = lS.5mf:V" with matrix element Zjf = 7.2m». 
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injection barrier 

Figure 6.1: Energy band diagram of two periods of UIR AlInAs/InGaAs structure Sl677 
under an average applied electric field of 2.QkYuH'*. The optical transitions occur between 
two inter-sub-mini-bands. The layer sequence of one period of structure, in nanometers, 
left, to right and starting from the injection barrier is 2.5/29.0/0.4/23.0/0.3/20.0/1.3/20.0/ 
1.0/10.0/1.3/18.0/1.8/17.0/ where 1IIÜMAIQMAS layers aie in bold. /7/0.:,:1 GV)1U7As hi Ho-
nian and underlined numbers correspond to the doped region (Si, 3.8x ì(ìW(nii~2).Oue period 
of Mie structure is 154.G tun long. 

6.2.2 Experimental results 

For the experiments, the InGnAs design was grown with 35 periods and processed into mesas 

with a 15/iïu grating periodicity on top of the sample. Simultaneous measure]rients of the 

voltage and optical output power versus injection current performed at low temperatures (T 

— 10K) for the InGaAs sample (S1677) are shown in figure C)A. in contrast to measurements 

performed on a vertical transition structure [31], the luminescence efficiency is constant with 
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Injection barrier 

Figure ().2: Sfilf-consi.st.nnt energy band diagram of t.wo periods of !.lie AlGaAs/GaAs struc­
ture A2432/A2433 iunior an average applied electric field of 4.2 kV/cin. The doped wells 
are shown in gray. The layer sequence of one period of structure, in nanometers, left 
to right atirl starting from the. injection barrier is 4.0/18.6/0.8/15.4/0.6/13.6/2.3/12.8/ 
1.8/11.8/2.3/1().8/3.2/10.4/ where Al^GtitaAs layers are in hold. GaAs iti Roman and 
underlined numbers correspond to the doped region (.9/,3.9 x 101( icm - J). One period of tlie 
structure is 108.4 um long. 

the inject«! current. The optical power rises linearly to a current, density of j = OOArm'2 

where n negative differential resistance (NDR) occurs. This linear dependence suggests that 

electron-electron scattering is not as effective in a superlattice as it is in vertical transition 

structure and is not a liiuitating factor. The operating region of the sample extends from an 

applied bias of V = OX)V to V — 0.91'' corresponding to an electric field of F = IJAiVcm -1 

and F = 1.7M'Vm~', slightly lower than the designed operating bias of 1'" = 1.11'\ 

Spectral measurements of the luminescence were performed using the Nicole!. 800 FTIR. 

set-up in the step-scan mode. A few representative spectra taken for increasing injected 

Sfilf-consi.st.nnt
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Fidili'« G.3: Computed splitting energy between the ground stato of the injnctor and (,lie 
upper state of the transitions versus applied field is shown for the InGaAs {a) and CaAs (b) 
superi a Mice designs. 

currents ;it T=IfIK are displayed in Fig. G.ô. They show that Ute luminescence spectrum 

mainly consists of One main peak centered at, a photon energy of 15ineV. This peak is 

slightly red-shifted in energy 1.4 nieV away from the expected energy corresponding to in ter­

mini-band transition in the active region. X-ray diffraction data exhibit a higher indiuin 

concentration than expected resulting in lowering the harrier potential and thus lowering 

the energy of the levels, in accordance to our observation. This could also explain the low 

operating bias of the structure. The FWHlVl is measured to be 2.1iueV. independent of the 

injected current. This is almost a factor 2 larger that the one observed from the vertical 

transition {l.InieV). This may come from an increased effect of the interface roughness as the 

electronic wavefunction spreads over three wells. Increasing the injected current increases 

the peak intensity. Beyond the NDR, in contrast to the extremely broad optical spectrum 
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Figure 6.4: Luminescence intensity and applied bias versus injected current at T=IOK for 
sanipiß Sl 677 is shown (InGaAs/AIInGaAs). 

observed on the vertical transition, the peak is still present, (Fig. 6.5 @ 99/tf :/»-'2) but with 

less intensity, showing that injection into the mini-band is stili possible, but with reduced 

efficiency. We clearly observe that a tail is present on the low energy side of the peak. Sudi a 

tail is also observed with increasing current injection in the mid-infrared from huuinescence 

spectra of a su perl attico. [96] In contrast to our situation, this tail is on the high energy side 

of the peak, originating from carriers injected into higher states of the mini-band. These 

carriers perforin a radiative transition before relaxing to the bottom of the lower mini-baud. 

In our case, the tail must result from black-body emission due to sample heating. Figure 

6.6 show temperature dependent measurements that have been done at constant injection 

current density (;/ = 76Aan~'*) up Io T = HOK. As the temperature is raised, we observe a 

decrease of the intensity of the main peak. The integrated peak intensity at FWHM plotted 

versus inverse heat sink temperature is fitted to the data with an exponential function 
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Figure 6.5: Spectral omission from the AlInAs/InGaAs chirped superlnttice for increasing 
injected current densities. 

ami exhibits an activation energy of Eu = ÌQ.2iiu:V (Fig. 6.6). As previously observed in 

the vertical transition structures, with raising temperature the electron gain excess kinetic 

energy and can relax to the lower minibaiid through emission of an optical phonon. The 

width of the lower minibaiid in the three well active region being AZ? = QmcV, the sum of 

the niiniband width in the active region, of the activation energy and of the emission energy 

is A/i,il( ft; 'MnicY corresponding very well with the optical plionon energy {Ef,i, = 33mvY). 

The AlGaAs/GaAs samples A2433 was grown with the elementary cell repented 12(1 times. 

The upper contact and mode confinement layer consist, in contrast to the vertical samples, of 

an MDlD in situ grown aluminum layer. This was done to optimize the electrical contact and 

!•educe the waveguide losses with a very clean interface. The sample processing consisted 

only in etching the waveguides. Figure 6.7 shows light and bias versus injected current 

density for waveguide length of L = 880///» and L = 220//;//. The bias versus injected 

Expcriiiicut.il
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Figur« 6.G: (a)Spectial emission from the AllnAs/lnGaAs chirped siij>r.rIat.t'tCR for an inject™! 
current, of 7(jAr.in~2 anil increasing heat sink temperature. (b) Activation graph of the 
integrated peak intensity at. the FVVIlM with inverse temperature. The data is fitted wil.li a 
(Increasing exponential with an activation energy AE = ]0.2T»<:V\ 

cnri'ent density becomes linear with an applied 1>ias of V = 5.2 volts corresponding to ilio 

expected electric field of F = 4.0A*V'a;;-1. This linearity stops with an applied bias of 

b Ä: 8K(F = G/,:\''an-1) corresponding to an injected current density of j =¾ TDO/Mcni-'2. 

The emission power increases non-linenrly for the L — 880/m( samples and linearly for the 

L = 22fJ/mi long waveguide up io an injected current density of j ^ 7bQAaii~'*. Beyond 

this current density, the intensity increases non-linearly. Due the high injection currants, 

low duty-cycles of respectively 7.5% and 10% were used to minimize heating and for limited 

available power reasons. To understand the ini ture of the dramatic increase of the intensity, 

spectral measurements have been performed for both waveguide lengths and are presented 

in Fig. 6.8. They have been normalized to a common arbitrary duty cycle of ] % to preserve 

relative spectral intensities. However, due to sample heating, integrated intensities are not 

relative to each other and <lo not correspond to what would have, truly been measured 

at 1% duty cycle. All spectra show an emission peak centered at the photon energy of 
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Figure 6.7: Liglii, (daslifì<l) and applied bins (plain) are plotted versus injected current density 
for sample 2433 at T = 15K. The measiireiuents were performed at respectively 7.5% and 
10% duty cycle for 880//m and 222/<m long waveguides.The waveguide width of tlie samples 
is ; = 5011/im. 

Iw — ÌS.òmc.V as expected from the structure design. We also see that the peaks are 

sitting on top of a broad emission due to sample heating. This heating is very important, 

in these samples as it, represent, more than 80% of the total emission power. On the L = 

20f)/em long sample we observe that a high energy tail appears with increasing injection 

current, densities, suggesting the presence of hot carriers performing a transition to the lower 

miniband with a cut-off near 30nieV as similar effect is reported in the mid infra re* 1.(96] But 

no clear conclusion can he made as the apparent cut-ofr of the shoulder corresponds to a 

spectral minima of sensitivity of the detector. The increase of intensity of the low energy side 

shoulder suggests rather black-body emission from sample heating, which also supports the 

strong non linear increase of the intensity observed in Fig. 6.7. The integrated peak intensity 

where the black-body has been removed is shown in Fig 6.9(a) vei-sus injected current, density. 
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Figure 6.8: Spectral omission for Ij= 880//m (a) and L = 220fim (b). Current densities are 
Kivoii in Ann''2. The spectra art! presented normalized to a common duty cycle of J% to 
J)I1PKOrVe relative spectra intensities. However, due to sample heating, integrated intensities 
are imi, relativo to paoli otlicr and do not, correspond to what would have been measured at 
1% duty cycle.. 

The peak intensity in greater for (,lie L=880/mt sample than for the L=220/m* long sample. 

Close to laser threshold, the waveguide jg transparent and the output power should be at 

least, proportional to the sample length. VVe however observe less than a factor of two 

increase of the output power with a four times longer waveguide. This is slightly better 

to what is observed with the vertical transition samples and a similar wavoguide(soe figure 

5.9) suggesting higher gain. Unfortunately higher statistics is necessary to apply the same 

technique in on 1er to evaluate the gain. 

The FWHM of the emission peak are shown in figure CO for waveguide length of L= 880////1 

and L = 220/m? versus injected current density. A base line lias been subtracted from the 

emission spectra before measuring the FWIIM of t-lie peaks as the spectra clearly contain 
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Figure 6.9: (a) The integrated peak intensity where the black-body emission is removed are 
plotted VRi-SUS injected current, (b) FWIlM of tlie emission peak are shown versus injected 
CiIi-I-(ULt density. A base line lias been subtracted from the emission spectra before measuring 
the FWHM of the peaks. Without the base line suppression, the FWl-IM has a linear increase 
with injected current. 

an important contribution from black-body emission. Without the base line suppi*ession. 

the FWHM lias a linear increase with injected current. The I- V curve of the sample is also 

shown. The FWHM increases strongly up to 3iucV at the operating bias of the structure, 

and then have a slight decrease with injected current.However no clear difference is observed 

between the two length . A slight narrowing is observed with increasing current density for 

both Siiiti])les. This decrease seems to be more pronounced for the long waveguide. Clear 

conclusions on the cause of this small effect cannot be inaile as the errors bars are relatively 

important. Furthermore, the heating is dominating the emission spectra and may reduce the 

performances of the device. Further exploration of this type of »ample -structure is required as 

the observation of far-infrared emission is possible with a chirped superlattice. Monte-Carlo 

simulations performed on a very similar structure predict a gain coefficient of Slciri -1 [9Sl]. 

Considering obtained waveguide losses obtained in section 5.3, a reduction of the waveguide 
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Tabid 6.1: The overlap, loss ami T/n parameter have been computed for various waveguide 
geometries with tlifi same active region thinness (AR) and for various Semi-Insulating GaAs 
thicknesses. The reported thicknesses correspond to the liigliest, YJn value. 

Waveguide Sl GaAs Thickness 1" n Y/tv 
[inn] [%} [cm'*] (%«»-'] 

(a) SlGaAs-AR-SlGaAs 
(b) Metal-AR-SIGaAs-Air 
(c) Metal-AR-SIGaAs-Metal 
(d) Metal-AR-Mel,al 
(ft) Met.al-AR-/i + GaAs 

loss lias to be achieved to reach laser action. 

As discussed in chapter 5, a parameter characterizing the efficiency of a waveguide is given by 

the ratio Yj<\ of (,lie overlap factor and the waveguide losses. The double plasmon waveguide 

has the advantage to have a unity overlap factor and the disadvantage of relatively high losses 

compared to the double metal waveguide. This approach was used for technological reasons 

and the experience shows that, il,'s performances are insufficient to obtain laser threshold 

with the available far-infrared active regions. The Yft_v parameter has been computed for 

various waveguide configuration for an identical active region. The results are presented in 

table 6.1. The simulations have been performed for a far-infrared radiation at. A — 67 inn 

and assuming zero losses in the semi-insulating GaAs. They show that, configuration (a) 

is the best even with an overlap factor of only Y = I % due to the very low waveguide 

losses. This configuration roijuiros to have thick semi-insulating GaAs cladding on both 

sides of the active region. This configuration was rejected at due to the impossibility to 
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Figure G.10: (ajr/rv ratio plotted versus semi-insu la ting GaAs substrate thickness for con­

figuration (IJ) anil (c).(b)Modc profile versus sample thickness for waveguide configuration 

(c). 

grow such a cladding and secondly due to (.lie difficulty to contact the active region. TIiR 

easiest configurati on is the double plasmo» waveguide (d) but it is also the one with smallest 

P/o factor, even with a 100% overlap. However, increasing the bottom doped layer of one 

order magnitude to v = 5 X 10,!V:m~'1 would bring down the losses )n rv = 17cm -1 close 

to the metal-active region-metal configuration (d). Unfortunately such doping levels cannot 

be reached in GaAs. Gin figuration (b) and (c) have very ,similar properties (Fig. 6.10 but 

are not equally easy to process. The difficulty of configuration (a) is suppressed by having 

a top metal layer to confine the wave and the use of a the semi-insulating GaAs substrate 

to carry the wave. This configuration has very small computed waveguide loss as most of 

the wave is in the undoped substrate. The overlap factor is relatively high compared to (a) 

leading to a Y/at = 8.5 for configuration (c). This configuratimi is much easier to process 

than configuration (b) as in the latter an air separation has to be left between the substrate 

and the sampln holder. The only difficulty to process the waveguide in configuration (c) 
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Figure G. 11: Schematics of the sample processing in configuration (c) of table 6.1. 

.is to fttcli tlii> waveguide down to the highly rioperi 300nin thick contact layer separating 

the active region from the semi-insulating substrate (Figure 6.11). For the experiment, the 

samples were grown on semi-insulating GaAs (SIGaAs) wafers. The growth was initiated 

with a 300 inn highly doped n = 2 x ICl18Wf/"3 GaAs bottom contact layer followed by a 

parabolic grading Io produce an abrupt carrier density profile. The active region is a chirped 

superlattice identical to sample A2433 shown in Fig. 6.2 doped with a nominal sheet density 

of Tt, = 4 x IO1". The elementary cell is repeated 12(1 times. The structures continues with a 

300nm parabolic grading and ends with a highly doped n = 5 x If)18 80imi thick top contact 

layer. The sample is processed into waveguide etched down to the bottom contact layer. Two 

small 10/mi Ge/Au/Ag/Au alloyed contacts stripes are depositari on the top sided of the. 

ridges. Evaporation of Ifl/ilOOiini Ti/Au on top of the ridges provides the top confinement 

layer. The bottom Ge/Au/Ag/Au alloyed contact layer is then deposited. The substrate is 

then thinned down to 250/HII and polished before evaporation of a 10/400um Ti/Au layer. 

The waveguides are then cleaved and soldered on a copper mount with indium. 

The luminescence spectra of sample A2G72L2 is shown in figure 6.12 (a). The emission 
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Figure fi. 12: (a) Luminescence spectra obta ins I from a 200/n« x löOO/mt long waveguide. (h) 

Obtained iuterferogram from a double plasmon waveguide (a) and fi'otn the (c) waveguide 

configuration of table 6.1 ((b)-(e)). 

occurs at a photon energy of 19 meV. The iul.egrated emission power is 30 p\V wi th a 

duty-cycle of 0.6%. Similar average output power were observed from the double planinoli 

waveguide but w i th duty-cycles of 10% (fig. 6.7). Comparing the peak output power from 

the two waveguides of respectively 40OpVV and 500OpW for samples A2433 and A2C72 wi th 

similar injected current, densities clearly demonstrates the efficiency of the new waveguide 

configuration. Furthermore the emission spectra of the latter show reduced contr ibut ion of 

black body radiation to the total output power compared to sample A2433. The presence of 

gain is clearly observed as the emission l inewidth lias been reduced from 3meV to 1.3tneV 

wi th the new waveguide. Very similar interferograins labeled (b) and (c) iu figure 0.12(b) 

frnin respectively L = 800/;//;. and /,- = 1500/nn long waveguides show that the waveguide loss 

is not anymore the dominant, loss source preventing the sample to reach laser threshold. The 

total m ino r loss given by relation 6.2.1. where L is the cavity length and R the rel lectivity 
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Figure 6.13: Light and bias versus injected current [L — ! — V) for sample A2G72B<]2 is 

Si JOWl). 

are computed to be respectively <*•„, = 32a« _ l and 17c»i_l for the SOD/im and l.bvnu long 

waveguides.[24, 49] In order to reduce the mirror loss without increasing the current, one 

facet of the waveguide is HR. coated with lOOimi ZnSe used as insulator to prevent short 

circuits ami CiOnm of gold leading to a mirror reflectivity in the order of 95% reducing the 

waveguide mirror losses to o„, = Of-Tn.- ' for the 1.5mm long waveguide. The linewidth of the 

luminescence was reduced to 1.1 iueV as suggested from the longer oscillating iuterferngrani 

labeled (d) in Fig. C.12. 

n,„ =--In(JRtR2) with /? = ( " ' '"'')* (6.2.1) 
L v 7i i + H1 

Going one step further, a 2.7mm long waveguide with the identical facet coating has been 

processed reducing the mirror losses down to tvw = 5f:/u_l allowing the the sample to reach 
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Figure 6.14: Step-scan of the laser emission. The resolution between two spectral points 
is 0.2 in«V nini do not allow ns to resolve the peak. The interferograin is shown in figure 
0.12(h) initier label (e). 

laser threshold at. a current density of j u , = 2U)AcIiC2 at T = 8K (Fig. 6.13). The applied 

bins of 5.6V [F — 4.SkVcUr1 ) corresponds well with the structure s designed operating 

value of./'" = A.UkVair1 (Fig. 6.3). An output, power of 7n\V was measured with 150 pulses 

75ns long per period matched with the bolometer response at 413Hz. The overall duty-cycle 

is 0.46% lending to a peak output power of Pvcilli « 1.5/(H'. The peak material gain at 

threshold is estimated to be Gp = (a,„ + a „ ( ) / r = 35cm - 1 . This value corresponds very 

well with the predicted value of Gp = 3i™i l from Monte-Carlo simulations performed on a 

similar structure.[09] The spectral emission is shown in figure 6.14. It consist of a narrow 

peak centered at, a photon energy of/»/ = }9mv.V as expected from the structure design. 

Small peaks are present on each side of the main peak. These features are equally spaced 

with an energy difference of Ai/ = ì.2inv.V. These peaks are artefacts due the Fabry-Perot 
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Figure 6.15: Temperature dependent L-J curves. 

i-e.sTinaneos in the beam-splitter (Chapter 2.5). Temperatine dependent i n Ras urei noi its of 

(.lie light, output, power versus injected current have been performed between 12K and the 

maximum operating toni pera tu re of 44K at a very low duty cycle of 5 x If)"''. A threshold 

current, density of j t k ~ 210.-4/-.7//-1 is observed at T=12k and ./„, = SQOAair* at T = 

44k. At T=12K sa Una ti on of the Rain is reached with a current density of;/ = 315.4(:7/1-1'. 

Tlie average output power is Pn,,,, = 1147/11" leading to a peak power of Pprak — 4.7m H'", 

taking into account that only half the power is transmitted trough the FTlR. Willi further 

optimization of the structure liquid nitrogen tempera turns should be readied as the excess 

kinetic energy of the carriers at this tempera turo is one third of the optical transition energy. 

The very low threshold current density should also allow to obtain continuous wave operation 

of the device (CVV). A structure based on the bound-Lo-oontiniuun transition should increase 

the injection efficiency of the carriers ami thus increase temperature performances. 
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Injection barrier 

F = 5 kV/cm 

Figura 6.16: Energy band structure for sample A2567 in the GaAs/AlGaAs mate­
rial MystoiiL biased at F = 5.M 1''/Vw. Tbe layer sRrjnonno in nanometers starting 
from LIiR injection barrier is 6.0/2.9/1.4/5.4/1.5/6.3/3.0/18Ti/ 3 .2/8 .0/0 .2/7 .8/4 .0/6 .8/ 
0.9/6.6/4.5/6.2/1.0 /5 .9 /4 .0 /7 .4 /4 .0 /6 .3 /4 .2 /5 .8 /4 .7 /5 .7 / where Al0AbAs layers aie in 
bold, GaAa in Roman and underlined numbers correspond Io the doped well (Si, n , = 
6.21Ó"1««-2). 

6.3 Vertical Transition with an Optical Phonon 

Pushing tlie concept of fast carrier extraction from the ground state of a far-infrared vertical 

transition, a structure taking (,lie advantage of optical phonon emission lias been designed. 

The energy band structure is shown in figure 6.16. The optical transition occurs between 

the stiite labeled b and mini-band 2. The optical transition energy is hu — 23.3nit;V' anil has 

matrix element of s,y = 4.9nm. High energy far-in fra red photon energy is chosen to push the 

excited state as far as possible to prevent optical phonon emission from the excited state to 

iniiii-hand 1. The exciter] state and !,lie ground state of the transition are localized in a well 
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Figure G.17: Iiias versus injected current density is show» for a pulsed and a do current. The 
first NMDR. occurs at a bias of b=2.5V corresponding very well with designed operating ßei<I 
of F = UVan-K 

with a small barrier in its center. TIm purpose of this small well is t.o be able to control the 

independently the energy of the excited state and the ground state. The energy difference 

of Iu/ = "XJvi-cV between the top of mini-band 2 and mini-band 1 allows emission of optical 

phonons. Two mini-bands have been used instead of one to prevent possible rcabsorpt.ion of 

the photons from the structure 

For the experiment, the structure was grown with the elementary cell repeated 35 times and 

processed into ineas with a 15/cm period grating for surface emission. Alloyed Ge/Au/Ag/Au 

contacts were deposited in top of the mesas. Figure 6.17 shows the bins versus injected 

current density obtained both for a pulsed (5% duty-cycle) and do current injection a T = 

I2.K. The structure aligns very quickly with an applied bias of V R= 21''. A Nl)R. occurs at 

I'' a; 2.5V and a second NDR occurs at higher voltage. The first N1I)R. corresponds to the 

designed operating field of F — hk.V<iii~l. 
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Figure 6.18: Spectra obtained foi' injected current densities above an before the first region 
of NDR. Vertical dasiuri linn indicated the energy position of the expected iiiters»bband 
transition. The other dashed line correspond to to tlie detector spectral responsi vi ty on an 
arbitrary scale. 

Spectral measurements have been performed both in the region below and above the first. 

NDR. Before the NDR, a broad and weak emission is observe in the 10-20nieV spectral 

region. As the current is increased above the NDR, the emission is iinich more intense but 

in neither cases a peak is observed at the expected photon transition (vertical dashed line). 

The observed broad emission is however attributed to black-body emission, filtered by the 

detector's responsivity (dashed line). 

The absence of intersubband emission from this structure may be due to optical phono» 

emission from level 6 to top of mini-band 2 or to the bottom of iiiiui-band 2 with k ^ 0 wave-

vcctoi-s. Indeed at k — 0 this energy is Iu/ = 34/HcK. very close to the phonon energy, thus 

expia ini »g the very good carrier transport capabilities of the structure, but unfortunately also 

the missing intersubband emission. This effect could suppressed by removing the dispersion 

of the levels with application of a magnetic field. 
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Figlila fi.19: Tlifl lxnind-t,o-continiuim structure takes advantage if t,lie very efficient injection 
of (,lift 3QW quantum cascade laser find the efficient extraction of the chirped snperlattice 
design. 

6.4 Long Wavelength Mid-IR Laser 

When trying to design long wavelength quantum cascade lasers, for photon energies larger 

than the reststrahleu hand, population inversion is more difficult to achieve as the upper 

state lifetime- decreases with emitted photon energy, due to the dependence of the optical 

phonon scattering rate on exchanged wave-vector. The lower state lifetime, on the other 

hand, remains practically unchanged. Tor this reason, and especially if high temperature 

operation is sought, long wavelength QC lasers must he designed with extremely short, lower 

state lifetimes. Transport in wide mini-hands, compared with the optical phonon energy, 

provides efficient lower state extraction mechanism. As the "boiiiid-to-coiitinimni" (lesigli 

combines the fast mini-band extraction from the lower state with the efficient resonant tun­

neling injection into the upper stat.e, [Oli] this approach is very well suited for long wavelength 
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Injection barrier 

Figure G.20: Schematic contluction band diagram of one stage of (,lie structure nutier 
;ui applied electric field of 2.!I x 104Vf-Vn"1. The moduli squared of the relevant wave-
functions are shown. The layer sequence of one period of ,structure, in nanometers, 
left to right and starting from the injection barrier is 3 .3/3.2/0.5/6.5/0.6/6.6/0.7/G.3/ 
0 .8 /5 .8 /1 .0 /4 .6 /1 .2 / 4 .4/1 .4/4 .4/1 .7/4 .2/2 .0/4 .1/2 .2/4 .0/2 .5/3 .8/ where / w ^ W ^ s 
layers are in bold, /f'a.s:(G'fJ0_47>1 .•>• in Roman and underlined nuinbers correspond to the 
doped region (Sr, 3 x 1017CfN-"'). 

lasers and perhaps could even allow an inrease of the performances of the far-infrared laser. 

As shown schematically '» Fig.G-20, the active region of the structure spans the whole pe­

riod and consists of a chirped super lattice presenting a tilted lower mini-band whose width 

is maximum in the center and decreases on both sides close to the injection barriers. The 

upper state is created in the mini-gap by a small well adjacent to the injection barrier. Its 

wavefunction has a maximum close to the injection barrier and decreases smoothly in the 

active region. This upper state is well-separated from the higher-lying states of the super-

lai.ticc, lying in its first mini-gap and therefore does not need to be confined by separating 

the structure into an active region and an injection/ rei axa ti on region. The computed upper 
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Figure 6.21: Skematics of the processing of the waveguide used for the experiment. 

state lifetime T.II}, = 0.68/;¾*, is longer than the one ru;, = 0.55/JS computed for a chirped 

si i perl a tt ice emitting at, A = 17/tm.[94] This is due to the slightly diagonal nature of the 

laser transition which loads to a reduced overlap of the upper and lower state wavefunctions 

and leads to a further improved ratio of upper U) lower siate lifetimes. 

Because of the reduced overlap between upper and lower laser state wavefunctioii, the 

equivalent, dipole matrix element of the laser transition (averaged over the transitions to the 

two upper states of the lower mini-bnnd) ) is z = 4.OwH, lower than the value obtained for 

a chirped superlattice sanijile [z = D.OJUII). 

The structure (S2D18 ) was grown by Molecular Beam Epitaxy (MBE) using IuGaAs 

and AIJuAs alloys lattice, matched on trip of a very low »-doped InP substrate (St, n = 

] x 10'7I-Nj-'') and consist of a 45 period active region embedded in an optical waveguide. In 

contrast to the previous works, where extensive use of surface plasuion waveguide was made, 
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Figure 6.22: Refractive index mid mode profile for the waveguide usntl for the long-
wavelength lunar. Tlie air cladding has the advantage to allow t.o incorporate a gating 
into the waveguide. 

[76] we chose a waveguide which relies on dielectric confinement (Fig. 6.22). It consists 

of two low doped (Si. n = 6 x 101Vm - 3) InGaAs guiding layers 6Of) and 1750nm thick, 

respectively grown below find above the fictive region. The computed waveguide absorption 

caused by free carriers is a = 30cv/t_', neglecting the contributions from multi-phonon pro­

cesses. Electrical injection in tlie structure is obtained laterally through a heavily doped (Si, 

/ i = l x 10IBcm~:') 60OtIiIi thick InGaAs n-doped contact layer. The devices were processed 

in 50 —75/i'Hi wide mesa ridge waveguides using wet chemical etching and a hard baked resist 

layer for passivation. Contacts were then provided by a Ti/Au metalizal.ion (10/400 mu) ou 

the top edges of the waveguides.[100] Back contacting (Gc/Au/Ag/Au, 12/27/50/100 nin) 

the thinned substrate ended the processing. The samples were then soldered with indium 

on a copper heat sink and mrmnted on a Peltier cooler inside an aluminum box with a ZnSo 

Distance [um] 
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Figure 6.2'i: (a) Optical output power versus injected current in puisne! mode with a duty 
cycle of f).G7% at various temperatures for a device with a Fai»y-Perot cavity, (b) Threshold 
current density as a function of temperature. 

window. The electrical power was provided to the lasers with a commercial pulse generator 

(Alpes Lasers,"J'PG 128 puiser, and a LDD KI(J power supply) delivering 25 to 50 us long 

current pulses at a variable repetition rate up to 5 MIIz. The optical output power was 

directly measured Ly a calibrated thermopile. Spectral measurements were performed by 

a Fourier transform infrared spectrometer in rapid scan mode and liquid-nitrogen cooled 

MCT detector. Typical L-! curves from a 75/(7» wide and 1.6mm- long Fabry-Perot device 

are shown in Figure G.23 for temperatures ranging from -40C up to 6OC. The sample was 

driven with '2Tm s long current pulses and a duly cycle of 0.67%. At -40C the threshold 

current density is 6.7kAt:.ui~'2 with a maximum average output power 2.8 iuW leading to a 

peak power of more than 4(1OmW. At (iUC, the threshold current, density is '\Qk.Ai:m~2 and 

the maximum output, power is measured to be more than ImVV. At -40C, we achieved a 

maximum output power of 5.5 mW with 3% duty cycle and 1.2m\V at fiftC (1.5 % duty). 
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Fignite C.24: Maximum output, power versus injected current duty cycle for various tient sink 
temperatures. The current was chosen to maximise the output power. 

At, -40C, the highest achieved duty cycle was 9.6 %. A fit to the threshold current density 

dependence with temperature (Fig. 6.23 (l>)_) using the usual expression ./ = .li\cx[)(T/Tn) 

yields a value of 7'0 = 234A'.[101] 

The emission spectrum of this multi-mode device.(Fig.6.25(a)) consists mainly of modes 

mound 644WM~' (A ~ 15.5/mi). However weaker features around 607™«*' (A a; lG.5/mt) are 

also visible. They show that the gain curve of the device is broad (more tlian 40cm - 1) and 

suggest tli« possibility to force the device to läse in this spectral region. Dotted line above 

the spectra represents the two-phouon absorption of InP on a linear arbitrary scale.[102] 

VVe clearly observe a correlation between the minima of the two phonon absorption and the 

lasing frequencies of oui- device. To demonstrate the possibility for our structure to läse in 

two spectrally distant, regions, we have processed two series of samples with gratings etched 

( « 0.5/nu) into the waveguide with periods designed to force waveguide modes at A a; lü.5//m 

and A « 15.5/mi [103]. An effective refractive index n,.jf = 3.0(11 was used to compute the 
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Figuro 6.25: (a) Spectral emission from a device with n Fabry-Perot waveguide; (b) with a 
grating designed to force the lasiug mode at A ^s 16.5/nn and (c) with a grating (!«signed 
für A K ViSijiiii. The dashed tine is the two-phonon absorption lint; of InP on an arbitrary 
scald. 

periodicity. Figure 0.25(b) displays the .spectral ineasiirenienl-s for tlie 1.5 nun long and 50 

inn wide siuiiple S2018D22. At -40C, (,he threshold current density is 7MAr.m~2. Up to a 

an average power of P = fl.2mW . the emission is single frequency at 602an - 1 (A Ä 16.6/m/). 

However, as the driving current is increased further, side modes around the main peak al, 

002r.://i-' build up and the peak at G'Hcnr1 reappear. A maximum (multi-mode) output 

power of 2.1 mW lias been achieved. With increasing temperature, the peak redshifts from 

602cm"1 down to ffllOwi.-' (A « 16.7/»») at OC. Pesults from sample S201SD34 are shown in 

Figure 6.25(c). At -40C, the emission peak is centered at, 647cm~' with a threshold currenl, 

density of G.IA^an - 1 . Furthermore, at -40G, (Fig. 6.26 (l>)), the. emission is single mode u]> 

to an injected current density of 8.7L4c//i~' with an out]>ut power of P = 0.85 mW (G4 mW 

peak). Increasing the injection current density up to [IkAatC1 leads to a saturation of the 
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Figuro 6.26: (a) L-I curves with increasing temperature are .shown for sample S2018D34. 
The sample is processed int.o a 2.250 nun long and 50 /im wide waveguide. (1>) Spectral 
emission from sample S2018D34 plotted on a logarithmic scale.showing (,hat. (,lie emission is 
single mode with a maximum output power 0.9 mW at -'10C. 

output power at J.2 m\V. At this current, density, the emission consist of a single frequency 

peak around 647cm -1 and a small feature at 638cm - ' . Increasing further the current, in­

creases strongly the output power until tini iinixiuium output of 1.75 inYV is reached. At this 

stage, the emission spectra is multi-mode and centered at 646c/n -1. At +30C, the emission 

is single mode up to the device's maximum operation capabilities with an average output 

power of P = 0.8 inYV with a duty cycle of 1.3 %. The peak is redshifled down to G42cm-1 

leading to a temperature tuning ^ of -0 .07cm - 1 h'~l 

Measurements done on 750 /mi long structures show that the spectral emission is not single 

mode and suggest the need for a unteli stronger grating in order to achieve single mode laser 

operation for such short cavities. Similarly, higher power output in single mode operation 

should be achieved in the GOOCTII-1 region with deeper etched gratings'. 



Chapter 7 

Summary and Conclusion 

In this work, the quantum cascade (QC) technology was used to explore far-iui'rarcd iu-

tersubband optical transitions. liitcrsubband far-infra red emission was demonstrated in the 

AlGaAs/GaAs and AllnAs/lnGnAs material system with a vertical intcrsubbaud transitions 

using the quantum cascade electrical injection philosophy. Photon energies at hu ~ ]4vu;V 

with output emission power in the order of a few picowatts is observed. The emission full 

width at half maximum is very narrow between Af/ = O.lnmV and Ai/ = 1.1 mei'' respec­

tively for the GaAs and the TnGaAs material .system. No di (Terence in the performances of 

the GaAs and the InGaAs devices lias been observed. Far-infrared emission has also been 

demonstrated with photon assisted transitions, but with much broader emission peaks, rang­

ing from A// = 2Aim:V with an injected current density 2§Actu~'* up to AM = 12m t:V at 

UAAtM-* 

At low temperature, the output, power shows a square root dependence with injected cur­

rent for the vertical transition .structures. The excited state relaxation process is dominated 

137 
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by the carrier density dependent carrier-carrier scattering. At. lùgli temperature the oiit])ut 

power becomes linoni* nut I activated optical phoiion «mission from carriers with excess kinetic 

energy becomes dominant with increasing teniperai.ilre. Tenipernture (!«petulant measure­

ments allows to experimentally extract the scattering rates for the carrier-earner scattering. 

The obtained values correspond very well with puui]>-probn experiments performed on sim­

ilar structures. 

In vertical far-infrared structures, duo to the nature of the non-radia ti ve scattering of the 

excited state, the gain is expected to decrease with increasing current injection. This unfor­

tunately limits the operating range of such structures. The diagonal transition is a promising 

active structure for a. FIR-QCL as the gain in such a structure is controlled by th« injection 

barrier. However the broad full width a half maximum of the luminescence reduces strongly 

the gain. Gratted interfaces in the active region could reduce significantly the FWHM of the 

emission and show enough gain for laser action 

Waveguide based on the double plnsmon electromagnetic wave confinement have been demon­

strated in the far-infrared. Vertical structures have however not shown laser action. Gain 

measurement performed with a vertical structure with an optimized carrier extraction shows 

differential gain with injected current. This result suggest a gain coeffcient of// = (Ì.òònn-A~l. 

But due experimental imprecision, clear demonstration of gain has not been obtained. Other 

signs of gain have been sought by looking at emission peak narrowing as expected to hap­

pen dose to laser threshold. Emission peak narrowing with inject«! current, cavity length 

and an applied magnetic, field have been performed. Narrowing has been observed but not 

identified to be caused by gain in the structure. Waveguide loss measurements based on the 

iperai.il
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single-pass multi section technique lias however demonstrated encouragingly low waveguide 

losses of «•„, = 42(7/(-1, similar to the computed values. No edge-emission has however been 

observed from an AllnAs/InGaAs structure. 

Experimental exploration of the first generation far-infrared quantum cascade structures 

suggest that laser action is in reach provided an increase of the gain of the active region or a 

['eduction of the waveguide losses. Impiovement of the structure design in the niid-infrared 

suggested that, the gain could be greatly increased by the use of the a chirped superlattice 

as published simulations predict increased gain in such structures, but still lower than the 

measured waveguide loss of the double plasinon waveguide. A structure with much higher 

predicted gain based on optical pltouoii extraction has l>een been tested. Unfortunately no 

iutcrsubband emission has been observed from the structure. 

A new approach to the waveguide design allowed to reach very low loss waveguide by the 

use of an uni loped semi-insulating substrate as lower cladding. The chirped superlattice 

active region was embedded into this new waveguide. Narrow luminescence was observed 

from the device suggesting that the inirror losses were the main barrier to achieve laser 

threshold. Finally, a long waveguide together with a high reflecting coating deposited on 

one facet allowed to reduce sufficiently the loss and reach laser action at A = 67//7/(. with a 

threshold current density of j as 210 Actn~2 at T = 12K. The peak measured output power 

is more than PJK,ak = AmW, The gain at threshold is estimated to be Gv — 35cm - 1 and the 

maximum operating temperature is T = 44K. 

In the niid-iuftaiftd, a structure based on the bouiid-to-contiiiuum allowed to reach laser 

threshold above room temperature at X = lG.5/n/( with high output power demonstrating 
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the possibility of high performance laser with new structure design a long wavelengths. This 

suggests thai, performances of far-infrared QCL could greatly be enhanced using the similar 

design philosophy and operation of far-infrared laser al. liquid nitrogen temperature should 

be achievable. At this temperature the carrier e.xeess kinetic energy is EVr = 6.6TIM:V\ 

smaller than the optical transition energy of our déviera. Reaching liquid nitrogen operating 

temperatures with far-infrared laser would allow commercial applications of sudi devices to 

be developed and open new roads for spectroscopy and telecommunications. 
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