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Résumé

Cette thise traite du développement des lasers h cascades quantiges (QC) dans Vinfraronge
lointain (A > 3dyun). A la différence <les lasers semi-conductenrs inter-haudes, la technolo-
gie des cascadles quumtiques utilise des transitions inter sous-bales nunipolaires. Les transi-
tions ont lien entre des états électroniques dans des pnits quantiques créés par «des couches
semi-condnctrices déposées por jels moléculaives (MBE). Une émission laser wiilisant cette
technologie . é6d démontrée pour la premitre fois dans Pinfrarouge woyen (A = 4.2um)
utilisant, une alternance (e couches InGaAs/AllnAs. La force de cette technologie est la
capacité de réaliser nne émission laser sur nne large bande speetrale par ingénicric de bunde
électronirues avec un couple donné de matériaux (A = 3.2um jusqu’ & A = i pour le
couple InGaAs/AllnAs ).

L'olrjectif e ce travail était 1a réalisation d'nne émission laser ntilisant eetie lechnologie A
une longuenr d'omle snpéricure a la bande reststrafien, ob énergie du photon est inférieure i
celle des phonous optiques des matériaux ulilisés. Pour les lasers QC dans Uinfrarouge moyen,
I’émission de phonons optiques est le processns non-radiatif principal utilisé ponr olitenir une
inversion de population électroninne. Dans infrarouge lointain, ce processus ne peut étre
utilisé et d’antres processns sont donc nécessaires pour obtenir une inversion de population
électronigne. Le premier pas vers un laser QC-FIR a été obtenu aver la dénonstration d'une
dlectro-luninescence dans linfravouge loutain par une hétéro-structure basée sur transi-
tion optique verticale. La dymamigue électronique de cette structure i été étndide par Ia
mesnre de la dépendance de Vintensité Inniinense avee angimentation «de la température.
Ces mesures ont montrd que dans cette structure, Finteractious dlectron-électron est le pro-
cessus non-radiatif daniinant anx basses tenpératures. La population dleetronigque i été
calculée en rdsnlvant les équations de bilan stationnaires. Les résnltats ont montré que le
taux «Pextraction des dlectrons de Pétat fondainental est le principal goulat d’éuranglement
limitant la formation d'une inversion de population électronigue,  Afin d'obtenir un «effer,
laser, il est néeessaire d’avolr up milien amplificateur avec nn gain snflisant el un résonatenr
avec e faibles pertes. Un guide d’onde double plasmon a été créé et des miesures de pertes
de guirde ont £1é effcctndes. Les résultats montrent que de tels guildes d'ondes out des pertes
trop importantes ponr atteindre le seuil laser avee ce type de structure.

Une structire QC de type super-résean avec nne extraction optimisée des élats inférienrs a
été crne. De plus, un giide d’onde simple plasinon uiilisant nn snbstrat semi-isolant pour le
confinement a pennis de réduire notablensein, les pertes. Une diiission laser &4 A = 6% a
&té obtenmue jusqird une tenipérature de 44K,



Abstract

This thesis reports on the development of far-infraved (A > 34;m) quantum cascade (QC)
lasers. To contrast fto interband semi-conductor lagers, the quantnm cascade technology is
hased on unipolar intersubband transitions. The transitions oconr between eleclronic states
it quantun wells engineered by deposition of semi-conductor licteralayers by maolecular heam
epitaxy (MBE). Laser action using this technology was first demanstraied in tlie mid-infrared
nsing InGaAs/AlnAs hetero layers at A = 4.2pm. The strengih of this technology is the
possibility to achieve laser action over a very broad range of wavelengthis using electronic
Land engineering for a given couple of materials (A = 3.2um up to A = 240 for the lo-
GaAs/AllnAs waterial pair).

The objective of this work was to achieve laser action using the same technology af wave-
length above the reststroklen Land, where the photon energy is smaller than the optical
phonon energies of the materials. Tn mid-infrared QC lasers, the emission of aptical phonons
is the wnin non-radiative scattering process nsed Lo achieve population inversion. In ihe far-
infraved, this scatfering process cannot be used and other scatiering processes are necessary.
The first step towards laser action was achieved with the demonstration of eleetrolumines-
cence Trom a vertical transition guantum cascade strueture in the far-infrared. The electronic
dynamnies was studied with temperature dependent ineasurenients of tlie emnission itensity.
These nieasurements demonstrated tlat electron-electron scattering is the dominant non-
radiative scattering proeess at low temperature in such structures. The electrouic population
hias been calenlated by solving the steady state rate equations. The resolts show that the
extraction of the carrier from the ground state is the main bottleneck limitating population
inversion build-ngs in the stroetiure. Laser action requires both an active region and a low loss
resonnator in the considered spectral region. A double plasinon wavegniite was desigued and
waveguide loss measurements have been performed. Results from these measurements show
that such a waveguide exhibited 100 high losses to achieve laser action with (he availalle
active regions.

A chirped supperlattice QT structure was then designed where the extraction from the lower
states of the optical transition is enhanced. Furthennore, a single plasmon wavegnide, where
a senu-insuiated substrate is used as lower cladding was designed 10 achieve low losses. Laser
actionr at A = 6% was finally demonstrated up o 44k.
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Chapter 1

Introduction

1.1 Introduction and Motivation

The history of the LASER, acronyin for light mnplification by stimulated emission of ra-
diation, starts as early as 1917 when A. Eiusteln predicted the plhenomenon of stimulated
emission.(1] The first realization of a stinmlated emission amplifier and oscillator by Townes
and co-workers occurred in 1954 with the MASER in the microwave spectral region. After a
theoretical study done by Schawlow and Townes concluding o1 the possibility of stinulated
awplification in the visible, Maiman builds the first ruby optical MASER or laser in 1960.[2]
The laser amplifier operating range covers today 1nost the electromagnetic spectra from the
microwave and up the ultraviolet. The amplifying laser media can be v any physical state of
matter (liguid, solids, vapor and even plasina) where a population inversion can he produced.
The inversion is generally reached by either oplieal or electrical pumping. The applications

are As nunlerons as variouns going from eye surgery 1o heavy industry, from gas scusing to






medical imaging, astronomy and teleconmunications.[4, 5, 6] Even il varions efficient laser
sonrces are available, they usually are unpractical for mauy applications being lnyze in size
and unaffordable such as thie free electron laser or need specific operating conditions as the
p-Gle or lead-salt. lasers.[7]

The demonstration of the quantwin cascade laser (QCL) in 1994 at AT&T Bell labarato-
ries by Faist and coworkers opened a uew trail in the develapineut of mid and far-infhrared
lasers. This type of laser differs in a [undamental way {romn traditioual bipolar semicon-
ductor as the optical transition occurs between subbauds with only one type of charge
carrier. The realtzation 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 atonic or niolecular energy states. Witl the QCL technology, the possible transition
energies are not bownd by the semiconductor bandgap, but by the bandgap offset of two
different semiconductors.  As shown in Fig. 1.2 compounds with differeunt baidgaps and
similar laitice parameter are available fromn 111-V semiconductors. This allows 1he growtel
of nmonocrystals with alternate succession of layers of different senticonductor material with
differeut baud edge creating an aviificial energy band structure. This alteruate succession of
hetero-junctions forue potential wells where carriers can be trapped and coufined {Fig. 1.3).
Coufinenient of the carriers inside the well forces them to acenpy discrete energy levels amd
optical transitions between these energy levels are possible. Suggestions to use electrically
pumped intersulband optical transitions for Jaser action has been proposed hy Kazarinov
and Suris in 1971, Iu their proposal, light. amplification is due to the transition of an elec-

tron from the ground state in one quantun well to an excited state in an other quantun



4 Introduction and Motivation

i T T
1088, 18, aAbyPyoy
B G £y b5 5 gy ™7}

TS
. far-Goka

Figure 1.2: Lattice parawneter versus energy gap at room tewnperatare for various IH-V
componis and their alioys.[8)

well which is accompanied by photon enission.|9]) Population inversion is possible due to
relatively long non-radiative relaxation time between adjacent wells compared to the desex-
citation time inside the well. Optical intersubband transitions at semiconductor-insulator
interfaces have been experimentally observed in photo-indueed experiments by Wheeler ef
ol in 1975, One year later (1976} Gornik and Tsui detected hot-electron indused infrared
emission caused by intersubband transitions.[10, 11] In 1985 West and 13glash reported the
first observation by infrared absorption of a direct intra-conduction band transition between
square quantum well states.[12] This was made possible by the developnent of extremely
high precision epitaxial growth teehuiques snch as the molecular Leam epitaxy (MBE).[13)
Helim et ol. successfully implemented Kazarinav and Suris proposal with the observation
of intersubband electro-luminescence from quantum wells.[14, 15] But no laser action was

observed in such structures. Many proposals for the realization of a quantuin cascarde laser
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Figure 1.3: Conduction and valence band profile in a tvpe I heterostructure.

were made [16, 17, 18, 19, 20, 21, 22] hut a new step was achieved in 1093 when Faist ef al.
demonstrated intersubband electro-luminescence at A = Sprn up Lo room temperature from
a guantuni-well cascade strocture.[23] With his structure they claimed population inverston
awd possible laser action when embedded in a suitalle waveguide. Laser action was deinon-
strated a few mouths later at a wavelength of A = 4.2pn.[24] Since then the evolution of
the QCL has Leen constant and very recently room teinperature coutinuous wave operation
has heen achieved at a wavelengih of A = 0.1pemm.[25]

The spectral limil. of the quantwin cascade technology is fixed on the high energy side of the
electromagnetic spectra by the maximum bandgap offset. The large bandgap offset of the
Gergr frigsds — Ing qudnp e As Iietero junction of AE, = 0.62¢)7 enables to design QC laser
up to a wavelength of A = 3.4y:.[26) On the low energy sicle of the spectrm, laser aclion has
been achieved up to a wavelength of A = 2410 using the QCL technology [27] but is virtually
only linited by level broadening due to imonolaver fucination of the hetero junctions.[10]

Practically intersubband emission was observed up to a wavelength of A == 140rn Iy Hehn
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Figire 1.4: The quautum cascade design phitlosophy is to divide each cells in an active
region and an injection region . The latter is used to selectively inject carriers at. the with
the desired energy into the active region.

anel 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 plionons. The success of the QCL
in the mid-infrared was to design a stracture with an intersubbared optical transiiion larger
than the optical phonon energy and to lake advantage of these [ast. relaxation processes to
induce a population inversion. As shown in Fig. 1.4, the active region where the population
inversion and gain takes place consist schematically of a ladder of three states engineerad
t0 maintain a population inversion between states n=3 and n=2. This is reached when the
total non-radiative rate 7' out of level n=2 is ligher than total non-radintive raie ;' .[22]
By destguing the encrgy difference A FEy in resonance with optical phonon enission energy,
depopulation of state n=2 is extremely fast andl population inversion may be achieved. An
relaxation finjection is then uecessary 1o cool down the electrons aud re-inject then into the

next. period. 1n the far-infrared, 1.e bevond the Reststralilen region, the optical transition is



smaller than the optical phonon emission energy (AEz < AEy). A strncture design with
the far-infrared optical trausition above stales in resonance with the optical phonon enerpy
transition shonlil not e passible without a magnetic field. Opiical phonon emission from
state n=3 {0 state n=1 is much likely to happen as only small momentum exchange is re-
quired. Depopulation of level u=3 will therefore be very efficient preventing any population
inversion. Furthermore, as shown hi this work, non-radiative electron-electron scattering is
very efficient between states n=3 anil n=2. Tn contrast in the mid-infrared optical phonon
emission from level n=3 is much more likely happen to level n=2 thau to level n=1. Car-
rier dynamics in far-infrared structures is thus toially different in the mid-infrared for this
structure scheme.

Many attempts to abtain a far-infrared source have been made using intersnbband tran-
sitions in imoautuin wells.  Luminescence was successfully dlemonstrated from Hehn #! al
hnplementation of Kazarinov aml Suris proposal.  However no laser action wus ileinon-
strated from auch a strocture.[15] An other approach was tried in 1996 by Maranowski ¢f ol
with emission from parabolically graded guantinn wells with dlenmnstration of far-infrared
electrolmminescence.[28] Gain in an ideal parabolic potential is in principle iinpossible on
any given optical transition since the next higher transition is capable of absorbing photons
at the same energy. Since then inamly three groups have published emission from QU siruc-
tures in the far-infraved. Emission from a three level QC diagonal structure with an oplical
phonoun was achiever] by Xu and Williams ef ¢l.[29, 30] amd from a vertical and a diagonal

transition with no optizal phonon by us antd Ulich «f ol..[31, 32, 33]
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1.2 Scope and Organization of the text

The objective of the present work is 1o achieve laser action in a gnantum cascade structure
beyound the restatrehlen band, ie at wavelengths beyond A = 3400, Chapier 2 is a presenta-
tion of the nsed technigues and equipnnent for sample processing and characterization. The
first generation of himinescence samples is discussed in chapter 3. Both the vertical and the
diagonal intersnbband transitions are explored to demonstraie the possibility of far-infrared
electro-lmminescence from a quantuin cascade structure designed with an injector and an ac-
tive region. Electrical and optical properties of the samples are perforined 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. I chapter 5 the other key component of a laser
is discussed. The design and realization of a low loss optical resonator for far-infrared wave-
fengths is demonsirated. Waveguide characiorization of the loss and gain are perforined. Tn
chaptor 6 a second generation of QC strnctures are designed and tested. These structures
are expected to have increased ;.','Eli].l comnpared with the first generation. Perforntance of
the waveguide is increased io achicve laser action tn the far-infrared. A mid-infrared high
prrformance laser stencture is optimizod for wid-infrared long-wavelenglh aud characterized

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



Chapter 2

Sample Processing and

Characterization

2.1 Sample Processing

The first process into the realization of our samples is the growih of the crystals. The stating
naterial for a MBE growth i% a two inch GaAs or Inl* substrate. They serve as crystailine
see] for subsequent crystal deposition. In general, a quantmn cascade {QC) structure starts
with a highly doped coutact layer fallowed by the QC heteterostructure and is terminated
by a 1op contact layer (fig. 2.1). This process is done by Malecular Bean Epitaxy (MBE)on
bath the JuP and GaAs wmaterial systen.[13, 34] The first quality test operated on the new-
grown samples is an Xoray diffraction. The results of this measureinent allows ns to wmeasure
the periodicities of the crystal, and particularly the periodicity of the repeated Quantinu
Cascade (QC) structure, Knowing the periodicity we can then estiuate the real thicknesses

9
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Substrate

Figure 2.1: The QC structure consists in general of a heterostructure grown between two
contact layers on a substrate by MBE.
of the layers and use these experimenial values to re-sinntate the strocture.,

Commonty three diflerent processing of the sample is performed. Namely they are the sur-
face cmission, 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 cleath room conditions using contact lithography and wet
chemical etching. 4 starts by a cleaning sequence of trichloroethylene, acetone and iso-
propanel baths, The samples are then dehydrated at a temperatnre of 160°C for 3 minutes.
This dehydratation of the smnples has shown 1o significantly increase the adherence of the
photo-resist to the semi-conductor surface. Shipley 5214 photo-resist is then deposited on
the samples and spinad at 3000 RPM. This allows to obtain an average thickness of 1.5pem.
During the spiuning, resist acenunilates in the comers of the sample ad nmst be removed
matmally with a thin glass plate before any furiler action. The samples are then heated for
120s at. a temperature of 1109C' to dry the resist. The samples are then exposed to ultra violet
light. throuwgh a cqurartz window with patterns. The expaosed surface is then removed chenri-
cally by immersion of the sample nto a developer (Micropasit Developer) for 40-60 seconds

leaving the miexposed patterus. Depending on the stage of the processing, either metal-
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lic clepositions or wet chemical etehing is performed. The wetallic deposition is performed
by electron-beam evaporation nnder high vacumn (3 x 1077 — 1 x 10 %mbar). Depending
ot the type of coutacts which are chosen, either non alloyed Ti/Aw (10/400mn) or alloyed
Au/Ge/fAg/Au (12/27/50/100 mmn) contacts are deposited. The wetal is then selectively
removed with the dissolution of the resit nsing acetone ("Lift-off”). Before chenical etching,
on the other liand, the resist nmst be post baked during 60s at. 110%C. This increases furtlier
more the adherence of the resist on the edlge of the patterns preventing localized under-eteh
and leads 1o sharp edges. The etching is performed by the nse of H,50, : H20, 1 Hy() for
GaAs material systetn. The relative concentration of the various contponeunts is 1:8:1 with
an etching rate of 0.1y s at room temperature while shaking the sanple at 1 Hz. The rate
can be controlled by changing the relative conceniration of HyQy. This rated cocreascs with
a decrease of its concentration. 1n the Inl material systen, HBr : HNOy 1 H,O etching

solution is used. The etching rate is typically 0.5pm/minute.

2.2 Coupling light with ISB Quantum Wells

Inn order for an electromaguetic wave to interact with an ltersubband transition, it must
satisfy the intmsubbaid selection rule.[35] This mle requires that a propagating wave
the plane of tlie layers wwust have its electric-field vector parallel to the growth axis of the
strnctare (Fig. 2.2. Specific wavegnide geomelries, as a mnulti-pass 459 wedge waveguide
geometry (Fig. 2.3(a)), are therfore necessary to perform alsorpiion experiments on quan-

tum wells. [36, 37, 38, 30, 40, 41] For infrared emission experiments, similar configuration
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could in priuciple be used, but practically other configurations are wore suitable. In the
far infrared, the intersubband spontanecns emission power is expected to be i the pico-
wath range. These low iutensities together with increased Drude absorption compared to
the micl-infrared (o 72 X), requires a conpling wethod with short apiical path lengih inside
the material.  Two approaclies can be used to Mlfill the required conditions. The first,
is to process the samples in a1 wavegnide configuration, the light being extracted from the
edge of 1he sample. This method in not straight forward and is a major clhiallenge of this
work (chapter §). The second approach is much ore stple and is done with the use of a
gratiug conpler (Fig. 2.5). This technique allows ns 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 1o diffract the light falling normal to the sample surface nearly
paralel to the surface. Stmilarly for an intersubband emission, the grating will difiract. the
light. traveling parallel the layers into a light traveling normal to the layers and may then
escape from the surface.[42, 43, 4I]. 1t has been shown experimeniaily that the coupling
efficiency is proportional to the ratio of the grating period p Lo the iuntersubband ewiisston
wavelength in the material Afn, where n is the material refractive index. [14] Two regime

appear depending on the grating periods. I the grating period p is greator than Afn the

E

————

Figure 2.2: To couple light with 1SB quantum wells, the electric field vector must be normal
1o the layer,
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Figure 2.3: Multipass,(a) and (b) or two pass {¢} aud (d), wavepuide geometries for inter-
subbaml absorption measureients (taken from [41]).

diffraction angle is real and the diffracted wave is a propagating wave (Fig.2.4 (1))). On the
other band if p is smaller than Afn, the diffraction angle is imaginary and an evauescend,
sirface wave is forined with a decay length & {Fig. 2.4(a)). The coupling efficiency 4 de-
fined ad the ratio {£,)*/ £y of the total energy density z-polarized wave E, and the in-plane
polarized incident wave f5y is shown in figure 2.4. The simulation is performed for various
metal filling factor f, or duty-cycle of the grating period (Fig. 2.4 (¢)). 1t turns out that the
conpling efficiency decrenses rapidlly for grating periods greater than the wavelength of light,
in the wnnterial {diffractive case) aml increases for the evanescent regime. Surprisingly, the
efficiency increases with the filling factor and eventually increnses above unity due to wave

Luild up. The optimal grating coupler period p can be detennined by fixing the decay length
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IFigure 2.4: {a) The grating period g is smaller than the wavelength and (b) the graiing
poeriod pris larger than the wavelength.(¢) Coupling efficiency for varions metal filling factors
{iaken from [41, 44]).

of the evanescent wave in relation 2.2.1 equal to the quantuin cascade structuee thickness.

2w .
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=) ,(p ¥ % (22.1)

Peactically, the grating eoupler ean cither be etched o the sewmi-conduetor smrface or
deposited on top of the satuple surface as a metallic grating. For the experintent, a pho-
tolithographic wask lins been designed with grating periods of 15pmn, 10 aud Spn with A
50% dnty-uyele. The first step of the sanple processing is to deposit the TifAu gratings on
the surface of the saiuple. After providing the contacts on top of the graiings, the saniple is
etelied to 1he substrate into mesa of sives ranging from 900 x 900p9? down to 80 x 80pm?.
Practically, iesa of 450 x 450um? are more commanly used as they mateh the opiical focat

point size of onr optics. Figure 2.5 shows respectively a photograph (a) and a schematics



(b} FIR Emission
Contact

{Ti/Av) \

Substrate

Back contact
(Ge/ A/ Ag/ Au)

Figure 2.5: (a)Photograph of sanple processed in the surface emnission configuration with
gratings depositeld on top of the mesas. (b) Schiematics of the processed sample with a mesa.

(b) of the finishail processed sauple for surface emission exporiments.

2.3 Sample doping characterization

In a quantann cascade structure, the well and barvier thickuesses are determined in order to
obtain a specific positioning of the electrouic wavelunctions iusidle the struciure. ln order
to obtain the desired electronic intersubland energy level configuration, it is crucial to have
a homogenous anil stable clectric field across the struclure and prevent space chiarge buihl
up. The stracture is therefore doperl to conpensate the denors positive charge and keep the
structures overall electrical neutrality when biased.[22] However as the absorption of light
in semiconductors due to free carriers increases like A%, this effect become inereasingly
important for far infrared radiasion. [45] Low average doping is therefore required i1 the active
region in order to reiduces free carvier absorption. Average Si doping in the order 10"3eyn=*

have been achieved in our samples. Such low depings requires a clean growtl systean anl
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Figitre 2.6: Band structure of (a) a metal ant a n-doped semiconductor amd () of a Schottky
contact at thermodynamical equilibriam,

good doping control. 1t is therefore crucial to be able to characterize the samples after
growth, specially when the samples do not behave electrically as expected. The average
loping characterization of the samples are performed by capacitive mensurements.[3} At the
interToee hetween a metal and a semiconductor, the Formi level must be continuous across
the junction and leads to a transfer of charges betwern the twe waterials. Depending on
the work function egyy and ed, of the two matertals, a Scholithy junction may be formed.
This arises when the inetal e.\a-i.rnctimt cufrgy is greater thay the electrical affinity of the
semticonductor { eday > ex). In Alis case, the eleclrons eascade inta the netal nntil the
Fernd levels are equalized as shown in Fig. 2.6, The height of the barrier is defined by
relation 2.3.2. [46]

Fy = ey —ex (2.3.2)

The electeon density being el staller in the semi-conductor that in the metal, an inipor-

tant, portion of the spmiconductors voluine becomes depleted of electyons when eyuilibrium
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is reached forming a depletion layer. By integrating the Poisson equation (relation 2.3.3) we
can derive the value of the electric field at the interface hetween the materials (x=0) as a

function of the doping Ny and of the depletion length W,

W2 (g W e SN
: (J)d:u = —f ﬁdw = -E{x) = —d\d{w - 1) (2.3.3)

z  du* € €y

Integrating oce more and selting Ve = V{z = W) — V(z = 0) the difference of potential at
the edges of the depletion layer allows to compute ihe depletion length as a function of the

applied bias. This depletion width of a Scliottky diode is given ju relation 2.3.4,
2¢, Vi1
W) = (221 2.34
) = (55 (234)

Applying of a positive bias on the metal, will increase the barrier potential to ¥ — V. The
depletion lengih and the space charge willinerease accordingly creating a differential capacity

given by relation 2.3.5.

@ _

cvelNg 1
wy = (2.3.5)

C(V) = (Vy — V)1 T

T av
The average doping density Ny as a function of the depletion length is then finally given Ly
relation 2.3.6.

2 oV

I\YJ(H!) = a X m (236)

The <oping cannot be measured on the samples grown in the TnGaAs material system
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Fignre 2.7 Typical result, froin a G-V measureanent abtained for sanpsle 51774,

as the Schottky barrier lisight on n-InGaAs is too law (¢ = 0.2¢V).[47) However in the
GaAs miaterial systean, the barrier hight is ¢y = 0.9V allowing €' — V' measnraments 1o be
performead. [48]

For the experitnent, a smiall surface of the wafer is processed into nesas of varions sizes
ranging from 8.1 x 107%em? to 1.4 x 10™em?. Bafore evaporation of the Ti/Au metallic
contact, the highly dopad top contacts are reanoved by wet etching to form the Schotty
barrier. The samples ave then soldered on snb-imeunts and immerged in liquid nitrogen.
The capacitance is measured with a H?4284A Precision LCR Meter witl increasing applied
DC bias with a fully automatized system nsivg a Labview™ enviromment. Typical doping
profile is shown o Fig. 2.7 for sample S1774, described in details in the next chapter, where
an average doping 0.61 % 10%¢~ is measured. This value is very close to the expected

doping of 0.42x 10'%em =2 We clearly observe an oscillation of the doping due to the repeatad
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Figore 2.8: Typical X-ray diffraction spectra obtaiued for ¢gnantum caseade structure grown
in the AlGaAs/Gads inaterial systein, The regular repetilion of the small peaks ariginates
from the repetition of the quantum cascade structure {Courtesy of Dr. M. Beck, UNINE).

growth of the active region with the localized doped regious of the injector. The data has
been fitted with a sine funetion on five periods with a period of 8954, In this particular
case, the abtained period value matches exactly the periodicily extracted from the X-ray

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

2.4.1 Introduction

I our experiment, the main difficulties from the detection aspect comes from the detector's
spectral responsivily and 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 > 35pum). The expected emitted power of onr structures can
he estimated nsing refation 2.4.7 where the radiative lifetime 7,44 18 compuied vsing relation
2.4.8, z;; beiug the matrix element, between the optical transition levels.[20, 49, 22, 11]. The
non-radiative lifetime 7, is a key issue of this wark and will be discussed in detail in chapter

4.

nr J
T fg Ny A= (2.4.7)

Trad c

P =1

e he 1

——— x —_—
22y, gl 2
[l PP} 2y

(2.4.8)

Tiaf =

Assuming 450;rm x 450um emission surface with a collection efliciency at the detector of
e %= 1— 10% (Fig. 2.4 {c)), a quantum efficiency of Tue/Trge = 1075, a muber of periods of
N, = 35, a photon energy of fiww = 20meV and a cnrrent density of 1004em ™2, the expected
oulpmt power ranges hetween 15 amd 150 pW. Specific detectors are therefore noeded to
detect such Iow lighi intensities and al such long wavelengths.

Two principal types of photo-deteciors are commonly available : photoeleciric detectors and
thermal detectors. The photoeleciric detectors use an optical transition between two sets

of yuantum states in a material that absorb the incoming photons by exciting electrons to
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Figure 2.9: Diagram of a bolometer detector,

upper states. In general, such detectors have a fast recovery time (<< 1us) but ave however
spectrally limited on the low energy side of the spectrim by their finite energy baundgap. The
otler type are the thermal detectors which convert directly the photon encrgy into thernnal
phonons in an absorber. Their sensitivity is therefore imlependent in the incoming photon
energy hut the recovery time is rather slow (= ms). An diagram of a holoweter is shown in
Fig. 2.9. The incoming light is absorbed by a thin diamond absorber thermally connected to
a thermal Lath by a thermal conductance G[W/K]. The temperature of the absorber rises
with the incident optical light until the power flowing onto the absorber equals the power
flowing o, into the thermal bath of temiperature Ty The iemperature of the absorber is
then measured with a very sensitive thermometer (thermistor) which in our case is a S
cleinent. This element is eonnected to a baitery through a load resistance Ry, delivering
a constant. current. The temperature variations ehanges of the Si element induced by the

absorber will change ihe resistance Ry, changing the biag at tonniuals A and B. The electrical
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Figure 2.10: The surface 5 of the hole drilled in the box is a practical approxiimation of a
black-hody surface.

response S[VV/1¥'] of the holanieter can be deduced by performing a load curve measurement.
Description of this procedure is describad in the bolometer documentation [50] and the theory

of the thenal and electrical characteristics of bolonieters is discussed in detail in rel. [51].

2.4.2 Bolometer Optical respanse

It the cliaractetization processes of far-infrared ainitting devices it is important. to have an
ahsolute izeasurement of the emission powers. As the respounsivities given by the mann-
facturer (Infrare| Laboratories) are obtained by measuring the electrical properties of the
detector, nbsorption due to the filters and windows ju front of the detector are not taken into
account. Optical power calibration of our Si and Ge bolmneters have been perforiied. For
such measurements n howe made black body source was used. Such a black body absorbs
totally awy radiation, independently of its feequency, which falls on its surface. In return,
a body which strongly absorbs any radiation will re-emit. the energy as thermal emission
(Kirchhoffs taw). The volunic spectral density of energy u(r, T) is deseribed by Planck's

distribution law (Eq. 2.4.9) depends anly an the equilibvinn 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.

8rhus 1

'U.(V’ T) = TW (2."‘1.9)

The total volumic power is obtained by integration of Ey. 2.4.9 over the wlhiole specirum.
The thernal power emilted by an unitary smrface is given by the Stefan-Bolizmann low
{Eq. 2.4.10) where o = 5.67 x 1078 [Wm™2K ] is the Stephan-Boltzinann constant. [52)
Knowledge of the temperature and the black body swface gives immediately the emissian
power.

27944

Pt = T X S = 01 x Su (2.4.10)

Sncl 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 chauce of getting
out again after reflections and diffusions inside the box. The experimental set-up used to
calibrate the bolometer respousivity is shown in Fig. 2.11. The hot source is inade from a

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

plates and a thin alominam foil separated by a few millimeters with different hole diamneters
are mounted in front of the hole. These plates act as heat shields in order to have the black-
body surface surrounded by a cokl backgrouud with an effective dinmeter of 2y, = 6o,
The tewperature of the hiack body is assutned ta be equal to the temperature of the graphite
cylinder ieasured with a PT-100 calibrated thermoeter. The black body is placed at a
distance d (dg; = 43cm, doe = 51cm) from the bolometer and iis therimal @mnission is chopped
with a techanical chopper at the maximun response frequency of the bulometers (= 400 H z
for the Si holometer and 471z for the Ge bolometer). Special care lias been taken in order
to chop only the black body aperture to prevent from detecting tenuperature changes of the
"whole miverse” placad behind the chopper. The chiopper frequency is Lhen used as reference
frequency for the lock-in amplifier. The experinental data is shown in Fig. 2.12 where the
bolometer signal is plotted versus Iack-borly temperatie.  This measureinent has been

performed for hoth a 51 and a Ge bolometer. The obtained signal is inear with temperaiure
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Figure 2.13: Transinission spectra of the low band-pass filter of the Si bolometer. Data
provided by the manufacturer IRLabs.

down until the signal saturates, indicating that the temperature of the black body surface
and {he copper wings are the same. The observed decrease of the saturation temperature is
dne the presence of additionnal cooling wings when performing the measmwrements with the
Ce bolometer. The total emitted power from the black body is calenlated using Eqg. 2.4.10.
The power reaching the holometer Puyy is proportional to a product of factors taking intoe
account the various experimental proportics of the set-up. The spatial factor g introduces
the dependence of the transmitted power on the distance r between the source and the
detector and on the cosine of the angle 8 between the direction of observation and the nornial
to the emitting surface (Lambert’s law).453, 52] Conservation of the emitied power reguires
TuSye = 1{0)S(r) to be satisfied, where Jy 15 the surface density of power ol the source, Sy, is
the sowrce surface. When the detector is in front of the emission source {# = 0,7) the power

reaching it is proportional to ng = S5/5, where Sp is the bolometer surface and 5, is given
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Ly Eq. 2.4.13.

=l cos® vt /ﬂg sind df (2.4.12)
o
= Jpmrt (2.4.13)

Formally, the spectral response of the bolometer is not bounded. However, a low-pass filter
witl a cut-off frequency at 350 e~ for the Si boloweter is added to decrease the noise. The
7. factor gives the ratio of the incoming power which gets through the low-pass filter. This
factor is deternsined mamially Ly integrating the convolution of the spectral response curve
{Fig. 2.13) with the theoretical Plauk curve between 0 and 350cm ™ for each temperature.
The chiopper placed in front of the source is acting as a grating removing half of ihe emitted
power, The power finally reaching Lhe Si boloineter chip is given by relation 2.4.14 where
Spn = wrl

Puyr=05x 8y xax T xngxn, (2.4.14)

The optical response curves for both the Si and the Ge Lolometer are shown in Fig. 2.14 (a)
and are summarized in Table 2.1, The Si boloweter has a response value of 17750 [V/W]
which leads to a responsivity abont a factor of 15 lower than the electrical calibration value.
Noise 1ieasurements have been performed by closing a shutter in front of the Lolomeater
window. Tle value given in V/\/Iﬂ by the lock-iu muplifier is converted 10 Noise Equivalent

Power (NEP) with the experimental optical respousivity.
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Figure 2.14: (a) Optical response curves for both the Si and Ge bolometer. (h) Noise
measurements data.

2.5 Spectral measurements

For far-infrarcd spectral emission easureiments either a Fourier transfortn infrared (FTIR)
spectrometer or a wagnetically tuned InSh filter [14], can e used. A variant of the tatter,
an InSh-cyclotron resonance detector is alse possible.f54] The main advantage of the FTIR.
is its high resolution capabilities as it consists of a Michelson-Morley interferometer where
the reselution is given by the optical path length difference bhetween two interfering light
Leams. The magnetically tuned InSh detector, has the disadvantage of having an intrinsic
broad linewidih given by the Laudau levels scattering times and nupurity scattering (Av =
1.1 — 3.4meV [54] and §5.4). However a very short aptical path free of any beam splitter or
wirrarg between the gampte and the detector is possibte. Tha aptical path length is also free
of air absorplion and of auy 3001 black body radiation as as the whole system is submerged

in liquid hetium. Helinm bubbles may however appear when the samnples are driven at high
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Table 2.1: Paranieiers for both the Si anel Ge bolometer. The electrical responsivities are
given Ly the mannfactuwer.

Electrical resp.  Electrical NEP Optical resp. Optical noise  Optical NEI*

(V-1 YNAE VW= [1078WVHz]  [pWW/VHZ]

Ge  1.67x10 .85 0.725 x 10° 117 16.1
Si 2.60 x 10° 0.115 1.775 x 10 323 18

cwrrents. Au IuSh gystews hag punctually been used and is described in §6.4.

Twao different. FTIR spectrometer seteup are used. The first set-up is built aronnd a
commercial Nicolet 800 Fourier transforn spectrometer (Fig. 2.15 (a)). No lenses are used
in the optical path for light guiding. Instead, plane mirrars 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
Londing. The copper mounts are Lhen mounted on the cold finger of a He flow Janis J17T-
100 cryostat with a maximmn testing capacity of two samples. Far-infrared itransparent
polyethylene windows are used 1o isolate the cryostat vacunm from atmospheric pressure.
The clectrical power is provided liy a HP-8114A pulse generator. The injected anrent. is
measnred using a Maodel 711 ealibrated enrrent probe Iy ALS. The probe is an electrical
transformer plneed arowl the injection cureent line. The current and thie bias on the device
are measured by a LeCroy 03841, digital 16Mliz oscilloscope. The far-infrared] enission was

amplified by a EG&G 7260 DSI* lock-in amplifier synchronized with the julse geuerator. The


bot.li
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of the moving niirror, our systeni uses by a stepper wotor, the position being monitored by
counting the steps. The stepper motor model ESP-300 supplied by Newport can move
over & length of 25mm with a maxinm step dlisplacemert of 0.075n. A photograph of
interferometer is shown in Fig. 2.16. The light from the sarmple is collecter] by 50° off-axis 2
inches gold coated mirror aml sent onto the beam splitter. The system is designed either to
accept a Deam splitter originally used on a Nicolet 860 spectrometer (as shown in Fig.2.16)
or a low doped, double sided polished silicon wafer specially cut for this application. The
used wafer s 200 thick, limiting the light absorption, but unfortunately also liniiting the
resolution of the spectrometer due to thie Fabry-Perot interferences. As a beamn-splitler is a
three miediun system for an inconiing wave (vacuu = 1 — dielectric = 2 = vacuum = 3),
the interfaces dielectric ++ vacuwin create mirrors with a transmittance and a reflectance,
The transmission through a Fabry-Terot 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 wmaxima or wode separation, is given by By 2.5.15 where
¢ is the speed of light in vacuum, 7, the refractive index of thie dielectric and L, the length
of the cavity.
¢

Av=——"— 2.5.15
v 200y Licon (2:5.15)

For a 200pm silicon (n=3.4) beam-splitter, the mode separation is Av = 7.4cmn™'(0.9meV},
limiting the resolntion to this value. The spectrometer is niounted inside a vacuum chamber
aud the sample is placed at the collecting mirror s focal point positioned by the outsile

with a x-y-z ruanipulator. The bolowmeter is connected to the side of the vacuum chianber,
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Fignre 2.17: (a) Background emissinn spectra measured in a dry-air porged optical path and
in vacuim. (b)Comparison of the detected far-infrared emission from the vacumn FTIR and
the Nicolet. 8(H) set-up.

The whole light path, from the sample to the detector is under vacuumn, However, the
Leamn has to go through a polyetlivlenc window, separating the boloweter 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 fully
controlg the stepper wotor together with the sample power injection and light detection
allowing flly automated nltiple rons of spectral measwrements. Figure 2,17 {a) shows a
background endssion spectra performed in dry air and in vacuum. In dry air, we clearly
ohserve important. absorption lines which are absent from the spectra performed in vacunm,
with the exception of a line at 16.4 meV, This absorption lines originates from the low-
pass filter of the bolometer, Cuantitative measurements are shown in Fig. 2.17 (b). The
light intensity is plotted versus injected corrent for both the vacunm FTIR and the Nicolet
800 dry-air systems. A factor of four in the detected light intensity has been obtained
with the vacuum FTIR. system. Typical interferogram obtained with this set-up is shown

in figure 2.18. The interferogram was performed with N=2048 points, AD = Zum long
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Figure 2.18: Typical interferogram obtained with the vacuum FTIR with a spectral resoln-
tion of 1.22cm™" (0.15 meV). The resulting spectra is shown in the right inset.We clearly
obgerve the ahsorption of the filter in the center of the peak. As the imterferogran is still
oscillating at the end of the fixed stepper traveling distance, the peak is not fully resolved.
steps. The leugth of the steps AD sets the high energy bound of the measured specira. This
energy can be caleulated by the applying the Nyquist theorem stipnlating that the maxinuin
resolution in the frequency domain is half the sampling frequency. 1n ouy case, taking into
account that the light travels twice the mirrors distance, the high energy limit is set to 155
meV, clearly outside the boloineters detection range (43 meV). As the resolution of a Fourier
transforin interferometer is equal to the inverse of the length D of the maxinmum optical path
length, it can be written as given in relation 2.5.16.

1 1

R=p=ax~xaD

(2.5.16)

Finally, the spectral resolution is 1.22em™" (0.15 meV) eveuntuatly 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 = 34 should be possille with standard mid-
infrared QC technology. The main reason to the success of the quantuin cascade aser in the
nid-infrared is to have designed structures with an injection region, allowing high injection
cfficiency into the excited state of the optical transition coujugated with a very fast carrier
extraction rate out of the active region. The latter is provided by having the transition energy
AEy (Fig. 1.4) resonant with at least one optical phonon emission energy Ly, with sub-
picosecond tifetime 7, 2 0.8—0.28ps [55, 38, 22, 561, 1n the far-iufrared the optical transition
energy is sinaller than the optical phonon energy changing in a considerable manner the

35
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(a}

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

physics of the dynamics of the structure compared to the mid-infrared. Designs having
an optical phonon extraetion are difficnlt to achieve as their emission may simultaneously
depopnlate the gronnd state and the excited state. Simple transposition of nid-infrared
strnctures to the far-infrared is therefore not straight forward,

T this chapter fae-infrared electro-lnminescence from a vertical and a diagonal gquantum
cascade structore is demonstrated. As shown n Fig. 3.1(a), the vertical transition oceurs
between electronic states 1hat spatially overlap in the same quantum wefl. 1n contrast
the diagonal transition (), or photon assisted timneling transition occurs between states
which nve spatially separated in two different quantum wells. High quality interfaces are
necessary as monolayer fluctnations in the active well have relatively greater influence in
the far-infrared than in the inid-infraresl. [ a vertical transition the effects due to interface
roughmness are signifieantly reduced comparal to the diagonal transition where the trangition
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 gromm state. Papulation inversion between these
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states is therefore expected to be easier to achieve with the appropriake choice of the barrier
thickness. For a vertical transition, the population inversion is controlled by the extraction
processes of the ground state whick is more difficuit to design. Tle structure destgu are doue
by simulation of the energy band structutes where the electronic states of the lielerostructure
are computed by solving the one-dimensional Schroedinger equation in the envelope function
approximation. The nou-parabolicity of the dispersion curves is included in the simulation

algorithin through an energy dependent effective-inass.[22]

3.2 Vertical transition structure

3.2.1 Structure Design

Oune period of our structure desigu consists of four GaAs quantvin wells separated by thin
Al 15Gag ps As timel barriers. As in mid-infrared quantiin cascade structures, each period
cousists of ai un-doped active region, in which the spoutaneous ewission occurs, and an ju-
jector where the carrier can energetically relax and fimnel o the next active region.[57) The
active region consists of a 28mn GaAs guautwn well conpled through a 2.5mut Aly 1 5Gap.rs
barrier to a 18mn GaAs well. A 40nm extraction bacrier separates the injection/relaxation
zone from the active zone, Its consists of a 16mmn and 15.5um GuAs well separated by a 2.5
nm AlGaAs barrier. The injection barrier is 60mmn thick. The enission occurs in the 28nnt
well through a vertical transition with a computed energy of AE, = 15.3mel betweean

states 1=2 awd n=1. The dipole matrix eletnent hetween these two states, compnted using
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Figure 3.2 Energy band structure for sanple 51353 in the GaAs/AlGaAs mate-
rial system computed with the corrected layer thickinesses obtained from the X.ray
diffraction data (+5.6%). The laver sequeuce, starting from the injection barrier is
6.0/28/2.5/18/4.0/16/2.5/15.5 where Aly,5GeqgsAs layers are in bold, Gads in Roman
and underlined numbers correspond to doped region.

relation 3.2.1 is zy; = 5.37m. The cuergy band structure is shown in Fig. 3.2

2y = (W] Z| %) (3.2.1)

The ground state g of the injector is in resonance with excited state of the transition of
the next period. The total thickness of one period is 92.5nme. A similar structure hias been
designed in the TnGaAs/AlluGaAs material system with the structure thickuesses given in
caption of Fig. 3.3.

Two wafers (51353 amd S1774) of the GaAs structure have been grows but with differ-

ent nominal doping values. A [ong time separation is however separating these growths
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Fignre 3.3: Energy band structure for sample 51431 in the InGaAs/AlInAs waterial sys-
tem computed with the obtained with the corrected layer thicknesses (-1.5%). The layer
sequence, starting from the infection barrier is 3.4/38/1.4/25.5/2.3/22.5/1.4/22.3 where
g seAleawAs layers are in bold, I'ngsGugarAs in Roman aud underlined numbers cor-
respond to the doped region (57,5 x 10"cm™") corresponding to an average doping of
9.6 x 10%em=3,

(51353:1997 and 81774:1999) and growtl conclitions are thercfore not identical as the back-
gromnd doping and growth rates may differ Jeading to slighily different, structures. Strircture
51353 is grown on an n-doped (1 — 2 x 10'%¢m 3} GaAs substrate, A botlom GaAs cantact
layer and a huffer layer are grown, respectively 200 and 1000w thick. Their uomni-
nal doping are respectively 2 x 10'* and 8 x 10'3@n™%, The quantum cascade stracture
follows with a 35 times repetition of the elementary cell. Fhe first well of the injector
i5 nominally doped with Si at n = 8 x 10%ene™? leading to a nomiual average doping of

ey = 1.4 x 10%cm—3.

Mid-infrared data have demonsirated that it is fundamentat not
10 dope the active region to obtain narrow intersubband transitions.[57] Compared to mid-

infrared structures (n =2 1.5 x 10%em™¥ [22]) the structure is very low doped. Such low

doping is chosen to lituit the current and ihug the smnple lieating and 1o prevent important
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Figure 3.4: Caleulated splitting energy between the excited state of the optical transition
and the injector with increasiug applied electric field for sample (a) $1353 and (b) $1774.

free carrier absorption from the generated photons. On the top of the struciure two contact
layers are grown respectively a 200nm GaAs thick layer nominally doped at n = §x 10%en >
and a 30mm{In)Guds, 1 = 2 x 10"%em ™3 lighly doped layer finishes the growth. The addi-
tion of indiim allmes to obtain nou alloyed TifAu ohmic contacts. This bighly doped layer is
rather thin to reduce frec carrier absorption as this structure is processed with a top grating
to extract the light fron: the surface.

X-ray diffraction of the structures have been made on all samples aud G-V measureinent
on the GaAs oues, Saiuple 81353 is longer than expected (+5.6%) which has the effect to
increase the wavelength of the intersubbaud emission. The measured average doping is a
factor 2.1 higher than expected at 1., = 3.0 x 10"%¢m ™, Saniple S1774 is however shorter
(—3%) aund the average doping higher by a factor of nearly 1.5 (1, = 6.2 x 10"%cm™).
The caleulated structore for sample 51353 with the X-ray diffraction thicknesses is shown in

figure 3.2. The InGaAs structure (51431) is 1.4% shorter thau designed. The energy band
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Table 3.1: Designed and measured values abtained [or vertical transition electro-
lnminescence samples. The recalcnlated structure used the experiniental values of the strue-
ture periol.

Period Ny e Electric Fielki 2y Al
[ron]  [10%em™®]  [10%cm™) [kV fem] [nm] - [meV]

51353 (GaAs) 025 1.4 1.3 2.7 53 153
Measnred 67.7 340 29 2.3-3.5 - 14.1
Recalculated +5.6% - - 2.2 40 139
S1774 (Gaks) §2 3.

Measured 89.5 6.2 5.5 2.0-4.5 - 16.7
Recaleulated -3% - - 3.0 5.3 16.1
S1431 (luGads)  116.8 9.6 11.2 2.1 57 151
Measured 115.1 - - 1.9 - 15.2
Recalculated -1.4% - 2.2 5.8 15.5

stracture with the measured thicknessos is given in figure 3.3, The doping however could
not be measured with the available teclnique. The designed aud experimental values for
vertical Inminescence structures are sunmnarized in table 3.1. The devices operating electric
field is reached when the energy separation between the ground state of the injector (i) and
the encrgy of cxcited state of the optical transition (2) has reached a minima. Variation
of this energy difforence with applied electric field is shown in Fig 3.4 for samples 51353

1

and S1774. The calculated operating electric fields are respactively F = 2.26Vem™ and

F = 3.0kVem™! for sample 51353 and $1774.
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Figure 3.5: {a) Optical spectrum of the emitted radiation for various injected current deu-
sities. (I) Optical spectrum of the emitted radiation for an injecied cnrrent density above
the region of negative differential region (NDR).

3.2.2 Experimental results

Representative spectra frotn sample §1353 taken for increasing injected currems at T=5K
are displayed in Figure 3.5. They show that the hnninescence spectriun mainly consists of
one narrow peak centered at a the photon energy of 14.1meV (A == 88um). At low injection
curvent density (7 = 10A4cn™*) we observe a small peak on top of a background. As the
current. density is increased this peak increases in intensity and eventually salurales at an
injected current density of § = 48Aem™?, Increasing further the current density leads to
a broad enission 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=1 transition in the 28mn well, since its measured photon energy of v = 14.1meV

corresponds well ta the recalculated value of the 1=2 to n=1 transition of iir = 13.9mcV



$.2.2 Experimentul resnlts 43

ustng the thickness wweasured by X-ray diffraction (see table 3.1). Working with a spacing
of 0.121eV between aildjacent points, the Nicolet, 800 I'TIR. allows us 1o spectrally resolve
the luminescence peak and we measore a full width at hall inaximoam (FWHM) of D.7meV.
This huninescence livewidth is el aarrower than veported mid-infrared lnminescence line
widtha {14-530 meV ).[23, 39, 22] This very narrow linewidth suggest very clean interfaces
hetween the AlGaAs and the GaAs layers as broadening of the luninescence is usnally at-
tributed to monolayer fluctuations in the active well.[23] At § = 104an™, a sumll peak
appears on the high-energy side of the main Tuninescence peak. This feature at 15.TineV,
present. on all the spectra measured at this current, is identified as the wrangition from the
n=2 state io the n=1" gronnd state of the adjncent well, The catenlated splitting between

Yis 1.2 aneV, and corresponds approxinately 1o the measured sep-

the state n=1 and n=1
aration between this broad featnre and the luninescence peak (0.9meV). The ligh energy
shonlder <lecreases with increasing vorreut, and essentially vauishes at j = 374cm ™2 This is
expeciod beeauss the n=2 to n=1" optical matyix element decreases abrapily with increasiug
applied electric field as the states u=1 and u=1" anti-cross. Sinltanecus measureanents of
the voltage and aptical ontput power versus injection current perforined on the same device
are reported] for temnperatures of T = 5K and T=80K (Fig. 3.6). In contrast 1o measire-
nients perforined on mid-infrared deviees (e limninescence efficiency is nut constau, with
cnrrent injeciion.[23, 58, 30] At T=5K, the optical power vises sub-linearly up to a cwrrent
of J=80mA (7 = 40Aere™*) with an ouiput, power of 10.6pW (Fig. 3.6(a)}). This point. cor-
responds very well with the observed breakdown of the voliage where it abraptly increases

with 1o [rther increase of the enrrent (Fig. 3.6(1)). At T=80K, the L — I characteris-
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Figure 3.6: Upper figure shows the luninesceice intensily versus injected current. at T=5K
andd T=80K. The curve is fitted by a straight line at. T=80I aml by a squure root relation
At T=5K {dashed hnes). Lower figure shows the bias versus injected current at. the same
tenmperature, as indicated.

tie is more linear, with a tower efficiancy amd an outpul power of 7.6pW at J=10hnA. At
ligher cirrent the output power increases dramatically. Spectral measirements show that
the abrupt change in optical power above 1=8MnA (for T=5K) and 1=100mA {for T=80K)
correlinted with the abrupt increase of the applied voltage arises when the ground state g of
the injector is not anyniore resonant, with the upper state n=2 of the optical transition andl a
Negative Differential Rasistance (NDR} oconr.{16, 59] The optical spectrum in the region of
negative differential resistance is extreniely broad (> 3Muel) amd features many adiditional
peaks (Fig. 3.5(b)). The spectrum is consistent, with a broad injection in many energy lev-

els frim electron population with a broad energy distribution. Thiz very good correlation
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between the electrical and spectral characteristics i the same device is a proofl that the
eleciro-huninescence arises lrom a resonnnd Lunneling injection into the n=2 state arml not
from a heating of the electron gas. The spectrum of Mg, 3.5 exhibits some adiitional sinall
features at 24, 30 and 38 meV, The lack of clear current dependence prevants naambiguous
assignnient to be done. However, the emission at 38meV is believed to be a plasmon mode
excited Dy the polar GaAs optical phonons coupled by the grating throogh the surface. This
peak vanishes for edge pmitting devices (ref. Chap. 5).

'The shape of the optical ontput power versns lnjection cnrrent characleristic provides some
instght ito the scattering inechanism. As it has been shown in previous nieasnremnenis of
the clectron 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 teuperuture, we observe a fairly linear relationship be-
tween eanitted power and injected cnrrent inelicating a scattering process with a constant
lifetime {Fig. 3.6(n)). However, al. T=5N, i the linit of low injection carrent to provent,
significant clectron Lieating, emission of optical phonon is forbulden. 1t has heen shown hotl)
thearetivally and experimentally that for electron sheet densities higher that & 10%:m ™2,
clectron-clectron scattering is an efficient scatiering mechanisn.  Hyldyaund and Witkins
gave o simplified expression for the electron scatiering rate, showing that it is in good
approximation proportional to the electron density of the excited sub-lind of the transi-
tion (chapter 4).[61] Therefore ihe electronic population, and this the aptical power bas o
square root. dependence with injected current. As shown by the fit on ihe data at T=5 of

Fig. 3.6{a), this is very well obgerved in our data, This snggests that the main nou-radintive



46 Vertical transition strocture

51353

Bias [V]

0 . ¢ 40 60 80 100
Current density [Acm-?]

Fignre 3.7: Voltage versns current measuretnents ave shown with increasimg temperature.
We observe that the NDR breakdown ocoins at a voltage of 1.2 volts independently (row
the lattice temperatnre, On the other hiand the current at the hreakdown increases with the
Lemperatore.

and limitative process in this structnre cones from electron-electron scattering in the excited
state.

Voltage versus current mensurerments have been done with increasing lattice tenperatiure
(Fig. 3.7). We observe that the NDR. breakdown ocenrs at a nearly constant voltage of
1.2 volis indeprndently from the Jattice temperature. But aun the other linud the enrrent
at. the breakdown increases with the temperature. The Increase of the emrrent at constant,
bias can be nnderstood with the existence of a temperature activated leak, At T=3K, aml
in the low injection apjroximation to prevent. electron heating, the activated carrier popu-
lation throngh this channel is wnrginal.[62] As the temperature is increased, the electrons
aceire exeess kinetic energy and eventnally escape through this chaunel creating a leakage

current. The temperature dependant enveent can be expressed as the snn of the current, at
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low temperature aud of the leakage curvent J{T) = Jor + Jo.(T). Couswlering au energy
level with a population ng, the number of activated electrons is given by the Boltzmann
distribution velation 3.2.2 where AE is the acvivation energy, T the lattice temperature,
k = 8.619 x W™ meV K~ Boltzeani’s constant, and g the ratio of the encrgy level degen-

eracy. .

—AE

n{T) = ng x g x exp{ T

} (3.2.9)

The effective carvier escape rate weyy from level By is the sum of the uon-radiative rate wyy
al fow temperature amd the teperatnre dependant wy (T7) leakage rate. The increase of the
leakage current can be expressed by Jo(T) = guow (T} The iotal current, increase with
temperature cau then be expressed by the ratio (T} Jsx given by relation 3.2.3.

Ji(T})
Jﬁl\'

—-AF —AL

- e — oy 2 g
=1+ wuy x e T ) =14 x zrp( o } (3.2.3}

A plot of the current density at the NDR with tnereasing temperature ratioed over 1he
current deusity at T=5 is very well fitled by using reelation 3.2.3 (plain line, Fig. 3.8).
Tie fit. gives an activation energy of AFE = 18 £ 2imel cousistent, with the activation of
optical phonous from hot carrier to state n=1 ol the optical transition: of the steuctre of
Fig. 3.2 (AE mivation = Pwio — AEy, = 22meV). An analysis based ou the inteusity of
the lumineseense versus temperatiure at constait currend. injection show that the emission
of activated optical phonons explaing well the decrense of the humninescence intensity with
tetmperature {chapter 4.

The electrical properties of smnple $1353, $1774 aned S1431 are presented in Fig. 3.9(a}.
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Fignre 3.8: The ratin hetweere the NDR. eorrent. ale T=5K and the corrent for increasing
temperature is shown, The plain eurve is a two paramcter fit to the data using relalion
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The maximum careents before the NDR ave respectively 404cm =2 al 1.2V, 156 4cm? at 1.4V
ard 334em ™ ai .78V, We observe Lliat the bias at. the NDR. is elose (0 constant, for simitar
structures independontly from the sanple doping. The higher bias at. the maxinonn covreat
injection observed for sample 51774 cornpared to sangple 51353 is consistent. with a shorter
strrctinre period (- 8.6%). The waxinenn ainrent. density before appearance of the NDR is
plotted versns sample average daping m,, nuiltiplied by erp{—slpa) which is proportional
to T the tanueling probability for vertical samples used in this work (Fig. 3.0(b)). A
linear dependency of tle imaxtmam iigected corrent. before the NDR. with device doping is
observedt. This shows that the injectad current ean he increased by increasing the sample

doping. This current. tncrease is however not due to sample heating with higher injected
J g
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Figure 3.9: (n) Biag versns injected current densiny are shown for samples 51353,51431 and
51774, (b) NDR. current. dlensily versus average doping mutiplied By a factor propertional to
the carrier timel transinission probabilty 1hrough the barrier for vartical trangition samples
(T ~ exp(—slfp). Compnted valnes of exp(—xLg) for samples $1353, 51353 and §1774 is
Ty = 0.077, Tor 51683 T = 0.098 and 51806 T, = 0.137.

enerent a5 L — 1 measuretnents show similar square-root dependence of the fight intensity
with injected curvent as observed on sanple 51353 (Fig. 4.3), Furthermore, the maximmn
outpul. power has been icreased frome 10.6007 up to 44pl¥’ for sample S1774. Specieal
measurements performed at the maxinnno injected current density s shown in Fig., 3.10
amm] show 1 peak centerad al a photon encrgy of v = 16.7mel’. For conparison with
the other smnples the spectia are nonnalized in itensivy with results obtained from the
eniiteed light power versus current inensurements. As the obtained power is the integraied!
power over the spectral window of the detector, the spectra huve been novinnlized with the
imegrated surface nnder the curves egual to the mensured light power. This is necessary as
the spectrunt comtains emission that does wat, originate from the inteysubband transition but
from black-body erission. We observe that the waxinmm spectyal power of smuples $1353

nnd 51431 are very similar, The FWHAM of the InGaAs lwninescence peak is 36% broader
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Fignre 3.10: Spectral measurements performed at the maxinmm correm. density before ap-
pearance of the NDR for sanples S1353,51431 and 51774, Measnrements hnve heen per-
forined in a dry-air environment. The output power versus injected current. density for these
samples are shown in figue 4.3.

{11V} than the GaAs saples. Our measured line widths are however much narrower
than those reported from mid-iufrarad QC diodes luininescence.(37, 63] However they ara in
agrepment. with absorption measiremenis one on quantun wells in the mid-infrared showing
a decrease of the intersibband absorption tinewidth with an increase of the well widlth.[Gd]
But, the same study has shawn that the FWHM is relatively inseusitive (= 10%) to the alloy
connposition, at least for sinall percentages (& = 10%). Due to high concentrations used in onr
case (>50%), alloy composition could siill contribute to the observesd linewidth broadening
of thie (AN GalnAs laminescence peak compared to the (Al)GaAs smnple lnninescence peak.
The emission spectra of smnple 51774 exhibits a donble peak die 10 the absorption line from
the detector at 16.dmeV and in reality anly ane peak is present. A fit to the data with a

Lorentzian curve show that the maxinnnn ocrurs a 16.7ineV with a FWHM of 0.87TmieV, very
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Table 3.2: The photon flux frow the intersubland transition are calculaied to compare the
output pirver from the samnples. The ratio of the photon flux to the average clectron flux is a
figure of werit describing the sanples alility 1o convert. electrons to photous. Note however
that this value is not the quantum efficiency ag the collection efficiency is not inclnded in .

Pup FWHM oy Photon flus  Blectron flux 1
pW]  [meV]  [meV]  [10%7) 0771 [107Y)

51353 (GaAs) 44 07 141 .07 2.4 0.8
SI7T4 (GaAs) 265 09 167 9.2 0.2 11
$1431 (InGaAs) 50 1.1 152 3.0 1.8 1.7

close to what is observed for sanpsle 51353, The integrated surface under 1he fit is 26.5pW,
which is an approximation of the ewission power due to the intersubband tratsition without
the absorption Lole amd without any parasitic enission. Siilar it has heen performetk
o the peak at 14.1meV, leading 1o 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 officiency can however not Le compared directly with these numbers, but. mnst be
transformed into photon fluxes. The photon flux is oltaived by Jdividing the emission power
witl: the weasured pholon energy. The obtained values are shown in table 3.2, The highest
emission power is clearly obtained by the extrapolated enission peak of sample 51774, The
amisston efficiency can be obtaived by perforining the ratio etween the injected electrons
finx and the photon flux. The results show that the twoa GaAs sainples have the same
elfictenicy am! that the InGaAs is slightly better hut also with a broader emission. A clear
distinction however cannot be made between the used naterial systems in terns of emission

efficiencies as they are very siniilar. Note however that the caleulated efficiency is not the
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qunntim efficiency as it does not. inelude the collection efficiency.

3.3 Diagonal Transition structure

3.3.1 Structure Design

The diagoual or photon assisted resonant tunneling transition structure 51443 consist. of
three GaAs quantum wells repeated 50 times. The structure starts with a 3.0 nm thick
Al aGlog s As injection barrier.  The radiative transitions is diagonal in real space amd
aceurs through the injection barvier from the ground state (2) of a 13.5 nm wide GaAs well
to the growmd state (1) of a 18.5 nm rquantum well. The energy band stincture diagran
is shown o figeee 30110 1 is designed ta emit at the fa-infrared photon energy of 14.4
meV with an applied electric field of 4.2 kV/em corresponding to a working bias of 1,18V,
The caleculated matiix element is z, = 19xm.  As expected this volue is less thau lwdf
than what is caleulated for n vertical transition {z,, = 4.2nm). Because of the diagonal
nature of the optical transition, the lifetime of the excited state n=2 of the transition is
expecied to be imuch longer than the intersnbband lifetimes of the olher states.[65] The
majority of the carriers shonld be comained in this state. In contrast to vertical transition
strueture, the injection bartier controls the current throngh the strcture. The elecironic
density is thorefore gnnsicoustant amd popnlation inversion shoukl he maiitained in v wide
range of electric helds. A drawback to the dingonal transition is the expected speciraily
broad emmission «dne to interface roughness. The center of the quantwn well is dopel with

Si ot o mensnred sheet density of n, = 1.67 x 101"0em™2
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Injecllon bartier

./r'r

tigure 3.11: Energy band structure for smuple $1443 in the GaAs/AlGaAs material systen
biased a1 £ = 4.2kVem™". The layer sequence in nanmneters starting from the injection bar-
rier is 3.0/18.5/3-5/@3.5/13.5 where Aly 13Gugps s layers are in bold, Guds in Roman
and underlined numbers carrespond to the doped well (Si, 1, = 1.6710'%n7%).

3.3.2 Experimental results

The sample were processed in the swiface emission contiguration with a 157 period grat-
ing an top of the etched mesa. Light and bias versus injected current measuretnenis are
shown in Fig. 3.12{a). In contrast to observed vertical transition trausport data (Fig. 3.6} a
NDR. breakdown occars with small injecees] current density showing electrical instabilities.
The strncinre stabilizes with an applied bias of 1.4V corresponding to an internal field of
5.0kVem™ . The excited state lifetinie versus applied volage is calenlnted by assuming that
ils lifetime is the longest present in the stracture and J = weg/7, 1, being the nieasiwres
sheet, density and ¢ the elementary charge {Fig. 3.12(h)). The obtained values of the lifethnes
decreases from 1, = 100ps at Jow bias np £0 7, = 20ps at. 2V, Representative luminescence
spectra for various corvent. injection are presented in Fig, 3.13. At in injected currmn density

of .7 = 254¢m™ and a4 a Dias of V=0.6 volis, we mainly see two praks emerging from the
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Figure 3.12: (1) Luminescence intensity and applicd bias versns hnjected cureent. (1) Lifetime
of the excited state versus applied hias.

noise. The firgt is ot hr = 28.Tmel’ . AL ibis oporating ns, the injoction is broad and
umany states are popnlated, in particnler the excite state of the vertical transition n=3 to
n=1 corresponding to the ainission at 28.7meV. The second eniission peak at hv = 37mel
attriluted to the coupled phonon-plasnion enission inducer by the prating As the e is
incrensed, we nhserve that a peak at the photon energy of iy &= 14meV appenar. An incrense
of the high energy peak is also observedd. The peak at 1dmev corvespond very well with
calculated dingonal transition energy from stated n=2 to n=1 for an applied electric field of
4.2V ™", The phonon peak is however the most, intense, suggesting strong heating of the
saiple. At an injected cirveni of 1=100mA ihe v energy peak becomes the inst intense
anel the high energy ones decline. The phonan peak has now becowne the less intense of the
three considered peaks. Finally at an injected current of J=230mA the diagonal emission
peak has stronly increased iu intensity and has blne-shified as expected from a diagonal

trangition. The ennission has also eonsiderably broaden from 2.dmeV at 5%mA up w0 12neV
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Fignre 3.13: Luminescence spectra of the emitted raliaton for increasing infecied curiemi.

at 230mA. The obsprved FWHM at the desiged bias of 1.2V is mmeh broader than what is
observed for the vertival transition of sample 51353 aud for the n=3 1o 1=2 transitiou in
this one (AF = 0.TimeV in both cases).

The vertical transition exciter] stale n=3 being populated by carriers from the state n1=2
having an excess kinetic euergy, its population is given by the Bolzmann distribmiion. Ex-
traction of the carrier temperature from the spectral data shown ou Fig. 3.13 is possible.
The imtegrated area under the emission peak is proporiional to the carrier population, given
by relation 3.3.4 where »; is the population of the exciied state and 1y _ the bonndaries of

the emission peak.

et I B '
P= f_ I{v)di ~ X (3.3.4)

Trad
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The popnlation ratio between the exciter] states n=2 and u=3 of the diagonal and the vertical

transition is given by relation 3.3.5.

=48107" = r::r:p(-ﬁ%"__g) (3.3.5)

Ha _ Alitset T2t Y

ny Iy, AtV T

The valenlaind spontancous emission times are respectively for the liagonal al the vertical
transition Ty = 05ps anrl 7y = 2.4ps compnted with the transitions respeciive matrix
elements, Using the areas nneler the penks at n bias of 1.1V (F = 3.54Vem™"), a earrior
temperature of T = 30K is ablained. Note hiowever that this approximation does not take
iitto acenmul the non-rariative depopnlation rates for states n=2 and n=3.

An interwell elecirically pumped intersnbband transition stritnre has also been tried by Xn
andd Williams.[29, 30] I eontrast to our structnre the fwo lower levels are i rescnnance
with the optical plionon einission energy and are spatially separated in two adjacent. wells,
This allows 10 have a very elficient, extraction fromn level n=2 withoni. the disadvantage of
phonon ewission from state 1=3 to u=1. The farv-infrared emission was first very broad
Imt managed in a second poblication to have a narrow Anu = 1.9mel” emission al. 10.6
meV (A = 116p) ativiboted 1o the n=3 to n=2 transition. Ulrich ¢t af. have performed
comparative measiremnents in magnetotransport. andd intersubband elevtrolmininescence with
simiilar vertical and diagonal ag shown in this work [32] They observed stark shift from the
tliagonal struztare bt sneller than the one expected with a homogenions electric field, Same

omtssion efficiencies from both the vertical amd the diagonal transition were observed.



Chapter 4

Non-Radiative Scattering Rates in

FIR Vertical Transitions

4.1 Introduction

Determination of the electronic lifetimes of hoth the excited aud the gromud state of the
optical transition i a structure is a koy issue in onderstaaeling the cirrier dynamies. In the
[ar infrared, the corresponding sub band energy spacing being less than the optical phonon
energy, relaxation through this channel is therefore forbidden as the temperatine is low-
ared (Fig. 4.1). Other seattering channels are therefore responsible for the non-radiative
depopulation of the excited state. The electron-electron scattering has shown to be a very
efficient. decay process for n=2 electrons in large quaninm wells. It has heen shown expori-
mentadly that the =2 lfetine vary (rom 40 to & ps dependiug on ihe carrier density. [66] The
sub-linear depenidence of the luminescence with injented current. observed from our vertieal

57
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Fignre 4.1: Schematic view of the intersabband relaxations processed for a gnantinm well
where the energy separation £ is sinaller tlan the optical phonon energy. 1n this config-
nration, varions processes may play a role: optical phonon emission (op), electrou-leciron
scattering (BE), ionized-impurity scattering (i), acoustic-phonon emission (AC).[41]

transition samples strongly suggest that at low temperature, the electron-electron scatter-
ing ts the main limiting proeess (§3.2.2). An other iinportant electron scattering process
can occur through interface roughness. This offect is however expected to be important in
narrow wells where the effect (e to thickness fluctiations can become hnportant.[Gd] This
effect. is enhanced with structures nueler high electric field, creating asvinmetric potential
pushing the electronic wave Mmuctions towards one side of the quantum well. This Stark

o for

offect howover, beeanies impartant muler electrie fields in the range of 100 AVem~
narvow well witlth (£ < 100m}.[41] Tn the far ufraved, onr strictures are binsed under fighis

not exeealing 5 kVem™, leading to 2 weak potential asymmetry and the active wells widil

are much lrger (L > 20nm) which strongly reduces the importance of interface ronghness



scattering for vertical transitions. This is vlearly not the case for photon assisted tnnneling
transitions.

Acoustic phonots is an important relaxation channel as they may be emitted independontly
of the cartiers energy as no frequoncy gap s present. in the dispersion curve. But ealeulations
pecformed by Ferreira and Bustard show that the ennssion lifetime of acoustical phonons in-
creases with the quantum well thickness aml has been calcudated to be over 240ps Tor a 20nm
well in the GaAs-(Al)GaAs matedal system with a 30% ahinimnn fraction.[55] These long
lifetimes have heen confirmed experimentally by Fuist ¢f af. as they have obtained lifetunes
of Ty, = J00ps.[67] This decay provess is not very significative in onr case, as the wells nsed
in our smnples are very thick (2Bmin) lending to even longer lifetinies.  Elevtron-impurity
scattering however, has shiown to have its lifetinie decreased with the increasing well width.
Calenlatend lifetime of 31ps for a 15 thick nudoped well are found.[55]) This process can
b au important decay channel as the active quautym well in our samples is relatively thick

{28nul).

4.2 Electron-electron scattering rates

Electron-electron (IZE) scattering being an elastic process, the total average energy il
womentunt of the carriers 1s conserved after the interaction. Even thongh envrgy and mo-
mentumn may be iransfered from one sub band 1o the other [68], this process doves not allow

net energy loss, but leads to a thevmalization of the electronivy populations. The dominat-
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Fignre 4.2: Schematic uon eguilibrinim election-electron senttering 2211 process between iwo
sub-bands. The three pains of opposite lransitions arrows show the scattering between two
upper sub baml electrous which deeayr to the lower suly bawd E|.

ing electron-electron seattering process between two sulr hands are the 1212, 2112 and 2211
processes {where ke is an interaction with carrier 1 scattering from sub-banel & to me aml
carrier 2 from state { 1o n). 2221 processes also known as Anger processes where ouly oue
carrier ehunges suly hand are forbidden. These type of scatiering processes do nol couserve
pavity aud lead to au intersubband velaxation rate egnal to xero.[68, 18] The fivst two dow-
fuating interactions allow energy and momedaun transfer betwecn sub band, but eavrier
popmkations ranain imehanged anel in this way do not. depopulate the upper state, but lead
to thermalization of the electronic popnlations of the two sub-bas. Process 2211, repre-
sentee] sehematically in Fig. 4.2 is however the inost effective intersnbbael seattering process
when emission of optical phonons is uot allowed and contribute strongly to the upper state

depopnlation.|66] Twe carriers initially in the excited state seatter into the gromnd state with
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energy and monentom conservation. This process has shown 1o e threctly proportional to
the density of carriers of the upper suly band [66, 69] As shown in Vig. 4.2, this process does
not lead 1o a cooling of the carvier distribution as the energy is conserved. In contrast to
the other processes, net. transfer of carriers between sub-hands is achieved proving wans-
pott of carviers throngl the structure. 16 has Leen shown experhuentally in thne resolved
pump-probe experiments that the 2211 processes are inost efficient during the iuitial phase
of the relaxation process.[69, 62] Hs iinportance decreases ag the two sub-bands approach
a thermal stoady state characierized by coimuon electronic temperature and chemical po-
tentials. This electronic thermalization arises after a few picoseconds after the femtosecotul
pulse excitation. In our experiments, as the cmrent pulses are nnich longer than the relix-
ation time, the npper state is always in strong sou-equilibsinm during carvent, injection and
the EE scattering is always efficient. Knowledge of this rate in onr structure is a key o
the understanding of the carrier dynmuics. At low tewmperature, maintaining a population
inversion between the ground aml the excited state rely swrongly on the wagnitude of (he
2211 process rate amxl the electronic depopnlation of the ground state.

The transition rate for a given process can be expressed Ly Fermi’s Golden Rule. The rate
is proportional to the smiplitude for this process to happen {the matrix element), weighted
by the density of available final states (The phase space) (Bq. 4.2.1). 1o relation 4.2.1, H' is

the Hamniltouian describing the dynamics of the process.

2n o
i = S KT 5By — ) (4.2.1)
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Hyldlgnard and Wilkins gave a simplified expression for the electron-electron scaitering rate
given by relation 4.2.2 where (/%(g,) is the nnscreened interaction matrix element and
1p(0) = 0.785 represents a dimensiontess inteprated phase space weasure.|61]

_ Ry
—_r

P = i x B U0 (ga)? x 71(0) (42.2)

Parameier py = Ep— 15 the energy (difference between the Fennd energy and the electronmce
confinement energy of the first excited state. The Fermi energy Er can be conpmted by
dividding the earrier sheel density ny by the two dimensional density of sates given i relation

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

. mS
plE) = prel {4.2.3)

The vate in &~ is then given by By, 4.2.4,

1 T Ryx h 0 "
- = -H- =ty X T X p—— x |U (']'A)f X Ip(n) (42 |)

Assunting that the electron-electron scattertng is the dominant non-radiative process, the
injected enrrent density can De written as J = noq/Tor = nagf 2% 70 lemling to an expression
of the enrrent, density as a function of dhe square of the electronic popidation in ihe sul
band (relation 4.2.5), As [ 4.2.4 gives the rate for the 2217 process to occur, the electronic

transition rate i obtained by waltiplying the latter 2211 rate by a factor of two as two
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Figure 4.3: Light. inteusiiy versus injected current density is shown for vertical transition
sawples 81774, S1353 aud S1431 at T=101. A 6t 10 the data is done with a siuare voot
function (dotted lines).

electrons are relaxing thraugh this process.

] 124 Ryx h . .
I= X‘Tw = % Xy X == X % Uga)[* x 1p(0) ~ 1 (4.2.5)

Finally, the emnission power has a sguare rootl. dependence with the injected curvent {Eq. 4.2.6).

Tar ~ i g _ \/7

Trad  CodTrad  Trad

J
P= 'rjniiwf\’p? x (4.2.6)

As expected the emission intensity versus injected current for samples 81353, 51774 aud
S1431 ave well Btted with a square voot function (Fig. 4.3}, A current offset bns been used
as the luminescence emission does not. start at zero (see curve S1774). A certain current

flows through the straclare belore it is fullv aligned, As the injector is not aligued with
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Figure 4.4: The offset current density is plotted versus sample doping. The latter is mul-
tipliecl by a factor proportional 4o the (seruentinl) barrier transmission prabability to take
into acconnt the different values of 1the injection barrier thicknesses of the samples{ Py =
0.0059,P|r,a';= 00006, ])|','74= 00063, P|g(,5= 00]9)

excited state, no rvlintive amission takes place, The emisston oconrs whan the stales are
aligned, This is achieved when the applied external field has overcome the internal electric
fielel originated by the doped region. The offset therefore increasns with the saple doping,

e principle, a 1easnre of the starting emission enrrent conld 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 squarve root dependtonee with injected crrent has shown
to vauish, At T=80kK, the dependence on the emission intensity with injected enrrent had
hecome linear suggesting the appearance of a mnch nore efficient scattering channel. At
such high temperatires, thermally activated electrons makes the emission of optical phonous
possible, This relaxation ehaunel has shiown to he extremely ellicient with sub-picosecond
lifetinie and becomes the dominant velaxation process.[55] The non-radiative process in far-
infrared vertical transition structures can therefore be diescribed as the interplay between
the electron-electron scattering and the eniission optical phonan depemling on the elcironic
temperature. Optical plionon emission is wwever possible at low temperatire if we consider
intra-sub band electron-electron scatlering processes where the cartier gain sufficient excess
kinetic energy after the collision. Monte Carlo siinulation have shown that the ratio of carrier
using this relaxution shanuel to the gronnd state is 25% .[62] The wotal non-radiative rate
e can b expressed by relation 4.3.7 with w,, being ihe carrier-carrier seattering rate and

W,y the oplical pliounu scattering rate.
Plum—dn‘.'q Ao
Wny = Wee + Wep e X U7 i + Wopa ¥ {:_-ng (4?’7]

The last term of expression 4.3.7 takes into acconnt the reabsorption of oplical plionons by
the electrons.
As the collected optical power depends on the electiical input power Py aml on the ratio

of non-radiative (ifetime 7,y and the radiative lifetiine 7,4, tenmperative dependent mea-
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Fignre 4.6: Light intensity versus injected cuerent are shown for sample 51353 and S1431.
We observe that the intensity of the emission at a given current decreases strongly with
termperature. The square root dependence of the entissicnr with injectad current vauishes
quickly with teperalure.

both smnples. At low temperatare (T=10K}, both lnninescence spectram shiow wnainly a
narrow peiak centered at photon energies of 14.1 and 15 1meV. Increasing the teniperature
while keeping the injecied curent constant clearly sliows a decrease in the peak intensity
for both sanmples. The lminescence peaks are observed up to 120K for the (ADNGaAs, amd
140K for the (A)GaluAs. The full widih at half maxinmm is equal to 0.7 amd respectively
1.1meV up to high temperatures (50K and 60K) hefore increasing np to 2.2 and 1.5meV at,
respectively 120K and 140K, Similar line shape dependence with temperatire is reported by
Hegman et ol from absorption measurements.[71] Representative plais of the liminescence

intensity versns injected current enrves ai different. terperatnres for both samples are shown
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Figure 4.7 Activation graphs for snmple 51353 anel 51431 are shown, The ilata was {itted
using . 4.3.7 withont ihe last terni. Using ilie calculated optical plionon rates, the fit
leads to electron-clectron gcattering rates of respectively 11ps and 14ps for the GaAs awd
InGaAs saniples.

in Fig 4.6, Activation graplis of the integrated peak imensity, taken from the spectral data
are shown for both samles in Fig. 4.7. The data is well fitted nsing Eq. 4.3.7 where the
lagt term of relation has been ueglected. The ealemlated optical phonon scattering rate of
wep(GaAs)= 1.86 ps~! Al we(lnGaAs)= 1.31 ps~! and respreetively the energies for the
optical phonons of 36 meV, and 33 wmeV have been useil.[55] Electron-electron scattering
rates of respectively w. = 0.00 amt 0.07 ps~' for the GaAs and the GalnAs have been
obtahied, einresponding to intersubbainl carrier-carrier scattering tiines of respectively 11
ps ancl 14 s, Crosses shown in Fig, 4.7 {a) are the integraied spectral power at the different

teinperatires. We observe that al. low temperatures, it's valne matches the inegrated penk
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ISBS due to catrier-carrier interaction
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Figure 4.8: Experimental photohiminescence panp-probe data (erossed squares) and cal-
culated (solid line) Intersubiand Scattering time doe dn EL intevaction in wide (21mn)
guantum well.[66] Temperature dependent measureiment. data is representex] by the black
cot.

intensity. But as the teniperaiare ingreases, the data differ strongly as black bady emission
increases and dominates the emission power,

The obtained values of the electron-electron seattering lifetime allows us to obtain the
upper state density wy = J7 /g for botl samples. Asgming o 100% injection efficiency, the
currier densities are respectively 2.7 x 10%rm ™% and 2.4 x 109072 for the GaAs and tlw
iGas smnples. These results are in good agreement with pump probe experiments done

by Hartiy ef al, as they have reported intersnbband scatiering times due to carrier-carrier

internetion of 32 ps for shwilor carrier deusities (g, 4.8).160]
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4.4 Optical Gain Calculation

In orter to olstain light amplification in nur strectures, the active region inust exhibit, optical
giin. The peak waterinl optical gain of a wave traveling through the active region dne to
stinmlated eniission can expressed by relation 4.4.8 where m;; are the electronic surface
demsity of levels £;; as defined in Fig. 4.9, n the refractive index of ithe medivm, A the
wavelengih of the enrission, 2 the the FWHM of the lunitnescence and L, the (hickuess of
the active well. [72, 73, 40, 74, 22]

, tlrrqzzfj

Ny, = — = i — T 48
G r(.n,\2')‘,-J-Lu.(" ") (448)

Calenlation of the gain requives the knowledge of the population inversion ny — ny be-
twenn the excited and the gronnd state of the transition. The population inversion can be
obtained In solving the stearly state mie equations chiaracterizing the carriet dynamics of

the structure, modeliznd in Agnre 4.9 Ly a two-level systeni.

iy g 1 1
= L _p — 4.4.9
7 . T'z{npmr + Tr'fr') { )
dn, 1 1
am_ R S 4.4.10
et wl("'.-prml. + Tffyl ) ””l Tout ( )
The population inversion is then expresserl by relation 4.4.11.
Jo1 1
Wy —my = —( + ="~ 1\ Tt {4.40.11)

9 T.-zpmnl Tur
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Fignre 4.9 The vertical intersnblbamd teansition can be modeled as o two-lovel system where
a non-radiative rate and a radiative rate depopulate the excited state By, The gromud state
I\ is depopulated through a sequential tinmnealing to the refaxation/finjaction region of the
structure,

We assime that the electronic population of the ground states of QW1 and QW?2, instanutly
thennalize as they are separated with a sinall energy dilference. The extraction however is
assnmet to be a incoherent (sequential) tunueling process throngh the dmn barrier separating
the avtive ragion frenn the relaxation vegion in siomple S1353.[16) if the energy E) is sinch
that ™" << 1, where x = W am (Vg - E}/NE and Lg is the extraction barrier thickness,

the transmission probability through the barvier ol an electron can be approxinuted using

F. 4.4.12. 3, 75)

Y
6BV~ E)

'T,r; (E) =] V"!
0

—isly {4.4.12)

The tunneling time through the barrier can then be approximated wsing Eey. 4.4.13 with the
elfective mass of the electrous in the bartier [16] The effective mass of the electrons in the
AL G Ay i coniputed by a finear interpolation between ihe GaAs vffective mass THE.?UU =

0.06Tm, ane the effective mass of the AlAs m'y,, = 0.124my. [35] The effective mass for
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Figare 4.10; Particle of energy E incident. on a single bavvier of thickness Lp.

AloGuyp A with x=0.15 is ™ = 0.076r . Figure 4.11 shows the electeon tunneling thme
for increasing barrier thickness, For a barrier thickness of L =4 we compute an extraction
timie 7, = G.4ps.

h
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Using the experimental values obtained with sanple 1353 of J = 394em~2, with an
injection efficiency of 42% (page 51) and 72, = 1lps, an inverted population of An =
4.7 x 10%:m~% is computed.  Using Eq. 4.4.8, the peak material gain is G, = 43w~
In order to compare this result with mid-infrarsl results, the gain coefficient, ¢ = G, /J
traditionally used in the mid-infrared is g = 2.6cmA™" a factor 100 higher than what is
coputed for mid-infrared laser at threshold (g = 0.015— 00200 A~") {72, 25] This suggest
that the efficicncy of this struciure is nmch higher than mid-infraved ones. However due
1o the corier density dependenee of the EE seattering, this gain advantage is considerably

reifuced and eventnally cancaled with increasiog nperating current. densities as the oxtraction

thine is constant. High temprrature operation of such a laser seem to be difficult with
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Figure 4.11: Calenlated electrouic tunneling tie from state Ep = 0.014eV versns barrier
thickness.

this structure as with increasing temperatnre, activation of optieai-phonon emission will be
possible and stroug increase the non-radiative rate of the excited state will oceur preventing

any population imversion 10 buld up,



Chapter 5

Waveguides

5.1 Waveguide Design

5.1.1 Introduction

The design of a low loss waveguitde in the far-infrared is crucial for the realization of a laser
device. As schematized i Fig. 5.1,at the titerface hetween two dielectrics, total reflexion of
an electromagnetic wave traveling In the niaterial vefractive itdex n) can be achieved at the
condition that the refraction index 2, > ny. Furthiennore the angle of incidence @ of the tight
instcle the core wnst be simaller than a critical angle 8, = Avestre (s /r0 ). In the mid-infraved
this type of confinement. provides good resonators aud are obtained by growing low refractive
inddex cladding below and above a high refractive index active region.[22) This can be done
by wolecnlar beam epitaxy (MBIE) as the needed cladding thickness is at. least i the order
of A/2 in the material. 1n the far-infrared lowever, wavegnides based ou pure dislectric con-
finentent, wonld require cladding thickuess on the order of 10pm onadapted to MBE growth.

70
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Fignre 5.1: A dielectric wavegnide is composed of a core with an imdex of refraction 1y anl
a cladding with a refractive index ny. A light beams insille the core will be totally reflected
at the interface if 7y > 2y and if its angle of ncidence & < than o oritical augle 0.

This tecimological difficnta can be avoided by using metal waveguides similar to what is used
in microwave engineering. This techuigue was frst nsed in QC structures by Sirtort ef al
in wavegnitles where the imodes are not supported by a Iayered trausparent medinin but are
alectromagnetic surface waves or surface plasmon at a the wetal-semiconductor interfiee. [ 76)
These surface plasmion are TM electromagnetic inodes confined at the interface between ma-
terials with dielrctric constants of opposite sign. Metals below the plasina frequency exhibit
negative dielectric coustants aml may be nsed for eonfinement. As the intersnbbaud 1ran-
sitions sclection mle requives TN prlarivations, fhis gype of waveguile is very suited for a

quaitum cascade Taser.

5.1.2 Metallic Waveguides

In contrast. to pure nndoped dielectrics, metal way show Drde absorplion dne to free
carriors. A anetal cnn therefore be characierized with a complex bxdex of velraction ft =

w4+ i = Jop = 1+ Flweg where wis the nsnal refractive index mul the imaginary part &

the extinction index fnuction of the motal with ¥ = /{1 — iwr) being the Dride-Lorentz
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conductivity linking the curremt. and the electric field (JJ = y£).[77] The parameter w is the
light putsmtion and v = Th.g2/m, the stationary conductivity with 7 is the collision tine
(or polavization thne), When wr 2 1 the conductivity is purely imaginary (7 = iyy/wr)

and the dielectrie permittivity expressed in B 5.1.7 is mal.

2
o To _ wp -
f,—l—w,z—m,—l—u? (wr > 1) (O]])

where w, = n.¢% finegy is the plasima frequency.
£ i 1] | | d

When the radiation frerquency is snialler than the plasima frequency (w < w,y) and neglecting
the sentlering time {1/7 << w), the permittiviry is negative (¢, < 0) and the index of
refraction i = /7, is purely imaginary. The reflection R, given by 5. 5.1.2 is then total

aicd the wave can be totally contained and ideally 1ravel without any losses.

1—1is 141w
R=7Fxrsm——x =1 2.1.2
T 1+'i.'.-x1—ir: (5:1.2)

Compared to wavegnides basel on dielectric confmenent, this techniigue allows o drastic
reduction of the eladding thickness, and allow a significant increase of the overlap factor
hetween the gnided mode and and the active material conipared to a regolar slab waveguide
with the sane thickness of the wavegnide core (I" > 70% for a single plasmon waveguide,
[ = 100% for the donble plasmon wavegnide, T' =40% for a slaly wavegnide). Mid-infrared
InGaAs wavegnides take advantage of the lower refractive index of thie InT snbstrate to

confine the optical mode. Surface plasmon confinement was nsal only on the top side of the
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Fignre 3.2¢ Computed woile profile for a double plasmon waveguide with a 120 period active
region, Losses of o = 26c™! have been computed Tor a wavegnide with a bottom gold layer
(a)} and a = 5lemn™" with highly doped GaAs bottom layer ().

sauples. Inthe GaAs miatervial svstew the refiactive index contrast hetween the aciive region
andd aml the substrate is not safficien. 1o confine the mode, However, vonfinenent is possible
by petforming a so called double plasimon confinement ov simply a metallic waveguide by
having a metal layer on both siles of the active region {(Fig. 5.2). 1o make the device
easier Lo manufacture, a heavily doped GaAs {# = 5 x 10" ™) layer replaces the wetal
layer below the aciive region.  Practically, the modes ingide the waveguide a computel
mnerically by solving the Maxwell eqpentions for a TM wave with a couplex propagation
constant.  [49, 78, T9]Each jayer is eharacterizesd with complex hulex of refraction lembing
to an effective refractive index of the nmMilayered active region caleulated by the transfer
matrix methad, The imaginary part of the refractive imilex is obtained with the Dride-
Jensen model where dielectric constant ¢ is given by Eq. 5.1.3 andd the the plasina frequency

wy = dmragdfm, n, being the clectron concentration anl ey, the high frequency iliclectric
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Fignre 5.3: The total frequency-dependent relaxation rate versus x = hw/G for samples
of GaAs of varying concentration. For doping concemtrations similar to ones used in our
samples, we obiain scattering rates of a:r = 0.5ps and jir = 0.1ps at T=3001K.

constam.[22] The scattering times 7 are chosen depending on the average doping of the

layers. The used walues are taken {roin experimental measurements of the scattering times

taken from refereace [B0] reproduced in Fig. 5.3.

2 P)
oo — W w
€= — 4 =+ 'f—: (5]3)
w weT

Replacing the bottom metal layer with highly doped GaAs leads to shmilar guiding properties
as a metal-semiconductor-metal confinement, at the expense of higher calculated waveguide
losses (Sleme™! with doped GaAs instead of 26! for a gold Jayer). However the expected
losses are much smaller to what is expected frone extrapolation 1o the far infrared of mid-
infraved waveguide losses. Laser resonunior performances may be characterized by the ratio

I"/a of the made overlap factor and the waveguide losses. In the mid-infrared, iy pical values
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Figure 5.4: A waveguide version of structure S1353, jpovesserd in the grating and edge
emission coufigmration. The main emission peak frow the intersubband transition scenr a
thie same energry for both confignrations.

of the /o ratiois & 4%em ™" [24, 81] The overlap factor ks inereasesd up to T =T0% 1o 81% by
nsing a siugle plasman wavegnide, bug with an increase of the wavegnide losses of more than
an order of maguitude compared to traditional cladding.[76, 22, 82] The double plasinon
wavegnide allows an overlnp of T 2 100% leading to T/e = 2 to 4 in the double metal
confineiwent coufigoration (Fig. 5.2(u)), with similar wavegaide properties in the far-infiaved

as in the mid-infrared,

5.1.3 Experimental Results

A verticol transition strneture similar to S1353, sample 51352 was grown with 60 periods of
the active region cubeadded belaveen 800nm highly doped # = 8 x 10'* GaAs coufinement,
tavers. Samples were processed in the grating amd waveguide configuration. Emission from

hoili configurations are shown in Fig. 5.4. We obeerve that the inaiu emission peak frour the
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intersubband transition occur a the same energy for hoth configurations demanstrating the
edge enilssion capabilitios of such wavegnides, Side peaks appear on the emission spectra
from the grating endssion which do not appear on the edge emission specira. These peaks
attributed so plasinon emission are induced by the grating as they are ubsent from the edge
emission spectra.[83)

The strncture has been optimized to Increase the gain with an injection barrier reduced from
G to 5.5, This increages the injection into the excited state at the risk of decreazing
the non-radiative lifeiie but allows an increase of the emission power. The extraction
barriers liave been shortened from dnm down o Jum 0 enhance the extraction of the
electrons from the lower level {1, = Gdps — 2.5ps). Sawmple S1683 is grown with fhe
active region repeated 120 times. The bottoin confinement layer is 1000mn thick dopesd at
n=5x10"%an~% and followed by a 3000 parabolic grading of the poteniial to compensate
the diffusion of the dopant and obtain an alrupt carrier distribution profile. On top of
the active vegion, the same wverced parabolic grading is grown followed by a 80nm Lighly
dopad GaAs-luGaAs contact laver, The first well of the tnjector has een doped with Si
and measured by capacitance-voltage measurements with an average doping of n = 3.4 x
10"%em=3. Compared to our first vertical structure, the maxinmm injection current. bofore
appenrance of the negative «liflerential resistince region (NDRY) is increased [ron 40.4cm~*
to 1004cr™2. The waveguides are processed in 500 pun wide ridges by wet, chemical etehinmg
and Ti/Au (10/400 mn) non-allayed ohmic contacts were provided on top of the ridges by e-
gun evaporation. The sanples ave then cleaved at different lengths and light intensity versus

injection current density measuremenis wete perforined for increasing waveguide length.
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Fignre 5.5 {a) Lominescence intensity plotted versus injected enrrent density for various
cavity length is shown. A clear dependence of the intensity with waveguide length is observed.
() Applied bins versus injected eurrent density is shown for the 0.2340mn long waveguide,
Similar curves Liave licen obtained for the other length. Dotted line as a DC measureinets
showing shnilar electrical charneteristics,

The 7 =V corve for the 0.234mm Tong waveguide is shown in Fig. 5.8(11). In Fig. 5.5(n)
we observe that at a fixed current «density the light intensity uerenses with the wavegnide
length, deinonstrating the wavegnide properties of our samples. The polarization is foud
10 be normal to the ayers, indicating a transverse maguetic (TM) polarization as expected
fromn the intersubband selection mle amd algo (hie {o the geometry of the wavegnide. In a
rectangular metallic wavegnide the electric fiell is required to drop to zero on the edges of
the wavepuide parallel to the wave's electrie fickd, introducing a ent-olf frequency. In our
citse, only the top aml the botton edges of the wavegnide have a metallic confinement. and
the TM mode, baving the electric ficl] nornal to the metallic planes, has no cut-fl. Howover

a cnt off frequency is present for the TE mode and is given by the thickness of Lhe spacing
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Figure 5.6: Waveguide emisston observed] after a grating polarizer as sketched in inset is
shown, The vertor P gives the direction of the grating polarizer. The light is transmitted
when the grating is parallel to the layers (09) showing a TM polarization with the eleclric
fieldl parallel to the growth direction.

between the two nretal layers.[77] Congidering an active region of thickuess h = 110 for
saiiple 51683, the TE ent-off frequency is ,\Z'“‘ = 2 x Ity n = T, w being the refiantive
index of the active vegion . Beyond this wavelength the transverse electric modes (TE)
experience very large losses aud therefore the waveguide induces a TM polarization of any
ratdintion traveling inside it. Tu this sense, the intersithbbamd selection rule is not formally
tenonstrated with the data presented in Fig, 5.6

A structure grown in the InGaAs material systent has been grown similar to sample 51683
embedded into o double plasmon wavegnide,  Unfortunately, no odge cmission hag heen
abservee fram the strncture. This resulis suggests that the losses are much higher that than
in the GaAs material system for such long wavelength. Similar resnlts have be observed by

other groups.[84]
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Figine 5.7 The use of a technigue baged on the analysis of the lmninescence intensity as a
function of waveguide length is nsed to extract the (g(J) — ny,) parameter of our samples,
whare ¢{7)[rmm ™"} is the gain inside the strucinre and oy, the waveguide losses,

5.2 Optical Gain Measurements

5.2.1 Introduction

As aser threshold has not been achieved, uo umediaie evidence of gain in onr structures ig
abservinl. Specific measnrement, nmst therefore be performed 1o obtain the waveguids and
active region characteristics. The nse of a technigne based on the analysis of the luminescence
intensity as a funetion of wavegnide length is nused Lo extract the (i) — ey parameter of
ot smnples, where g(j) is the gain inside the stroctare and a, the wavegnide losses. When
mjecting cwrrent into the waveguide at a fixed injected corrent, density ), every section of
length da of the wavegnide will coniribnie with an emission intensity Jf (). The gnided
tiglit. will then travel down the wavegnide amd will either be amplifield or absorbed by the
neighboring sections until it leaves the wavegnirle. The transimitted himinescence intensity
I escaping the wavegnide is therefore a finction of waveguide length L and of the wavegiicde

paraneter g{7) -, which can be expressed by relation 5.2.4 where [y is the the aniinescence
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Figure 5.9: Measurements of the light. intensity versus injected cirvent. density for wavegnide
lengths ranging hetween 100 g aned 1 nenn is shiown,

lines nre fits 10 the data obtaina] by using B 5.2.4 Hoking ihe emission intensity with the
sample lengtl. The dependence of the intensity with waveguide lengtl is miainly observerd
for waveguide length L < 500, For louger wavegnicles, the light. intensity saianntes, in-
ilicating that liglt emission ocenrring further away is totally absorbed before reaching the
edge of the wavegnide. At the injection cnrrent density of 25 Aeme™, the fitted waveg-
uide paranieter g — o, I8 fonl to be -94.5 em='. The wavepuirle parameter inereases to

§ = e = =T5.8mm™" at the maxinmm injection enrrent, deusity of 100 e~ suggesting a

differentinl penk material gain of Gy = 18.7mn™" over the whole range of injected envreni

densities. Compnting the gain voefficicnt. botaveen 75 Aenr? nnd 1004can?, whern the siruc-
ture is supposed to be Wlly aliguerd, leads a differontial peak material gain of Gy = 13.8¢m™!

and ta g = 0.55cmA™". The computed peak miatecial gain ot J = 39Acm™ {with a 42%

injection efficiency) is &), = 290n~!, with a full width at Lialf waxinmm of Av = 2.2 meV
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Figare 5.10: Electrolnminescence spectra for various injectad current density for a 0.4 mm
long waveguide. The dip in the prak observes] a low injection is dne to the absorption of the
detector windeow and is sample indlependent.,

at this current Jensity (Fig. 5.11). The resulting gain coefficient is ¢ = 0.7dcmA™" and is
expected to decrcase with ncreasing injected curvent density due the EE seattering rate of
the excited state. The ubtained results are very encouraging aud suggest that gain is present,
i this structure. However a clear demonstration of the existence of gain is not possible
due 1o the important digpersion in our exporimoental enlnes. This dispersion is Jue to the
used axperimental method aml to the very low signal intensities leaving the samiple. The
experimental method requives a realignruent of the sammple for different. waveguide length.
No reference is therefore available assuring an ilentical positioning of the varions waveg-
nides. The positioning criteria is fixed by the relative maxinmm mensity measured from
each wavegnide. A small misalignment of a few micrens imtroduces impartant variation in
the intensity. Furthermore, due to the cryogenic nperating temperatives ol the samples,
temperatura stabilization 1% also eritical, as variation of the latter intraduces variatiouw in the

smnple holder position and directly alfects the collected light intensity. This is particularly



88 Optical Gain Measurcments

3.0 Py T e

[ 149 mm

2.3 1,00 mm
51

047 mm
0.5

FWHM [meV]

2.0 }

15 PR I I SR I T I T
o 20 40 &0 80 100 120

Current density | Afem?]

Figure 5.11: The FWHM of the electrolmminescence specira for various waveguide length is
shown versns fnjected cirrent density.
true for long wavegnides as the injected current is nuportant, and heats the sample.
Signatare of optical gain can be obeerved thirough luminescence peak narvowing with in-
jecteid current density when the sanple is close (o lager threshobd. [24]. Electrolmninescence
spectea for increasing injected current densities and for varions waveguide length have been
performed. Fig 5.11 shows the FWHM of the lmninescrnce peak with iucreasing carrent
density from 43 A2 1o 100 Acme™?. Narrowing of the FWHM with increasing injection
current density is abservesd for all waveguide length aml could suggest sub-threstold condi-
tiong. However, at a given current Jensity, increasing the waveguide length, increases the
FWHM of the emission, particulacly for low injection current densities. The broadening
with waveguide length ean be explained by resonant reabsorption of the light by ground
staie cartiers as the light travels throngh a mediom of non-inverted popnlation transitions.
This reabsorplion effictency shoulid decrease with the increase of the population inversion

between the transition states. Results shown of Fig. 5.11 suggest that if the injected current,

ensity is mereased, further narrowing of Whe peak linewiith shonld be observed. Sample
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Figure 5.12: 1-V (a) nud L1 (b) curves versns injected current, density for samples S1683
mnd $1806. Samiples are respectively L= 0.46run and L=0.4mm long amd [ = 500pm wide.
Measnrements of the FWHM for sample 51683 {(squares) and S1806 (disks) plotted versus
injected current deusity (c) amd versns applied hias (d).

S1806 opthuieedd for higher injection curvent has heen grown. The injection barrier is re-
duced to 4.7 aud the extraction barrier to 2.3 (Tpr = 1.3ps). The average doping has
been increased and measnred as n,, = 7.4 x 100 =%, This optimization allows an increase
of the injected currem, deusity before appenrance of the NDR, from 100 der? for sample
S1683 np to 700 Acn~? (fig. 5.12(a) and {1)). The average output power has been bronght,
1o are than 20 pW (45 pW peak) in the edge-emitting configuration. Unlorlunately, the
spectral data do not show any further narrowing of the emission peak (fig. 5.12(c)). Sur-
prisingly, the optimized §1806 structure shows a sinaller slope of the FWHM with incrensing
current than the S1683 structure, suggesting a gain indepemlent process of the narrowing.

A plot of the FWHM versus bias, shows however a good overlap between the two samples
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(Wi, 5.3200)) demonstrating a bias dependence of the narrowing, The origin of the observed
narrowing is therefore not due to electronic population inversion in the stencture, but, rather
from changes in the clectrie field. As the struetare aligns with the field, the state anti-cross
with a miniinm cnergy splitting when the structure is vorvectly aligned. As the operating
temperatoure is non zero and the injection efficiency smaller than 100%, anti-erossing staies
are hoth papulated and spontaneous emission inay be initiated from both states down to the
ground state. The abserved decreaze of the FWHM correspond to eleciric field dependant

energy splitting of the excited states and reaches s miniioun juste before thie NDR.

5.3 Waveguide Loss Measurements

5.3.1 Introduction

Cotrventional techinkques usnally applied to measire waveguide lasses in semiconductar lagers
(85, 86, 87] are not applicable in o samples, as the abserved hnninesceuce intensity is too
weak. The technicpie using a single, inlti-section device, s however feasible as it uses the
Immincsceuce gonerated by the QO stmeinre insile the waveguide as the light source.[88)
In this configuration, separated electrical contacts of constani. area are provided on top of
the wavegnide (Fig.5.13). The light intensity 7y produced in a puntped section will travel
down the wavepiride ta the edge of the sample with the intensity decreasing accordingly to
B 5.3.5 where I, is the transuilied light. inlensity measured at the edge of the waveguide,

L the optical path lengsh mensured from (he pumped section to the sample adge and a,, ithe
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Figure 5.14: {a) Mid-infrared Inminescence spectra obtained for ditTerent. optical path lengtl,
from a QC laser ($1850) working wmder laser threshold al. rooni temperaturve. {b) the penk
i ensities at the transition energy are reported versus optical path length. Dotied line is a
fit to the data.

wavegnide loss. These contribulions can however be deduced experimentally and included

in the function used for the fit.

5.3.2 Technique Validity Check

To check the walidity of the technigue, wavegnide loss weasureinents have first bheen per-
formed an a state of the art 9.1 um InGaAs/AllnAs mid-infrared quantum cascade laser
(S1850)with an MOCVD re-grown 1nP wavegnide cladiding operalei helow lasor thrasholl,
The sample processing is similar to the one described below for far-infrared measurements,
Sprectral mensurements have been performed at a constant curvent of 200 mA and at roomn
temperature. Figure 5.14 shows the luininescence ohservad fram the edge of the sample, for

various light propagntion lengths. All shown spectra have been renonnalized 1o one com-
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Figore 5.15: Cotpited made profile for sample S1683 and S1806. An average doping of
Ty = 3.4 X 10" and Tang = T4 X 120%™ have respectively been nsed for samiple 51683
and 51806,

mou referonce spectra. The peak mtensity is plotted as a function of optical path length

in Fig.5.14(L}. A fit to the optical data gives loses of 1042cm™", which corregpond well

to the calculated loss of 9.5 el

In wreder to tuke into account the elfect. of the leakage
cnrrent while injecting curvent into one sectimi, we liave measnrad the bias o tlie other ones.
Current versus voltage corves performed for each section enabled ns to obtain the current
flow for each section, An expouential approximation for the current, versus waveguide lengtl

was usel as a corrective teran in the fitting fanction, resulting into a 3% increase of the true

wavegniile losses,
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Fignre 5.16: (a} Obtaimal far-iufrared lminesiense spectra from a donble plasiwn waveg-
nide: for various optical path lengths for simtlar processing as shown in Fig, 5.13. ()
Reportad intensiiies as a fnction of fight path length for two active regions, emitting ai
16.4 and 18ineV are presented.

5.3.3 Far-infrared Waveguide Loss Measurements

For far-infrared wavegnide loss measurements, layvers 51683 and S1806 described in §5.2.2
have been used, For the experinient, the previonsly etehed ridges were procossed with 90 joan
widle injection sections which had a separation of 10 gan between each other and deposiled
on top of the 500 jm wide ridges by e-gun evaporation of Ti/An (10/400 mm). To provent
device shnrt-circniting due to lateral ridge cirrent injection, a hord-baked resist jayer has
I:een used as an electrical insnlator. Samres were soldered with indinm on copper monnts.
Data have heen taken at o temperntnre of 10K for both samples and with an injection carrent,
of 120 A and 500 mA respectively for smnple 51683 anrl 51806, Figure 5.16(n) shows the
ranormalized spectra for smnple $1683. Similir results have een abtained fine the other
sample. An identical baseline corvection has been inade to all the spectrea in ovder to removn

the black body ennission due to sample heating. A decrease of the luminesconce peak at
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(a) {b)

Figure 5.17: (a) When the structnre is unbiased, the carriers ave located in the prowd state
of the well. Carriers may be excited by nbsorbing phiotons. When the strocture is binsed,
the cacriers easende through the strnctnre and do not accamotate in the grommd state of the
well and realsorpiion is therefore less likely to happen, () For the resonant reabsorplion
experiment, section 2 bins with a pulsed cwrrent, and section 1 is either grounded or DC
hiased.

16.4 meV with increased Hght patle length thremgh the wavepuide is clearly visible, However
the side prak at 12meV does nat show the same clenr offect. 16 is thus attribnted as an
artifact ocenrring from the Black body backgronml. Luminescenee intensity i 16.4 aued 18
eV for sminples S1683 and 51806 are plotted as a fuction of optical path {(Fig. 5.16(L)).
Fits 1o the data, with the enrrent leakage correction, give cavity losses of oy, = 42 + 20cm ™!
antd (g = 52 £ 20" vespectively for sminple S1683 aud S1806. Calenlation of the losses
Lased on free carrier absorption give according values of e, = 5lere™ and ay, = 497"
The large ervor bars on onr vesults oviginate wainly from the relatively low oubpd. power
(typically less than 4 pW) in the edge confignration compared 10 the uoise level. These
low output powers also 1t the range of light path leagths available 1o the experiment.

Noise has heen rvednced by incrensed imtegration 1hue (5 secowds per spectral point), Lt

still remains nnportant. (nearly 10 % of the inost intense peak presented in Fig. 5.16(a)). The



96 Wavegnide Loss Measuremoents

4.0 AL L L B A B = 400 T T T T T
— 4 (a) E é'
% 3.0 "“’“‘\} 1 zoamf
. . ] =
.? 20 + N\ . Em !
g i N 1 &
R I N - L
P S TP T gl S
4 3 2 a4 0 0 10 20 30
Applied bias [V] Photon Energy [meV]

Figure 5.18: Resouant absorption of the luminescence is demoustrated. Pnlsed current
injection is kept, constant in section 2 and section 1is either gronnded or DC biased (¥ig. 5.17)
The observed lomineseence intensity leaving the waveguide increases with applied DC bias
on the foremost section {a). Spectral measurenients show a spectrally selective increase of
the light intensity with incrensing negative hiag close 1o ihe eniission energy, showing that
this effect. originates from the intersubband transition ().

strnctures based on a vertical transition, does not exhibit. siguificant, Stark shift with applied
vollage and will therelore show resonant renbsorption when the ground state is popnlated.
This effect was nob significant, in onr resnlts presented above, becanse of enrrent leakage,
which always stightly biases the froit soections. Rosonant. reabsorption hag however heen
abserved when gection 1 was either grounded or when a sinall DC voltage was applied while
pulseel injection in gection 2 was kept constant ( Fig, 5.17). Speciral measurements at vavions
hias show thatl the oplical transition is responsible for this effect, as a selective increase of
the light jntensity is observed at approximately the hmuinescence mnission energy. Strictly
speaking, we are therelore not essoring the wavegnide Tnsses ut zevo injected corrent, bt

the nnes with which might always contain goe small gain effect.
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5.4 Vertical Structure in a Magnetic Field

5.4.1 Introduction

Wavegnide loss measurernents perforised on the fav-infraved waveguides show that the nptical
losses are g, = 42 for smuple S1683. Gaiu caleuiptions performied with the latter
wavegiides supgested gain coefficient, of G, = 0.74arA T with a peak waterial gain of
Gy = Mean~'. An increase of th gain is therefore necessary to reach laser threshokl. Blank
et al have suggested that a quantum well intersubband laser shomdd work wmch betier w
the presence of a magnetic field, compared with the ovigiual design without a magnetic
field.[89) Tn their propaosal, they show that the effect of the magnetic field perpendicular
to the AlGaAs/GaAs quantiun wells dranatically reduces the EE scatbering intersubband
rates. If the scattering rate conld sufficicutly be rednend or aven canceled, the gain in owr
structure conld be increased and compensate the wavegiide losses until laser action occurs,
This inhilition of the scattering processes ocear as the agnetic field introduces series of
discrete Landan levels for both the excited aud the gronmd state. At appropviately chasen
maguetic fields, it is possible to reditee the varions inderband transitions processes due to
new ererpy conservation requireimends (see figire 5.19), Far-infrared intersubband electro-
Imidinescence enhancement Yy a magnetic fiekd is veported by Ulrich et af from a vertical
transition far-jnfrared {ADGaAs QU structure einttting af. 17.3neV processed as ridgoe niesa.
At a fiekl of B = 7.2 T they report an eulission intensity twice the one measniped a B =
0T demonstrating the non-radiative trausition rate reduction by a perpendicular magnetic

fieldl[54]
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Fignre 5.19: (a)Parabolic dispersion of the sith-bands allows a contioons C-C scattering
process with energy and inomeutnm conservation (WApplying a magoetic fiell normal 1o
the quantum wells discrete Landan levels appear. The parabolic dispersion of the energy
ts then replaced by a diseretived enevgy spectrinn. Energy ad momentum conservation
riles ruling earrier-carrier seatbering are less likely to be satisfied decreasing conseguently
the nor-vadiative rate,

5.4.2 Experimental results

In omr sanples availalde gain is fnited by the extraction lifethne 1., and from the non-
radialive lifetime 7, Redueing 7, should increase the gain amd posibly reach laser threhold.
For the expertinent, $1683 samples processed into wavegnides were used. A schematics of
the used set-up is shown in Fig 5.20. The emissiou from the sample is guided by 2 elosed
20 am long Light pipe to an InSh photoconductive detector. The detector is biagsed with a
ronstaut enrvent and operated in the cyclotron resonance nwode. The spectral widih of the
vyclotron resonance photoconductive response is abont 1.1 mweV. By tuning the magnetic
field, the spectral sansitivity can be changed according to the cyclotron resonanee frequency
vo = el fm® where B is the magnetic field and e is the electron charge. The detector has

a tnning eonstant. of about 8.06meV por Tesla, Speciral measnremenis ave performed by
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LHe —
. InSh detector
Fir Emission {resoktion 1.3 meV}
/Tuning magnet {2.5T)
-
| Light pipe

/High field magnet (7.5T)

Iretitt (v Feathidperetehdroni, Technische Unkvorsliht Wlen

Quantum Wells

Fignre 5.20: Set np used to perform Inminescence measimvements in o maguetic fiekd nomnual
to the layers. The mmeasuremnents were done at TU Wien, in collaboration with 1. Ulrich e
al..

toning the top supereondocting magnets fromn B=07T to a maxiinnm of B=2.57T changing
the cyclotron resonance frequency of the InSh detector of to a maxinwm photon euergy of
hw == 20melV |28) The whale spectrometer and the sample are submerged in hyniel helin.
Fignre 5.21{Db) shows the light intensity from the wavegnide witli the applied maguetic field of
B=0T to B = 7.5 T {or a constant injected current of 130mA. The Insh detector is constantly
tuned at the intersubband trausition energy. We observe an increase of the eniission intensity
with a maxinmim ot B = 6.63 T. This waximm intensity is more than a factor 2.5 higher
than a 3=0T. This increase of intensity s not monotonons with incensing magnetic field
bat exhibits oscillations dne the Stark-cyclotron resonances (SCR) due to elastic tunneling
between the Wanier-Stark-Landau levels with non-equal quantane nimnhers on ueighboring

wells. A regsonance oceur if the energies of the initial aind thie final state coincide and the
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Figinre 5.21: (a) Energy levels of sample $1683 plotled versns applied magneti: field for a sul-
band energy sepavation of 16.1 meV. (H) Light imtensity plotted against applied magnetic
fieldl with a constant injected current. The detector was constantly tuned at the photan
emissinn if the intersnbband transition.

eartier tuay eseape througl this chamel decreaging the overall non-vadiative lifethine and ¢hns
leerenging the emission intensity.[54, 33] Fig. 5.21 (a) show the energy levels of sample $1683
plotted versus applied magnetic field for a sub-hand energy separation of 16.4 meV, The
abserved mintiea of the emission covrespoiml very well with the correspomling resouances of
the excites state Lamdan level 21 = 0 and the gronnd state sy = 3 and 1y = 4. Sinilarly, the
maxima in the ewission intensity correspond to the anti-resonance of these levels. Spectral
measnrenients perfornind with a constawt injected curvent of J = 230mA {j = 824em®)
aud increasing iagoetic field up to 6.6 Tesla are shown in Fig. 5.22. The poor signal o
naise signal alained during these experiments is due to the low signal intensity fron the

edge emission. Nevertheless we observe an emission peak oceurring at 16.1meV and slightly
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Fignre 5.22: (a) Spectral data frown o wavegnide at a coustt, corrent. density of 82.4em =

with increasing aagnedic field.(h) The FWHM of the emission versus applied B field is shown,

redl-shifts with increasing field. The ved-shift ts an artefact due 1o the influence of the high
nagnetic feld on the InSh detector. The full width at hall maximmm show a decrease witl
mereasing field from 3.5meV to 2.2meV at B=6.6T (Fig. 5.22(1)). Subtracting the detector
linewidi of 1.1 meV we observe a une narcowing of more than 50%. This narrowing of the
omission peak is similar to what was observed by Ulrich ef al on their vertical trangition
sainples (30%) and does not suggest auy narrowing from stinndated einission, The larrowing
maore likely ocenrs fram the iu plane dephasing tiine involving scattering between Lamdau
levels whicl increases proportionally with the applied inaguetic fiell. {54}, The effect of the
intersubband lifethoe increase due 1o the imagnetic field is too small to be observed compared
0 the other Lroadening processes. Assuming an increase factor hulependent of current. and
taking Tp—y = 11ps, the effect of the magnetic field induces a narrowing of 4 = 0.25mel at
6.6T. Fig. 5.23 shows spectral measnreinents at a constant high ngnetic fiekl of B=6.6 Tesln
and for varying injecied current. from 1=00mA up to 1=230mA. As expected, no shifi of the

emission peak ure observed. The FWIHM of the atuission peaks Lowevar do show a narrowing
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Fignre 5.23: (a) Speciral measurements performred with increasing injected current and a
constant high magaetic field of B = 6.67. (b) A plot of the FWHM of ihe emission peak
plotted versus injected enrrent is shown.

from AFE = 3.0mel” al d= 90 mA down to AE = 2.2meV at 3 = 230 mA. These values are
very siimilar to what was obtained in absence of applied magnetic field (see figure 5.11) and
therefore dlo not. show evidence al gain in these strectnres. Further experiments with the high
magnetic field set-up i Nenchatel were performed] on sminple §1683 and samples $1774. The
lather is processedd with a grating on 1o of the mesa for surface ainission. The objective of
these measarements is explore e possilality of gain enhancement with an applied magnetic
fielr] perpendicular to the epitaxial Tavers up to the full guantization lmit with a magnetic
fiekl of 13 = 14T, Both structures are similar it not identical as sample 81683 is optiniized for
enrrior extraction as deseribed earlier and caomot dlircetly be compared. In any ense, il gain
i presant. in the structures mul is enhaneed Ly the magnetie field, the observed uarrowing
from the wavegiide sample shonld be ymichr stronger than from the surface emission smuple.
In the first case, narrowing due Lo gaht will be added 1o the effecis due to the reduction of the

E-E scattering rate and in-plaue dophasing time with applied inaguetic field. In the secoidd
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Figure 5.24: Specteal aneasurveniems performed witl o sonstant injectes] current up to a
niaguetic fiell of B = 14T for sampale S1683 and S1774 processed respectively intn a doulle
plasimon 683 long waveguide and with grating for sinface emission.

casn the effect of gain will have no contribution to the narrowing due ta the absence of any
wavegnide, Furthermore the intensity increase with applied maguetic field shoukll increase
faster for the wavegnide sauple than for the surface emission sample. The emission spectra
for both configurations is shown in fignre 5.24. The wmeasurements have been parfornied at,
a constant injentesl enrrent amwl increasing applied magnetic fielid, The enission intensities
have been novmalized to unity for na applied miaguntic field. The slata shows an hicrease
of the endssion intensity of a factor of = 5 for both samples with an applied magnoic liekl
of 3 = 14T showing no extra enhancenment of the sutput power for the waveguide sample
compared to the surface emission sample. Narrowing is however observad for Loth samples
but. with similar valueg, However 1rua linewidth iz difficult to measwe due 1o the presence
of the cyclotron resonance endssion prak present oo the alge emission spectra and (Jue (o

the relntively lavgn intrinsic linewirllth of Ar = 3.dwmel’ of vhis InSh detector.


litiewidt.lt

104 Vertival Structine in a Magnetic Ficld

The obtained results Jdo not demonstrate the inexistence of gain in our structures as its
effects are only expressed close the laser threslold. Recent achievement of a far-infrared
laser allows the open question of gain enhanceinent with applied inagnetic field to reach an
answer. If this this assertion is true, a reduction of the threshold current density will he

observed with incraasing applied mnaguetic field.



Chapter 6

Second Generation Active Regions

6.1 Introduction

We have seen in the previous cliapters that electro-lnminescence from an intersublband fav-
infrared transition is possible, anil o e specifieally that, electrical puping is possible
using a cascade type injectime. Onr experitnents on the aclive regions snggest thad. popula-
tion inversion has been achieved and tha some gain is present. Furthermore the plasmion
wavegiicde have shown to have relatively low losses. But as laser threshold is not reached at
this stage bhoth the active region and the wavegnide nmst be inproved.

Stuly of the structures has shown two main bottlenocks: the injection anid the extraction of
the carviers. Increasing the injection allows to have more cartiers on the excited state nnd
ineraases the gain provided population inversion is maintained. 1 the vertical transition,
the non-radiative lifetinme of the excited state is inversely proportional 1o the carrier density,
and therefore decreases with increased injection limitating the maxinmig apper state pop-
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ulation. The second bottieneck is the ground state extraction, The extraction time in onr
struetires s relatively slow as the carriers must tunnel throngh a barvier with a tunneling
time elependent on e barrter thickness, The vertical vansition is therefore not ndapted as
active region for a FIR-QCL. The diagonal strctire shonld be a good candidate bt has
exlibited broad ewission reducing the possibility of high gain.

Since the danonstration of thr QCIin the mid-infrared, dramatic perlormance improvement
lias heen achieved both in ontgad power, Leiperature and in the increase of the ennitded pho-
ton wavelengtl. The autpot powers amd aperating tenperature bave heen greatly increased
with the so calied vertical three quantia wells design (3QW).[90] The injection efficiency
was sigutficantly increased by increasing the overlap hetween the exited state wave-function
al the ground state of the injector, while redicing the averlap of the latter with the ground
states active region. This overlap increase is done using o ¢hirped superlattice simultane-
ously as a hmel injector and a Bragg reflector snppressing the escape of (he carriers from
the excited state of the transition. This allows high pecforninance device to reach au entission
peak power of 35iW at o wavelnngth of A = 1150 at room temperatura.[91] The longest
wavelength reached with this design is so far A & 13pm0.[92] However, these devices exhibited
fairly lnited perlarnmoees with a maximum operating temperaiore of T, = 176K, The
limitation is due to a bottleneck with the carvier extraction. Recently a structure design with
a mini-hand extraction has demousirated significan increase of operating temperature aind
ottt power.[93] Improvement on the emission wavelength has been obtaimed nsing devices
baser] on ehirped superlattice active regions with demoustrated operaiion at nmeh longer

wavelengths, reaching 17, 19, 21 and finally up to A & 24gm. [54, 95, 82, 27] However, these
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structures are limited Lo operation temperatures below 200 — 240K

6.2 Far-infrared Chirped Superlattice

Tle snccessful nnprovemient obtained in the oid-infraved snggest that far-infrared strne-
tares conld reach laser theshold by taking arlvantage of the mid-infrared QCI. evolution,
The main limiting factor in the first generation of far-infrared strictinres is the extraction
of the carvier from the groimd stade. Reduciug significantly the extraciion barrier wonlr
allow to rerhiee significantly the tanmeling thue. This can be doue in chirped superlaitices
consisting of a periodic stack of gnantymn well and barriers. This type of struclure creates an
artificial crystal with electronic conduction band aued band gaps shnilar to what is observed
in bulk semti-couductors, but inside the condnction Land and the valence bal. However,
to electrically inject carrviers in such a true saperfattice, it wnst be Diased. This canses the
strmctare to form a Stark ladiler | as proposend by Kasarinov and Suris. [9] Suchi a structure is
electrically unstalde and practically nseless as a quantan cascade active region. Scarmarcio
et al. have stabilized such n strocture by inseriing doped region betaveen nndoprd regions
to keep the mini-band structure and simultaneonsly having a potential drap, ereating this
way an injector and an active region |96, 97) The iriuimive dopants into the structure, the
inini-hauds can be kept flat withoint. auy dopants with the so-called ehirped superlnttice.
An effective gnasi-electric field is generated Ly eliirping the superlactice period so that a

flat roini-baud condition can be reached.f28] Very thin barriers can be used in snuch rdesigns
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allowing to have quasi-contimmm bands where the carriers travel without being limited by
the barrier tuuneling tine tegether with the interface voughness scatbering from the mnliipte

barriers will enhance the extraction

6.2.1 Structure design

Superlattice with far-infrared intecminiband optical transition energies have been designed
both in the AllnAs/InGaAs and in the AlGaAs/GaAs material. Schematic bamd diagram
are shown in Fig .6.1 and Iig. 6.2 Bolh structnres ave very similar and consist of a four well
injertar aul a three-well active region leading in lroth cases 1o two well defined mini-baneds.
The injectors lower mini-hand is matchied Lo the active snperlattice npper mini-hand thrangh
a 2.5 nm AllnAs vespectively 4.0 nin AlGaAs injection barrier. The expoected teraherts
emission shonld he dominated by a pronoimeed peak near the wavelength corresponcling o
the mini-gap between the second amd the first. mini-band [98). The gromul state of mini-
band 1 and the gronnd state of mini-bawd 2 of the TnGaAs sanple reach » minivuim of the
energy slitting of A = 0.84mel” with an applied eleciric feld of 2.1 kV /an. The calculated
optical (ransition eccurs with a photon energy of by = 16.4meV. The matrix cleen is
longer than in the vertical strircture with a valne of z;p = 8. nme, Beyond the minitmnn, the
energy splitting increases strougly (Fig. 6.3 (a))aml higher states of the mini-ham are then
easily populated decreaging the injection efficiency. Sinilarly, the GaAs sample reaches its
minimum energy splitting of AE = 1.56mel? with an applied electric field of 4.0 kV /em.

Thr computerd optical transition is v = 18.5meV with watrix elewen, zip = 7.2nm.
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injection barrier

Fignre 6.1: Energy band diagram of two preriods of the AlinAs/InGaAs strueture S1677
winler an average applied electric fiekl of 2,08V can™'. The optical transitions acenr hitwien
two inter-sub-mini-bands,  The layer sequence of nue period of strucinre, in nanomeiers,
left. to right and starvting from the injection barrier is 2.5/29.0/0.4/23.0/0.3/20.0/1.3/20.0/
1.0/19.0/1.3/180/1.8/17.0/ where TrpseAlgaeds layers are in bold, frgraGuyyzAs in Ro-
man aml inalerlined nbers correspond to the doped region (57, 3.8 % 10'rr~?).0ne period
of the structure is 154.6 um long,

6.2.2 Experimental results

For the experiments, the InGnAs design was grown with 35 periods nnd processed into mesas
with a 15um grating periodicity on wop of the sample. Siinunltaneous measureinonts of 1he
voliage and optical output power versus injection cwrrent perfored at low temperatures (T
= 10K} for the inGaAs sample (S1677) are shown in figure 6.4. In contrast to measurements

performed on a verticnl wramsition structare [31], the lmninnscence efficiency is constant with
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Injection barrier

Figure 6.2: Self-consistent. energy bl diagram of two periods of the AlGaAs/GaAs strue-
ture A2432/A2433 nnder an average applied electric field of 4.2 kV/em. The daped wells
are shown in gray. The laver sequence of one period of structure, in nanometers, left
to right and starting from the injection barrier is 4.0/18.6/0.8/15.4/0.6/13.6/2.3/12.8/
1.8/11.8/2.3/10.8/3.2/10.4/ where AljsGugsAs layers are in bold, GaAs in Roman and
wnderlined nmubers cortespaied to the doped region (54, 3.0 x 10%:0~%). One period of the
structnre is 108.4 mwm long.

the injected enrrent. The optical power rises linearly to a enrrent density of j = 90A4an™?
where a negative differontial resistance (NDR) ocenrs. This linear dependence snggests that
electran-electron sealdering is noi as efective in a superlattice as it is in vertical transition
structure amnl is uot a linitating factor. The operating region of the saniple extenls from an
applieed Dias of V = 061 to V' = 0.9 corresponding to an elactnic field of F = 1.14kVan™!
anl F = 1.7V e, slightly lower than e designed operating hias of ¥V = 1.1V,

Spectral mensurenents of thie hmuinescence were perforim] using the Nicolet 800 FTIR,

set-up du the step-scan mode. A fow rapresentative spectra taken for increasing injocted
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Figure 6.3: Computed splitting energy between ihe pround state of the injector amd the
upper state of the iransivions versus applied field is shown for the IGaAs (a) aml GaAs (b)
suparlatiice desigus.

enrrents a1, T=MIK are displayed in Fig. 6.5, They show that the himinescence spectriun
mainly consists of one main peak centeretl at a photon energy of 15meV. This peak is
slightly red-ghifted in energy 1.4 moeV away from the expeeterd energy corresponding to inter-
miri-ban transition in the active region. X-ray dilfraction data exhibit, a higher indiom
concentration than expected resulting in towering the barrier potential ansl thus lowering
the enevgy of the tevels, in accordance to onr observation. This canlil also explain the low
aperating bins of the stimeture. The FWHM is measured to be 2.1V, independent of il
injected corrent. This is ahnost a factor 2 larger that the one observed from the vertical
transition {1.1meV), This way come [roin an increased effect of the interface ronghiness as the
electronic wavelinction spreads over three wells. Inereasing the injected anrent inercases

the peak intensity, Beyowd the NDR, in contrast to the extrentely broad opticnl spectimm
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Figure 6.4: Lnminesceuce intensity awl applied bias versus injected carrent. at. T=10K for
sample S1677 is shown (InGaAs/AlInGaAs).

pbserved on the vertical transition, the peak is still present,(Fig. 6.5 @ 99Aem™%) but with
less intensity, showing that injection into the mini-band is still possible, but with reduced
efliciecy. We cleardy observe that, a tail is presem. on the low energy side of the peak, Such a
tail is also observed with increasing enrrent injection in the mid-infrared from honinescenes
spectra of n superlattice.[96] I contrast to owr sitnatiou, this tail is on the high energy side
of the peak, origivating from carriers mjected into higher states of the mini-hand. These
cartiers performn n radintive transition before relaxing to the bottom of the lower mini-band.
In enpr ease, the tail nmst result from black-liddy emission fue 10 sample heating, Figure
6.6 show temperature dependent measurenents that have been done at constant, injeciion
current. density {§ = 76Acm ™) np 1o T= 110K. As the temperature is raised, we observe a
decrease of the intensity of the main peak. The integrated peak intensity at FAWWHM plotied

versus inverse heat sink teinperature is fited to the data with an exponential finction
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Fignre 6.5 Spectral emission froon the AlnAs/InGaAs chirped superlattice for increasing
injected current densities.

aml exhibits an activation energy of E, = 10.2melV (Fig. 6.6). As previously observed in
the vertical transition stonctares, with raising temperatire the electron gain excess kinetis
enerpy and e relax to the lower miniband tlwough ewmission of an optical phonon. The
wildth of ihe lower miniband in the three well active vegion being AE = 3mel, the sum of
the miniland width in the active region, of the nctivation energy and af the emission energy
is Al & Mwel eorvesponding very well with the optical phonon enerpgy (B, = 33med’).
The AlGaas/GoAs snmples A2433 was grown with the elementary cell repeated 120 times.
The npper coutact aud mode confinenient lyer consist, in coutrast (o the vertical samples, of
an MBE én sita grown aluminum layer, This was done ta oplimize the electrical comact aml
reduce the waveguide losses with a very clean imerface. The sniple processiug consisted
only in etching the waveguides. Figure 6.7 shiows light amd bias versus injected current

dlensity for wiveguide length of L = 880pm and £ = 220y, The bias versus injected


Expcriiiicut.il

114 Far-infrarcd Chivpud Superlabtice

"El-zb'f'l'lll'lll'l‘ _2.0_--.'|r~-r]1s1ﬁ,...._
4 10F (a) 76 Aem-? z E(b) -
o = 1. - -
%’ 08 [ § 5: ]
S osf 210 P expl-AE/KT] ]
c 3 - [ ]
Z o4l g_ . AE=10.2 meV .
f.n - 5 0.5 ‘]
g o2 o]
o4 0....|....|.._.,|.1..'
0 0 0.05 010 015 020

T [K-1)

Photon energy [meV]

¥igure 6.6: (a)Spectral emissian from the AllnAs/InGaAs chirped superlattice for an injecter
arrent. of T6Acm™ aud increasing heat. sink temperatuwre. () Activalion graph of the
integratod peak intonsiiy at the FWHM with inverse temperature. The daia s ficked with a
decreasing exponential with an activadion mergy AE = 10.2mel’,

crrent lensity hecomes linear with an applisd biog of ¥ = 5.2 volta carrespamding to the
expected electric field of F = 4.0kVen"'. This lnearity stops with an applied bias of
b= 8VIF = 6kVem™) conrespomling to an mjected curvent density of § = 750k Aean ™.
The emission power increases non-linearly for the L = 880 samples and linearly for the
L = 220p0m long wavegnide ap Lo an injectod carrent density of § & 7604ent=2, Buyond
this corrent density, the fitensity increases non-linearly. Due the Ligh injection currents,
low duty-cyeles of respoctively 7.5% and 10% were nsed to minnnize heating and for limited
available power reasons. Ta understand the nature of the drmnatic incrense of the intensity,
speciral measuraments have been performed for both waveguide lengths and are presented
in Fig. 6.8. Thoy have been normatized Lo a contnon arbitery duty cyele of 1% to preserve
relative spectral intensities. However, due to sample heating, iutegrated intensities are not.

relative to each other and o not correspoud to what wonld have tenly been measured

al 1% duty eyeln.  All spectra show an emission peak centered ai the photon energy of
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Figure 6.7 Light (dashed) and applied bius (plain) are plotied versus injected curvem, density
forr samsple 2433 at T = 15K, The measurenients were perforined at respeciively 7.5% and
10% duty evele for 880w nnel 2224 long waveguides. The wavegnide width of the samples
is { = 5000,

ey = 18.5mel as expecied [rom the structure design, We also see that the peaks are
sitting on top of a broad ewission due to sample heating. This heating is very important
in these samples as it represent more than 80% of the total cuission power. On the L =
200 Tong sample we abserve that a Ligh energy tail appears with incroasing injection
current. densities, suggesting the presence of Lot carriers performing s transition 4 fhe lower
msintband with a cut-off near I0meV as similar effect, is roported in the wid infraved. [96] But
no clear conclusion ean be wmade as tho apparent ct-ofl of thie shoulder corresponds (0 a
spectral miniima of sensitivity of the detector. The increase of intensity of the Jow enerpy side
shoulder suggests rather Llack-body eiuission fronn sanmple heating, which also supports the
strong non linear tuerease of the intensity ubgerved in Fig, 6.7. The integrated pealk intensity

where the black-bady has been removerd is shown in Fig 6.9(a) versus injected current, density.
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Fignre 6.8: Speciral emission for L= 880y (a) and L = 220pm (1b). Gurrent densities are
givent in Armnr~2. The spectra are presented narmalized to o common duty cvcle of 1% to
preserve relative spectea intonsities, However, due Lo sample heating, integratoed intensitios
are not relative to eacl other and do not correspoud Lo whal wauld have beeu measurerl at
1% «uty cyele.

The peak inteusity in greater for the L.=880uun sanple than for the L=220an long sample.
Close to laser threshold, the wavegnide is transparent aml the ontput power shomld be at
least. proportional to the smpple length,  We lowever observe less than a factor af two
increase of the output power with a four times longer wavegnide.  This is slightly betier
to what is observed with the vertieal triamsition samples and a similar wavegnide(see figure
5.9) suggesting higher gain. Unfortunately higher statisties is necessary Lo apply the sae
technigue in order to evalunte the gain.

The FWHM of the emission peak are shown i figire 6.9 for winveguidle lengih of L= 880n
amel L = 220pm0 versns injected correni density, A base line has been subiracted fromw che

ewission spectra before mieasaring the FYWHM of the peaks as the spectra cleardy coantain
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Figure 6.9: {a) The integrated peak inteusity where the black-body emission is removed are
plotted versus injected current. (L) FWHM of the eniission peak arve shown versus injected
current density. A base line has beon subtracted fronn the endission spectra before measuring
the FWHM of the peaks. Without the base e suppression, the FWHM has a linear increase
with injected current.

an impertant eontribution frons black-body emission. Withont. the base line suppression,
the FWIHM has a lingar increase with injected curvent. The -V curve of the sammple is also
shewn, The FAVHM incroases strongly up to 3meV at the oparating bins of the stimcture,
and then have a slight decrease with injected covrent. However no clear differance is oliserva
between the two length . A slight narrowing is observed with inereasing current densiiy {or
Loth smnples. Thig decrease seemns to be more pronounced for the long waveguide. Clear
conelugiong on the cause of 1his sall effect canuot be inade ag the ervors bars are relatively
miportaut. Furthermore, the healing is dominating the emission spectea and may veduce the
perforinnnees of the device. Further exploration of this type of saiple structuve is requiresd as
the obsorvation of far-iufrared emission is possilile with a chirped superlatiice. Monte-Carlo
shnlations performed on a very similar structure predict a gain coeficient. of 3ten™! [94).

Consilering obtained wavegnide losges obtained in section 5.3, a reduction of the wavegnide
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Table 6.1: The averlay, loss and 1I°fri parameter Lhave been cowputed for varions waveguide
geometries with the same active region thickuess {AR) aml for various Semi-lnsulatiug GaAs
thickuesses. The reported thicknesses vorresponrl ta the highest I'fa value.

Wavegniide SI GaAs Thickuess I’ 1 I'fe

[pm] (%] [em™"]  [Yeran—?)
(r) SIGaAs-AR-SIGaas 500 7 0.6 1.7
(b)  Metal-AR-SIGaAz-Air 100 30 34 88
{¢) Metal-AR-S81GaAs-Metal 250 22 2.6 8.5
(d) Metal-AR-Metal - 100 135 74
{¢) Metal-AR-n*GaAs - 100 46.0 2.2

Inss has Lo be schieved to reach lasor action.

Aslisensserl inchapter 5, & paraneter charactertzing tha efficiency of o waveguide is given by
the ratin I/ af the overlap facior and the wavegnide losses. The double plasinen wirvegnirle
has the ndvantnge Lo have a unidy pvirlap facior om] the disadvantage of relatively high losses
compartd to the double metal wavegitide, This appronel was nsed for techunlogical veasous
and the experictce shows (it iv's prformances are insnfficient 1o obtain laser threshiold
with the available far-infrared active vegions, The /o parameter has been computed for
varioms wavegnide configiraiion for an identical active region, The resnlts ave presented in
table 6.1. The simmlations liave been peeformed for o facinfearat radiation at A = 67pm
il assuing vero losses in the semi-insnlating GaAs. They shiow that confignration {a)
i the Dest even with an overlap fnctor of only I' = 7 % due to the very low wavegnide
losses,  This confipuration requires 1o have thick semi-insulating GaAs cladding on botl)

sides of the active region. This confignration was rejecied ai due to the impossibiliiy 1o
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Figure 6.10: (aJi"/or ratio pioticd versus semi-insulating GaAs substrate thickness for con-
figuration {h) and {¢).(b)Made profile versus sample thickitess for waveguide contiguration

(c).

grow such a cladding awd secondiy due to the difficulty to contact the active region. The
casiest configiration is the double plasmon wavegnide (d) but it is also the one with smaltest,
I'/a factor, even wiih a 100% overlap, However, increasing the boitom doped layer of one
order magnitnde o u = 5 x 107%™ wonld bring down the Insses 1o o = 17em™! close
to the metal-active region-metal confignration (d). Unfortunately such doping levels cannot
be reached in GaAs. Configuration (b) aud (¢) have very similar properties (Fig. 6.10 Lat
are not equally easy to process. The difficnlty of confignration (a) is suppressed by having
a top wetal Javer to confine the wave and the use of a the semi-nsulating GaAs subsirate
1o carry the wave. This configuration has very small compnted waveguide Joss as st of
the wave is in the undoped substrate. The overdap factor is relatively high compared to (a)
leading to a V/er = 8.5 for configuration (c). This configneation is nmeh easier to process

than configuration {b) asin the latter an air separation lias to be left between the snbstiate

mnd the sample holder. The ouly difficulty 10 process the wavegnide in configuration {c)
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Figire 6.11: Schematics of the sample processing in configuration (c) of table 6.1,

is to etch ihe waveguide down to the highty doped 306mn thick eontact Iayer separating
the active region frow the semi-insutating snbstrate (Fignre 6.11). For the experiinent, the
samples were grown on seni-insudating GaAs (SIGaAs) wafers. The growtl was initintrd
with & 300 mu highly dopied 0= 2 x 10"%an™ GaAs bottam contact layer followed by a
parabolic gradivg 10 prodiree an abrupt earvier density profile. The active vegion is o chivped
snperlatiice identivol to smople A2433 shown in Fig. 6.2 doped with a nowinal sheet density
of 1, = 4 x 1'% The elanentary cell is repeatett 120 times. The stractures condimies with a
300um parabolic grarling and emds with a Jighly doped 1 = 53 10" 80nm thick top contact
laver. The sample is processed inlp wavegnide etehed down 1o the botton contact layer, Twn
small 10 Ge/An/Ar/ Au alloyed contacts stripes are deposited on the top sided of the
vidges, Evaparation of 10/400nm Ti/Auw ou top of the ridges provides the top confinement
layer. The bottor Ge/An/Ag/An alloyer] contact Taver iz ihen deposited. The substrate is
then thinued down to 250 antd polished hefore evaporation af o 10/40mnn TifAn layer.
The waveguiiles are then cleaved ad soldered on a nopper momnt with indiam.

The: lmuineseence spretra of smmple A2672L2 i shown in figure 6.12 (1). The emission
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Figure 6.12: (a) Luminescence spectra obtained fronn a 20000 < 150 long waveguide. ()
Obtained interferogram fram a double plasioon waveguide (a) nwel from the {¢) waveguide
comfiguration of 1able 6.1 ((b)-(e)).

oceurs at a phioton energy of 19 meV. The integrated emission power is 30 pW with a
duty-cyele of 0.6%. Sunilar average ontpul. puwer were obsurved from the double plismon
waveguide but with duty-cycles of 10% (fig. 6.7). Comparing the peak ouiput power from
the two wavegnides of respectively 400pW and 000V for samples A2433 and A2672 with
similar injected cnrrent densivies clearly denonstrates the elliciency of the new wavegnide
configuration. Furthermore the emission spectra of the latter show redneed eontribntion of
black body radiation to the total ontput power compared to samjde A2433. The presence of
gain is clearly abserved as the emission linewidth has been rednced from 3meV to 1.3meV
with the new waveguide, Very similar interferogrns labeled (B) aned (¢) m figure 6.12(h)
from respectively L = 800w and L = 15000 long waveguides show thiat the waveguide Inss
is not anymore the dominant loss source preventing the sample o rench laser threshold. The

total mirror loss given by relation 6.2.1, whern L is the cavity length ancd R the rellectivity



122 Far-infrarod Chirped Snperlattion

Current density |[Acm-2]

0 100 200 300
T 80 T 1 — 6
- Tm8d K
£ I Duty cycle w046 % ]
H Pulse width = 75 ns ’;
H 60 M Laz?mm =
& | W=2001m 44 3
= | 5
g 4.0 E g
F | 3
& 2.0 <
o i
] L
< L. o

D 0.3 0.6 0.9 1.2 1.5 1.8
Injected current [A]

Figure 6.13: Light aud bias versns injected current (L — [ — V) for sample A267242 is
shown,

Vand 17em™" for the 800y and 1.5 long

are eomnpuied 1o be respectively oy, = 32em™
wavegnides.[24, 49) In order to rerluce the minor loss without increasing the current, one
facet, of the wavegnide is HR coated with 100nm ZnSe used as insulator to prevent, short
cirenitg anedl 50uan of gold Ieading 1o a mirror reflectivity in the order of 95% reducing the
wavegnide mirrar 1osses 10 oy, = Qo™ for the 1.5 long wavegnide. The linewidth of the

hnninescence was redoced to 1.1 meV oas snggested from the longer oscillating interferogran

labelnd («) in Fig. 6.12.

,,,=——m(\/n Ry) with R= {12y (6.2.1)

n,-i-nz

Gaing one step further, a 2.7mm long waveguide with the dentienl facet. coating hag been

processend redhicing the mirror losses down to oy, = S~ allowing the the sample 16 veach
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Figure 6.14: Step-scan of the laser emission. The resolntion between two spectral points
is 0.2 meV and do not allow ns 1o vesolve the peak. The interferograin is shown in fignre

6.12() under labal (e).

faser thresholel at. a civrent. densiiy of 5y, = 250.4an™ at T = 8K (Fig. 6.13). The applied
bias of 5.6V (F = 4.3kVem™' ) corresponds well with the stroctire s designed operating
value of F' = 4.0hV ™" {Fig. 6.3). An outpul power of TnW was mensured with 150 pulses
7ons long per period matched with the bolometer respouse at 4131y The overall duty-cyele
is (L46% leading to a peak ontput power of e = 15pW . The peak material gain at
threshold is estimated to be Gy = (v + 0, )/T = 35eme™'. This value corresponds very
well with the predieted value of G, = 3tem! from Monte-Carlo sinmlations perfored on a
similar structnre.[99] The spectral emission is shawn in figure 6.14. 1t consist of a narow
peak centered afo a plioton enwrgy of e = 19mel as expected Trom the strocture design.
Sinall peaks are present on each side of the wain peak. These featires are equally spaced

with a energy difference of Ar = 1.2meV. These peaks are artefacls die the Fabry-Perat.
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Fignre 6.15: Temporatnre depewdem. L — T arves.
resauanens in the beamesplitter (Cliapter 2.5). Temperatore dependent. measuremnents of
the light ontput power versus injected canreut hiwe been performed between 12K amd the
maxiinmm eparating temperatnre of 44K at a very low duty eycle of 5 x 107°. A thireshold
varvent density of fip = 2104em™" is observed at T=12k and ju = 3004cm™ at T =
44k, At T=12K satnration of the gain is reached with a cnrrent denstty of § = 3154 ™
The average ontpnl power i8 Py = 1140l leading to » peak power of D = 4.7V,
taking into acconnt. that onby hall the power is transinitted trongl the TFIR. Wik further
aptinization of the strocture hagnid nitrogen temperntures shonld be reached as the excess
kinetic encrgy of the carriers at thig lemperature is one third of the optical iransition energy.
T very Iow thresholet cuvvent density should also alow to obiain continuons wave oporation

of the device (CW). A structnre based on the bound-to-continnum transition shonll inerease

the injection efficicncy of the carriers and this increase teinperatire performances.
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Injection barrier —

Fignre 6.16: Energy baml siroclure for sample A2567 i the GaAs/AlGaAs wate-
rial system biased at Fo= 5.0kV/emi.  The layer sequence in naumueters starting
fronu the injection Larvier is 6.0/2.9/1.4/5.4/1.5/6.3/3.0/18.5/ 3.2/8.0/0.2/7.8/4.0/6.8/
0.9/6.6/4.5/6.2/1.0 /5.0/4.0/7.4/4.0/6.3/4.2/5.8/4.7/5.7] where Aly5ds layers are in
bold, GaAs in Roman and muderlined numbers correspond 1o the doped well (St, n, =

6210 2).

6.3 Vertical Transition with an Optical Phonon

Pushiug the concepi, of fast carrier extraction fronn the groumd state of a fo-infraved vertical
transitiown, a striciure taking the advantage of aptical phonon muission has heen designed.
The energy bawd stenctnre is shown in figure 6.16. The optical transition occurs hetwaen
ithe state labeled b and wini-band 2. The optical transition energy is oy = 23.3mel and has
malrix element of z;; = 4.9 High energy far-infrared phovon encrgy is chosen to push the
excite] state as far as possible to prevent optical phonon emission from the excited state Lo

wini=haned 1. The excited state ad the gromel state of the transition are localized in a well



126 Vertical Transition with an Optical Phonon

8 . .
. 6

>

a4

[++]

2 == Tulsed (%)
— T
0 N s N ) A
0 200 400 600

Current density [Acm-2]

FFigure G.17: 1Bias versas injected comrent. density is showa for a pulsed and ade correent. The
firsl, NDR ocenrs at a bias of hb=2.5V correspomding very well with designed oporating ekl
ol 17 = bkVean~!.

with a small barrier in its center. The purpose of this simall well is to he able to control the
intlependently the energy of the exciled state amd the gromul siate. The encrgy difference
ul e = 37mel between the top of wini-band 2 and inini-band 1 allows ainission of optical
phonons. Two nini-banes have bheen used instead of one to prevent. possille renbsarption of
the photous from the structuye

For the experiment, the strocture was grown with the elememary eell repeated 35 times nmi
processed into meas with a 1570n period grating for surface emission. Alloved Ge/Au/Ag/An
contacts were deposited i top of the wesas. Figure 6.17 showa the bing vasus injected
carreni. density ohtained both for o pulsed (6% duty-cyele) and de earrent iujection a T =
12I<. The struciure aligus very quickly with an applied bias of ¥V = 2V, A NDR occurs ai
Va2 2,51 aael a second NDR ocrnrs at. higlier vollage. The first NDR. corresponds to the

designed operating fieh] of F = 5kVem™".
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Figire 6.18: Spectra oblained for injected current densities above an before the first region
of NDR. Vortical dashed tine indicated the energy position of the exposied intersabband
transition. The other dashed line carvespond (0 10 the detector spectral responsivity on
arbitrary scale.

Spectral measurenients have heen performed both in the region below and ahove the first
NDR. Before the NDR, a broml and weak emission is ohserve in the 10-20meV spectral
regiol. As the current is increased above the NOR, the enission is mnich more inleuse but
in neither cases a peak is observed at the expectud photon transition (verticaf «dashed Tine).
The observed hrosd emission is however atbrilated to black-body emission, filered Ly the
dlatector’s responsivity (dashed line}.

The absence of intersubband emission from this stmetnre may be due 10 optical phonon
emission from level b to top of mini-band 2 or to the bottom of mini-lkid 2 with £ # 0 wave
vectors. Indeed at & = 0 this energy is e = 3duinel, very close to the plionon energy, thus
explaining the very pood carrier transport. capabilities of Lhe structure, but unforinnately also
the missing intersubband emission. This elfect, conld suppressed by remaving the dispersion

of the levels with application of 2 magnetic field.
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Fignre 6.19: The banmi-to-coutimnan structure takes advantage if the very efficient injection
of the 3QW gqnantin cascade laser and the efficient extraction of the chirpad snperlattice
degign.

6.4 Long Wavelength Mid-IR Laser

When trying 1o design loug wavelength quantam cascade Iasers, for photon energies larger
than the reststrahlen band, population inversion i more difficult to achieve as ithe nppar
stade lifetine decrenses with ennitted ]»Iml.l?n energy, dne 1o the dependence of the aptical
phouon scattering rate on exchanged wave-veetor, The lower state lifetinie, on the other
hand, remnains pracucally unchanged. For this reason, and especially if high temperatwra
operation is songht, long wavelength QC lasets musi. he designed with extremely short lower
state lifetimes, Transport in wide yini-bandsg, compared with the optical phonon energy,
provides ellicient. lower state axtraction mechanism. As the "bound-to-continnmn® design
combines the fast iniui-haanl extraction from the lower state with the efficiont vesonant tun-

neling injection iuto Lhe npper state, [93) this approach is very well suited for long wavelength
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Fignre 6.20: Scliematic eondnetion band diagram of one stage of the structure nneer
an appliel clectric field of 2.1 x 10°Vem™'. The wodnli sqnared of the relevamt, wave-
functions are shown. The layer sequence of one period of stractare, b panometers,
left to vight and starting from the injection bawrier s 3.3/3.2/0.5/6.5/0.6/6.6/0.7/6.3/
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 JnyzAlpasAs
layers are in bold, Frgs;GogyrAs i Roman and widerlines] nnmbers corresponed to the
doped region (87,3 x 10" Tem™?).

lisers andl perhaps conld even allow an invease of the perforiances of the far-infrared laser.,
As shown sehemmtically in Fig.6.20, the active region of the stractare spans the whole pe-
riosl and consists of a ¢lirped superlatiice presenting a tilted lower nini-bansl whose widtl
is maxiomnn in the conter and decreases on both sides close to the injection barriers. The
npper siate is created in the mini-gap by a small well adjacent. to the njection barvier. Itg
wavefunction has a maximunm close to the iujection barrier and decreases smoothly in the
active region. This upper state is well-separates] from the higher-lying states of the shper-
Ltitice, lyving in is livst mini-gap and therelore iloes not need 10 be confined by separating

the structure into an active region ansd an injection /relaxniion region. The computed npper
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Fignre 6.21: Skematies of the processing of the wavegnide nsed for the experiment.

state lifetime 7, = 0.68ps, is longer than the one 7y, = 0.55ps compnied for a chirped
superlattice emilting al A = 17p00.[94) This is dne to the slightly diagonal naturve of the
lager trangition which leads to a reduced overlap of the npper amdd lower state wavelunctions
aee] leanls to a further bupravesd ratio of npper to lower siate lifeties,

Because of the reduced overlap hetwert upper aad lower laser state wavelnuction, the
nymivalent. dipole niatyix eleusent of the laser transition {averaged over thie transitious (o the
two upper states of the lower mini-hand) ) is z = d.0nre, lower than the value obiained for
a chirped superiattice sawpte (z = 5.0um).

The structure (S2018 ) was grown by Molecular Bean Epitaxy (MBE) using luGaAs
arel AllnAs alloys latdice matehed on top of a very low n-loped Inl® substraie (St, n =
15 100%™ mud cousist. of 0 45 period active region embedded in an optical wavegnide. Tn

contrast 0 the previons works, where extensive use of surface plasmion waveghide was nade,
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Figure 6.22: Refractive indnx and mode profile for the waveguide used for the long-
wavelength lager. The atr cladding has the advantage to allow to incorporate a gating
into the waveguide.

[76] we chose n waveguide which relies on dielectric confincment (Fig. 6.22}. N consists
of Lwo low doped (Si, n = 6 % 10'"%:n™*) InGaAs guilding layers G600 aml 1750mu thick,
respectively grown below and above the active region, ‘The conputed waveguide alsorption
cansed by free carriers is o = 30en !, neglecting the contributions from mmlti-phonon pro-
cexses. Electrical injection in the structure is obtained laterally throngh a heavily doped (Si,
n=1x 10%un™") 600nm thick IuGaAs n-doped coutact laver. The rdevices were procossed
in 50— Ty widle mesa ridlge wavegnides using wet chemical etching amld a lard baked resist
layer for passivation, Contacts were then provided by a Ti/An metalization (307400 man} on
the top edges of the waveguiles.[100] Back contacting (Ge/Au/Ag/Av, 12/27/50/100 nm)
the thinned snbstrate ended the processing. The samples were then soklered with indiwn

on o copper heat sink and monnted on a Peltier cooler inside an aluiinnm box with o ZnSe
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Figure 6.23: (a) Optical ontput power versus injected curront in pulsed mode with a duty
cyele of 0L.67% at various temperatures for a device with a Fabry-erot cavity. (b) Threshold
current, density as a function of temperature.

window. The electrical power was provider o the lasers with a connnercial pulse generator
(Alpes Lasers, PG 128 palser, nud a LDD 100 power snpply) delivering 25 10 50 ns long
anrent, pilges atl a variable repetition rate np to 5 MHz. The optical onlput power was
directly measured by a calibrated thermopile. Spectral measurements were performed by
a Foncder transforin infrared gspectrometer in rapid scan wode anel liquid-uitrogen enoled
MCT detector. Typieal L-1 ewrves from a 78prne wide and 1.6raru tong Faluy-Perot. device
are shown in Figure 6.23 for temperatures ranging fronn ~40C np‘tn 60C. The sample was
driven with 250s long ciwrent: pulses and a duty cyele of 0.67%. At -40C the threshold
cwrrent. density is 6.7k Aen™? with a maximwin average ontput. power 2.8 wiV leading to a
peak power of more than 400mW. At 60C, the threshol] current, density is 10k 4cre™ and
the maxinnnm outpnt power is measured to be move than ImW. At -40C, we aclieved a

maximum sutput power of 5.5 W with 3% ey cycle and 1.2mW at 60C (1.5 % duty).
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Fignre 6.24: Maximuin outpit power varsus injected current duty cycle for varions heat sink
tenperatures. The current was chosen to paximise the output power,

At -40C, ihe highest achieved duty cycle was 9.6 %. A fit 1o the threshold curent density
dependence with temperature (Fig. 6.23 (1)) using the usual expression J = Joenp(T/Ty)
yvields o value of Ty = 234171101}

The emission spectrm of this nulti-node device (Fig.6.25{a)} consists wainly of modes
avound Gddemr! (X = 15.5;un). However weaker leaturves avonnd 607! (A & 16.5pm) are
also visible. Thay show that the gain curve of the device is broad {move than 40an=") and
suggest. the possibility to force the device Lo lase in this spectral region. Dotted line above
the spectra represents the two-plionon absorption of Inl® on a linear arbitrary seale.[102]
We clearly observe a correbation belween the miniima of the tawwo phonou absorption and the
lasing frequencies of our device. To demonstrate the possibility for our struciure to lase in
two spectratly distant regions, we have processed two series of sainples with gratings etehed
(== 0.5pm) into the waveguide with periods designed 1o forco wavegnide modes at A = 16.5m

awd Az 15.5urn [103]. An effective refractive index ngp = 3.001 was used to conipute the
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Figure 6.25: () Spectral emission from a device with a Fabry-Perot waveguide; (h) with a
grating designed ta force the lasing morle at A s 1650 and (e) with a grating designed
for A = 155, The dashed line is the two-phonon absorption line of Inl> on an arbitrary
seale,

periodicity. Figure 6.25(1) displays the spectral ineasirements for the 1.5 mm long and 50
s wide snmple S20181322. At -40C, the threshold current density is 7.0k Amn™ Up to a
an average powet of ' = 0.210W | the emission is single frequency at 602em™" (A &2 16.6pn).
Hawever, as the driving curvent. is increased Turther, side modes around the main peak at,
602en" build up and the peak at 647c™" reappear. A maxinmum {(wnlti-mode) ontput.
power of 2.1 mW has bean aclicyed. With increaging (emperatare, the peak redshifts from
602" down 40 600em =" (A 22 16.7/m0) at 0C. Results from sample $20181034 are shown in
Figure 6.25(c). At -40C, the emission peak is centered at 647" with a threshold envrent
density of 6.14 4™ Furthermare, al -40C, (Fig, 6.26 (1)), the emission is single mnde up

to an injected enrrent density of 8 7k Acn ™ with an ontpnt power of P = 0.85 mW (64 mW

peak). Tuereasing the injection current, density up to 114 4xm~" leads to a saturation of the
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Figure 6.26: (n) L — I curves with inereasing temperature are shown for sninple 520181034,
The sample is processed into a 2.250 mm long and 30 prn wide wavegnide, (1) Spectral
emission from sample S2018034 plotted on a logarithinic seale,showing that the emission is
single node with o maximum sutpui, power 0.9 mW at -40C.

ontpot power at 1.2 inW. At this corrent density, the emission consist of a siugle freqnency

peak around 647cm™" and a smoll featnre at 638cm™t,

Increasing, firther the ainvent, in-
creases strongly the output power il the maximom output of 1.75 W iz reached. At this
stage, the emission spectra is multi-mode aud centered at 646em=". AL £30C, the enission
is single mode up 1o the device’'s winxinmmn aperation capabilities with an average ontpnt
power of ' = 0.8 W with a duty cycle of 1.3 %. The peak is redshified down 1o G42em™!
leadding 40 a temperature taning g,—r'i of =0.07am~' K™

Measuretnents done on 700 pn long structures show thas the specteal emission is not single
maode and suggest the need for a mnch stronger grating in ovder to achieve single mode fonser

operation for such short cavities. Similarly, higher power ontput in single mode operation

should be achieved in the 800cm™" vegion with deeper etched gratings.



Chapter 7

Summary and Conclusion

In this work, the guantum cascade (QC) technology was wscd o explove far-indvared in-
tersubbanud optical transitions, lntersubband far-iufraved emission was demounstrated in the
AlGaAs/GaAs mul AllnAs/InGaAs material system with a vertical nitersubband transitions
nsing the quantin cascacde electrical injection philosophy. Photou envrgies at L =z 1dmel
with ontpud emission power in the order of a few picowatts is observed. The emission full
width at half maximnn is very namow between Av = 0.7mel and Av = 1.1meV respec-
tively for the GaAs and the InGaAs imaterial system. No difference in the perfonances of
the GaAs and the InGaAs devices has heen observed. Far-infrared emission has also been
deinonstraed with photon nssisted transitions, but with mmch broader emission peaks, rang-
ing from Av = 2dmeel with an hjected current density 294em™ up to Ar = 12mel” at
1MdAcn™

At low temperaluve, the oulpnt power shows a square root. dependence with injecied cor-
rent for the vertical transition structures. The excited state relaxation process is dominated

137
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by the crier density dependent earrier-carrvier scattering, At high temperainre the ontpui
power becomes linear and activaled optical plianon emission from carviors with excess kinetic
enerpgy becoines dontinant with inereasing temperature. Tenmperature dependant. measure-
ments allows to experimenially extract the scattering rates for the carrier-cartier scatiering,
The oltained values correspond very well with pump-probe expernnents performed on sin-
ilar strnetnres.

T vertical far-infraved stractares, due 1o the nature of the nou-radiative scatiering of the
excited state, the gain is expeeted to deerease with inereasing current injection. This nunfor-
tnnately linits the operaling range of such structures. The diagonal trausition is a proutising
active strueture for a FIR-QCL as the gain in sneh a structure is controlled by the injection
barrier. However the broad Ml widdl a half maximum of the liminescence reduces strongly
the gain. Graded interfaces in the active region conld reduce significantly the FWHM of the
cmission ane show enongl gain for Iaser nction

Waveguide based on the double plasmon electromagnetic wave confinement have heen demny-
strated in the far-infraved. Vertical strictures have however not shown laser action. Gain
meagurement. performend with a vertical struetare with an optinized earrier extraction shows
differentinl gain with injected current. This resnlt suggest a gain coeffeient of ¢ = 0,55 A",
But due experimental imprecision, elear demaonstration of gain has not bren obtained. Other
signs of gain have been songht by looking at eniission paak narrowing as expected to hap-
pen close io laser threshold. FEmission peak narrowing with injecied current, cavity length
aurl an applied magnetic field have heen performed. Norrowing has been observed bt not.

ideutificd to be cansed by gain in the stencture, Wavegnide loss wmeasnreinents hased on the
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single-pass innlti section technigne has however demonstrated encouragingly low wavegnirle
losses of o, = 42en™", similar to the computed values. No edge-cintssion lias however hien
observed from an AllnAs/IaGaAs siructine,

Experimental exploration of the first generation far-infraved quantum eascale strnctures
suggest that laser action is in reach provided an inerease of the pain of the active region or a
reduction of the wavegnide losses. Improvement of the structure design i the mid-infrared
suggested that the gain could he greatly increased by the nse ol the a chirped superlatiice
as pnblished sinmlations predict inereased gain in such structares, bot still lower than the
measired waveguide loss of the double plasmon waveguide. A structure with mmnclh higher
predisted gain based] on optical phonon extraction has heen been tested. Unfortunacely no
intersnbbnnd emission hias been observed fron the struclure.

A now approuch to the waveguide design allowed to reach very low loss waveguide by the
use of an uxloped semi-insulating substrate as lower cladding. The chirped superlattice
active region was embaddedl into this new waveguide, Narrow luminescence was observed
froin the device suggesting Uiat the mirror losses were the main bamier Lo achieve laser
threshold. Finally, a long waveguicde together with a ligh reflecting conting deposited on
one facel, allowed to redunce sufficiently the loss awd veach Iaser action at A = 67pn with a
thresholl enrrent. density of § & 2104eme™ at T = 12K, The peak measursl ontput power
is anare (han Pyeqr = 4miV. The gain at throshold is estimated to be G, = 35ci™" aud the
maxitinn operating temperature is T = 44K,

In the nid-infraved, a strociure based on the bomul-to-contimimm allowed to reach laser

threshold above room temperatiure at A = 1650 with high entput power denonstrating
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the possibility of high performance laser with new structure destgn a long wavelengihs, This
swgests that performiances of favinfyared QCL conld greatly be enlimiesd using the shnilay
design philosophy and aperation of far-infrived laser at liquid nitrogen temperature shouhl
be achinvable. At this temperature the carvier exerss kinelic euergy is Epp = 6.6meV,
smaller than the opiical transition cnergy of onr deviens. Renching liquid nitrogen operating
temperitures with fr-infrared laser wonld allow connercial applications of such devices (o

be daveloped and open new rowds for speciroscopy and Lelecoinnnmications.
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