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Kurzfassung

Quantenkaskaden Laser (QCLS) sind elektrisch gepumpte Halbleiterlaser fur \&elangen
im mittleren und fernen Infrarot. Im Gegensatz zu vielendrdsden bei denen die Licht-
erzeugung durch Rekombination der Elektronen mit den &ichiber die Bandlicke er-
folgt, werden bei den QCLs die Intersubbadbergange zwischen Zustanden innerhalb des
Leitungsbandes genutzt. Durch geignete Wahl der Hallhedterialien werden eindimen-
sionale Heterostrukturen geschaffen. In den daraus reiitien Quantentdpfen bilden sich
Energiezustande aus, deren energetische Lage durch cke Der Topfe bestimmt wird.
Dieses ermoglicht einen enormen Freiheitsgrad beziigke Wahl der Emissionswellenlange.
QCLs zeichnen sich durch die Unabhangigkeit von der Baokd ‘aus, aber auch durch die
im Vergleich mit anderen Laserdioden viel geringere Tempeabhangigkeit. Angetrieben
durch eine Vielzahl von Anwendungen wie der Gasanalyse Bbiiio umwelttechnische als
auch medizinische Zwecke, Kommunikation und Militar, dem QCLs fur kurze
Wellenlangen § — 5 um) demonstriert. Die besondere Herausforderung liegt inHisr
stellung von Lasern, die bei Raumtemperatur im Dauerdietieb arbeiten.

Im Rahmen dieser Diplomarbeit wurden Laser hergesteliterdé&missionslang8, 8 um
betragt. Der Zugang zu dieser kurzen Wellenlange wircthiden auf dem spannungs-
kompensierten InGaAs/InAlAs/AlAs basiertem Heterostaugytem ermoglicht, das auf
einem InP Substrat aufgewachsen wurde. Um den Stromtrerap@rmoglichen werden
QCLs dotiert, was auch deren Leistungsmerkmale bestiment.Sohwerpunkt dieser Arbeit
lag in der Charakterisierung der Laser anhand ihrer ekaltten, optischen und thermischen
Eigenschaften in Abhangigkeit von der DotierungsdichtéBiereich vorD, 7 x 1017cm =3 bis
3,9x 107em 3. Die Messungen mehrerer Fabry-Perot QC laser bei 78 K enggibe max-
imale optische Ausgangsleistung von 1,6 W und einen maeimahstieg der Leistung von
1,12 W/A bei einer Dotierung voi, 7 x 10'"cm 3. Fur diese Dotierung wurden die grosste
charakteristische Temperatur véjj = 294 K als auch eine Leistungseffizienz vor$3 %
bei 78 K gemessen. Hierbei konnten die Laser im gepulsteneBeiis zur Raumtemperatur
betrieben werden. Die Leistung bei 300 K betrug 10 mW. Diemngste Schwellstromdichte
von 1,85 kA/cm? wurde bei einem mit, 1 x 10*7cm 2 dotiertem Laser erreicht. Der hochste
Betriebsstrom der den dynamischen Bereich eines Lasaimibas stieg von 4.54 A bis 18 A
annahernd linear mir der Dotierung an. Wahrend der Megsumurde beobachtet, dass bei
niedrig dotierten Proben die effektive Elektronendichiégaund von im Material vorhande-
nen Storstellen langsam reduziert wird, was eine stahiikfon des Lasers verhindert.



Abstract

Quantum cascade lasers (QCLS) are electrically pumped semiconductor lasers that e
in the mid- and far-infrared spectral region. In contrasttioer laser diodes where the light
is generated by recombination of electrons and holes athesband gap, in a QCL inter-
subband transitions between energy states within the atioduband are used. By means
of diverse semiconductor materials one-dimensional bstarctures can be formed where
the location of the energy states can be influenced by th&rbss of the quantum wells.
This provides a great freedom in tayloring the emission \‘emgth. Beside this band gap
independence also the comparable low temperature influsrecéurther benefit of a QCL.
Development of QCLs operating at short wavelength (8+5 is driven by a number of appli-
cations including gas sensing for both environmental andicaéuses, communication, and
military countermeasures. Room temperature continuow® waeration has proven to be
very challenging.

Within this work QCLs emitting at 3.8m were processed and investigated by means of elec-
trical, optical and thermal characterization. These asee based on InGaAs/InAlAs/AlAs
heterostructures grown strain-compensated on an InPratdastn general the active region
of a QCL is doped in order to provide electron transport. Eis® determines the perfor-
mance of the laser. However, the characterization was éatas the influence of the doping
density on the lasing properties in the rangedafx 10'cm =3 t0 3.9 x 107em 3. Several
Fabry-Perot lasers were characterized, showing a cleandemce of optical power as well as
threshold current density on doping density. Maximum valuecase of peak optical power
and slope eficiency of 1.6 W and 1.12 W/A, respectively, wérgeoved for a doping level of
1.7 x 107em =3 at 78 K. For this doping level also the highest characterigimperature of
T; = 294 K and a wall-plug efficiency 03.63 % at 78 K were obtained. In this case lasing
was observed up to 300 K under pulsed condition. On the othradt lowest threshold current
density was measured forda7 x 107cm~3 doped sample. The maximum operating current
increased almost linearly with doping concentration fraB¥4A to 18 A. The measurements
showed that low doped lasers suffer from a reduced effeeteetron density due to traps in
the material, thus avoiding stable lasing performance.
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Chapter 1

Introduction

The first documented discussion of the possibility of lightpdification by the use of stim-
ulated emission in a semiconductor was made in an unpuldlistenuscript by John von
Neumann in 1953 [1]. In this paper, von Neumann discussewjusirrier injection across a
p-n junction as one possibility of achieving stimulated gsion in semiconductors, and cal-
culated the radiation transition between two Brillouin @sn

In late 1962, the operation of homojunction semicondugctction lasers based on a GaAs-
material system was reported by several groups [2], [3], ]e drawbacks of these lasers
where the light emission takes place due to radiative erétole recombination, were the
poor carrier confinement and the high losses in the clad@diyeys. However, the progress of
fabrication technologies allowed the enhancement of ¢agiperties. The advent of molec-
ular beam epitaxy [5], [6] was an important step towards maprg confinement of electrons
and light by growing heterostructures with thickness aalrdaf atomic monolayers. As a con-
sequence, this progress resulted in pulsed room temperaperation [7], [8] and finally in
continous wave operation [9] of electrically driven senmidactor lasers.

Although, in principle the wavelength of the band gap semileator lasers can be designed
by using diverse materials [10], [11], [12], the realizatiof long wavelength light emitters
suffers from an increase of non-radiative scattering meshawith decreasing band gap. An
approach to avoid this restriction was done by demonstraifahe first quantum cascade
lasers in 1994 [13], which are based on intersubband transijtallowing to design the wave-
length in the mid-infrared region independent of the bangol g/@ergy. For further improve-
ments of lasing properties it is desirable to investigageitiiluences of the relevant physical
and technological parameters. In this diploma thesis tth@ance of the active region doping
in QCLs is presented.
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Figure 1.1:(a) Intersubband transition between two energy statesicahduction
band. (b) Interband electron-hole recombination in a quanwell.

1.1 Quantum cascade lasers

The quantum cascade laser (QCL) is an electrically pumpmitsaductor laser that emits in
the mid-infrared region of the electromagnetic spectr8mvg — 15 pm). Unlike most semi-
conductor injection lasers that are based on electronfecl@mbination to generate electro-
magnetic radiation, QCLs are unipolar devices that utileersubband transitions (Fig. 1.1)
in a repetition of identically coupled multi-quantum-wsdiuctures.

The principle of a QCL is based on two fundamental quantumcesf namely carrier con-
finement and tunneling through barriers. In contrast to eohenal band gap lasers these
unipolar devices involve only one kind of carriers. Due tis flact the transition takes place
between two sub-levels in the valance or conduction band,(@Bwing a wavelength design
independent of the band gap energy. The emission spectine aitraband (or intersubband)
transitions are narrower compared to conventional serdiectior lasers (Fig. 1.2), which can
be explained by the quasi-parabolic shape of the sub-b&amd3¥CLs transitions of electrons
at unequal in-plane momenta contribute to the same waudlembe deviation from the Dirac
shaped spectra is given by scattering processes (homagebexadening) and growth imper-
fections yielding a spread in well thicknesses (inhomogasédroadening).

In band gap lasers interband transitions off the closesto-mn-plane-momentum lead to a
broadening of the linewidth. The reason is the oppositeature of the conduction and va-
lence band (VB). In this case the rise of the quasi-Fermilse{e; ., £;,) due to the carrier
injection results in a comparable broadband photon enmissio

The possibility of the amplification of electromagnetic wwavn a semiconductor superlattice
structure, was predicted first by Kazarinov and Suris thexaiy [14], [15]. Initially the
realisation of devices based on this theory failed due tabsence of adequate technologies
and a deeper understanding of the underlying physics. Thanads in epitaxial growth
of semiconductor layers providing nanometer thicknessrobried to the first experimental
demonstration of a QCL by Faist al. at the Bell Laboratories [13]. This QCL was realized as
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Figure 1.2:(a) Intersubband transition between two conduction sutdb&B1 and
CB2. The energies (indicated as arrow lengths) are almastlégr small in-plane
wavevectors, yielding to a narrow gain spectrum. (b) Theosjtp curvature of the
valence and conduction band leads to broader transiti@width, since the quasi-
Fermi levelsE; , andE . depend on the injected carriers.

an InAlAs/InGaAs superlattice structure grown on an InPssu#te operating at a wavelength
of 4.2 um. Apart from this material system, first intersubband etdatninescence based on
a GaAs semiconductor compound was presented in 1997 [16\edl by the demonstration
of GaAs-QCLs [17], [18]. Since then there has been tremesigoogress in QCL research,
which has resulted in bidirectional [19], multiwaveleng®®], ultrabroadband [21], above
room-temperature continous operation [22], [23], operain the terahertz region [24] and to
the demonstration of short wavelength QC lasers [25], [26].

Fig. 1.3 gives a shematic view describing the principle of @LQONe period consists of
an injector and an active cell. Based on the tunneling etattrons stream down a stair-
case of quantum wells and barriers, formed by the condudigord of the semiconductor
heterostructures. The n-doped injector, providing antelaaeservoir and preventing space
charge formation, fills the upper laser level 3. The traosibetween levels 3 and 2 leads to a
photon emission with an enerdy, corresponding to an emission wavelength

he

A= —
Ej3:

(1.1)

whereh is the Planck constant antthe velocity of light in vacuum. The condition of stim-
ulated emission is fulfilled by achieving population inversacross levels 3 and 2. This is
ensured by a longer upper level-lifetime of few picosecarwapared to level 2 in the range
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Figure 1.3:A schematic illustration of the QCL principle. Two activegiens and an
injector are shown. Level three of the left lasing regiondpydated by electrons from
the preceding injector. The wavy arrow indicates the radgiatransition between
levels 3 and 2 resulting in a photon emission with energy: Eower laser level 2 is
depleted to level 1 via optical phonon emission;(E hwro). Electrons travel from
the ground level 1 through the adjacent injector to the upgeer level of the next
lasing region.

of some 100 fs. The energy seperatiby is chosen to be close to the longitudinal-optical
(LO) phonon energy in order to achieve an efficient depomnatf the lower laser level by
LO-phonon emission. The electrons from level 1 travel tigfothe adjacent injector into the
upper laser level of the next active region. Thus cascadiagttive region yields a multi-
photon emission.

1.2 Thesis outline

After a short introduction in chapter one, chapter two statith the physical aspects of IlI/V
semiconductor compounds used in this work, concentratmgrgstal structure and band
structure. Futhermore the ternary InGaAs/InAlAs compauack introduced and the strain
effect in case of non-lattice matched growing of epilaysrdiscussed. This chapter closes
with the calculation of the electronic states in semicomadiulceterostructures as well as with
the aspects of scattering mechanisms and transport piesert

Chapter three is dedicated to the design of quantum casasels lemitting in the mid-infrared
region. First, several active region designs are presentdalding a discussion according to
the advantages and drawbacks of each design. The injestarpart of the active region,
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acting as an electron reservoir is another point of disomssin addition the properties of
strain-compensated heterostructures, playing an impaxaée in short wavelength QCLs, are
described. The last part of this chapter treats the optieakbguide structures. This includes
the discussion of the optical properties of the materialselkas the calculation of the wave-
guide modes in Fabry-Perot laser cavities providing a rmticde emission spectrum.
Chapter four deals with the fabrication and characteradf the QCLs. Several technologies
like gas-source molecular beam epitaxy, reactive ion etrhnd diverse deposition methods
are presented in this chapter. Then a detailed descripfitheoprocessing steps is given
followed by a section about the electrical and optical measent setups. Finally the experi-
mental results regarding the doping dependent performianmesented.



Chapter 2

Semiconductor physics

In this chapter the physical properties of I1I-V compounthg®nductors are presented. Start-
ing with the description of the crystal structure and thelaxation of the band structure, an
introduction into the InGaAs/InAlAs material system is giv The effect of strain on band
structure is discussed in detail. The last part of this advaptdedicated to the electronic basics
of heterostructures.

2.1 1lI-V compound semiconductors

The QCL design used in this thesis is based on gallium arsg@dAs), aluminium arsenide
(AlAS), indium arsenide (InAs), indium phosphide (InP) aslias their ternary compounds.
These are all 11lI-V semiconductors, given the group Ill origf Ga, Al and In, and the group
V origin of As and P.

2.1.1 Crystal structure

At room temperature and ambient pressure all mentionedrialstéake up the zink blende
structure which can be treatedfase-centereaubic lattices with two atomic layers per unit
cell (Fig. 2.1(a)). Figure 2.1(b) shows thedy-centeredeciprocal lattice. The first Brillouin
zone, defined as the primitive cell of the reciprocal laftisecentered at the high symmetry
I'-point atk = (0,0,0). Other symmetry points ar& andA with (100) and(111) directions,
respectively.

2.1.2 Band structure

In order to describe the electronic properties of such atarysme has to solve the many-ion
many-electron Schrodinger equation. The complexity @hsa problem can be reduced by
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(b) [oon sk,

Figure 2.1:(a) Zinc blende structure of I11/V semiconductors. (b) Eigsillouin
zone of the zinc blende structure with the most importantragtny-points and -lines
[27].

the assumption that the ions are regarded as rigidly fixdteatlattice sites and any one of the
valence electrons is treated to move in a potential formethéyons and all other electrons.
This yields the one-electron Schrodinger equation:

{— 2h V2 + V(r)} U (1) = Enthy () (2.1)

whereh = h/2x is the reduced Planck constant, the electron mass anll, = E,,(k) =
h’k?/2m, the energy values. The integerrefers to a countable set of solutions. Bloch’s
theorem for a periodic one-electron potentiglr), states that the eigenfunctiogig(r) are
given by

n(r) = exp (ikr)u, (k,r) (2.2)

and have the same form as plane waugs(:kr) multiplied by the function., (k, r) which

is normalized over the volumié and has the same periodicity as the potential. The assdciate
energy relatiort, (k) is known as the energy band structure.

Figure 2.2 illustrates the calculated band structures &GAIAs and InAs within the first
Brillouin zone [28], [27]. Both GaAs and InAs akérect semiconductors, as the highest
valence band states and the lowest conduction band statest #he same point in the
Brillouin zone. In contrast AlAs is amndirect semiconductor with the lowest conduction
band at theX point and the highest valence band atlii@oint. The energy difference between
these two characteristic states is defined asdhd gap energy. At T'= 300K the band gap
energies of GaAs, AlAs and InAs atfe, = 1,424¢V, 2,17eV and0, 36 eV, respectively
[29].
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Figure 2.2: Calculated energy band structures of the IllI/V semicormtucbm-
pounds GaAs, AlAs and InAl within the first Brillouin zone [R7

2.1.3 Ternary InGaAs/InAlAs compounds

By replacing any fraction of group-lll elements gallium duminium (in GaAs or AlAs,
respectively) by indium, InGaAs or InAlAs semiconductore &rmed, which belong to
the ternary semiconductor compounds. The material system used in thik & based on
In,Ga,_,As and InAl,_,As, where fractior (y) of Ga (Al) is substituted by In. The lattice
parameter of a ternary semiconductor compoundB_,C is given by linear interpolation
of the binary compounds AC and BC corresponding latticerpatars:

a(A;By—,C) = za(AC) + (1 — x)a(BC) (2.3)

For both dicussed ternary alloys, the dependence of thgemg@p on alloy composition is
assumed to fit a simple quadratic form:

Ey(A,By_,C) = 2E,(AC) + (1 — 2)E,(BC) — (1 — 2)Cp, (2.4)

where the so-called "bowing parametélz, accounts for the deviation from a linear inter-
polation. The semiconductor parameters used within thesishcan be found in appendix
A. Figure 2.3 depicts the dependance of the band gap enerdlyeolattice parameter at

T = 300 K for different binary 111/V semiconductors. The connectiomes denote the band

gap behaviour of ternary semiconductor compounds.
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Figure 2.3: The various binary 1lI/V semiconductors plotted as a fumetof lat-
tice constant and energy gapAt = 300 K. The full lines indicate a direct-gap
ternary semiconductor and the broken lines indicate améntipap ternary semicon-
ductor [30].

The main advantage of the InGaAs/InAlAs/InP material systempared to the GaAs/AlGaAs-
based system are the lower effective mass resulting in @&hagtillator strength and a longer
optical phonon lifetime. Since InP has lower refractiveex@ompared to the active region,
it can be used as a waveguide. This fact leads to a wavegusilgndehere the active mate-
rial can be directly deposited on the substrate, providmgféicient optical confinement. In
contrast GaAs has the highest refractive index in the Gase4d system. The sophisticated
growth and processing technology of GaAs make this matatticctive for fabricating well-
engineered waveguide structures, Ga _,As/In,Al,_,As structures grown lattice matched
on InP substrate can be realized with In contents 6f 0.53 andy = 0.52. In this case,
following equation 2.4, the band gap energies of;b®&a, 47As and In 52Al 45AS are 0.74
eV and 1.45 eV, respectively. In figure 2.4 the band gap eee@ie plotted versus the mole
fraction. Note that AlAs turns from an indirect semiconaudb a direct InAlAs material for

a certain indium fraction.

For short-wavelength QCLs treated in this work, a high titeorsenergy is necessary, which
is limited by the conduction band discontinuity given by tatice matched system. An ap-
proach to avoid or at least push this limitation to higherrgres by making use of the strain
effect in heterostructures, is discussed in the next sectio
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Figure 2.4: Conduction-band energy minima BtX and L relative to the top of
this valence band as functions of alloy compositions X anch Ynj,Ga _,As and
In,Al;_,As, respectively [27].

2.2 The Effect of the strain on the band structure

Using appropriate growth technologies like molecular beaitaxy (MBE) and metal organic
vapor phase epitaxy (MOVPE), thin semiconductors layensbheagrown on a substrate ma-
terial. When a thin film of a semiconductor with a lattice dans$ different from that of the
substrate is grown, one can loosely characterize two regibthe thickness of the overlayer
is small, the layer is under biaxial strain where the in-pllttice constant is the same as that
of the substrate. If the overlayer thickness is too large,ldélyer has a network of dissloca-
tions. The thickness separating these two regions is ctiledritical thickness and varies
inversely with the lattice mismatch between the substmatethe overlayer. In the following
the physics associated with the strain and the effect onl&otrenic structure is discussed.

2.2.1 Ciritical layer thickness

If the missfit between a grown epilayer and a substrate iscgerftly small, the first atomic
layers which are deposited will be strained to match thetsatesand a coherent interface
will be formed. But, as the layer thickness increases, timedgeneous strain energy becomes
larger. As a specific thickness is reached, it becomes eamsthe favourable to introduce
misfit dislocations.

The existence of this critical thickness was first discudsedan the Merwe [31] using a
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one-dimensional lattice to determine the critical latteessmatch for defect formation. How-
ever, a much more simple and more easily utilized mismatitbxgptheory was developed by
J. W. Matthews and A. E. Blakeslee introducing thechanical equilibrium theory [32].

In this theory the mechanical equilibrium of a grown-in dudie threading dislocation deter-
mines the onset of interfacial misfit dislocations. By balag the forces on a pre-existing
dislocation an expression for the critical thickndsgan be derived:

g, = YL = veosB) [m <@) + 1]
87(1 + v)cosfs b

whereb = ayv/2 is the absolute value of the dislocation Burgers vettorThe intrinsic
lattice parameter is given by and a, for epilayer and substrate, respectively. In the zink
blende crystal structure Burgers vectors havediblocations, defining;, = 3, = 60° [33].
The Poisson ratio reads = C15/(Cy; + C12). Cy; and Cy, are the elastic constants of
the epilayer.
The theory developed by R. People and J. C Bean states thauiltisérate is initially free of
threading dislocations [34]. Values for the critical laykickness are obtained by assuming
an interfacial misfit dislocation which is generated whemdhal strain energy density of the
film exceeds the self-energy of an isolated screw dislooai@ certain distance from the free
surface. In this case one reads

PR Gk (ﬁ)
16mv/2(1 + v) b
with same parameters as used in equation 2.5.
Figure 2.5 shows the calculated critical thicknesses foGt_,As/In,Al,_,As against the
In-content x, following the previously mentioned theori@ée vertical dashed lines indicate
the situation of structures grown on InP lattice matched:esponding ta: = 0.53 andy =
0.52. Due to neglecting the threading dislocations in the sabstthere is a clear deviation

of calculated values using People and Bean equation coohparglatthews and Blakeslee
model.

Qo

(2.5)

a — Qo

2
Qo

(2.6)

a — Qg

2.2.2 Pseudomorphic growth

Growing of semiconductor heterostructures is not only jpbs$or lattice-matched materials,
but even for those one which differ in lattice constant byesalvpercent. This so-called
pseudomorphic growth is characterized by an in-plane lattice parameter whicharesithe
same throughout the structure but changes perpendicullae growth direction. In this case
the lattice constant of the epilayers is fitted to that of thlatively thick substrate. These
strains can cause profound changes in the electronic pregpeand therefore provide extra
flexibility in device design.
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Figure 2.5:Calculated critical thicknesses of (a),[Ba _,As and (b) IRAl;_,As
grown on InP versus indium fractian andy, respectively. Calculations were done
using equations 2.5 (model of Matthews and Blakeslee, fink)l and 2.6 (model of
People and Bean, dashed line).

Figure 2.6 shows an epilayer growth with lattice parametar a substrate with latice constant
ag. If a < ag the layers will exhibit tensile strain in contrast to an apér witha > 0. In
this case the lattice is compressed in order to match therstdgeometry.

Assuming the interface orientation (001), the lattice ¢ans:, perpendicular to the growth
direction can be written as:

0 =a {1—22—1? (aoa_a)} 2.7)

With this result we can calculate the strain componepparallel and:, perpendicular to the
plane of the interface [35]:

a ag — a

€ = ;”—1270(1 (2.8)

€, = CL_J__]_:CLJ__CL:_Q@(GO—Q) (2.9)
a a Ch a

In general, if a thin layer is grown on a substrate the valuis determined by the substrate,
thusa) = a is assumed in equation 2.8.
This deformation of the cubic unit cell results in a relatwdume change

% — e, +e =2 (1 = g—i) (“0; “) (2.10)
The biaxial strain has two components. One istih€érostatic part which enters into the
overall band lineups by an isotropic volume change of théocouttit cell. Thenonhydrostatic
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Figure 2.6:Schematic demonstration of a pseudomorphic growth of ygitawith
lattice constant: on a substrate with lattice constant Tensile strain is introduced
for(@)a < agandif (b)a > ag the layers will exhibit comprehensive strain.

strain componentsq.ear strain) leads to a tetragonal deformation of the crystal which eaus
splittings of degenerate bands (Fig. 2.7).

The hydrostatic potential leads to a shift of the conducband and the heavy-holes (HH),
light-holes (LH) and the splitt-off (SO) valence bands. Toeresponding shifting energies
are given byAE[% and AELYS, respectively.

AV

AEMS = ac; (2.11)
AV
AEW = a5 (2.12)

For the IlI-V semiconductors the hydrostatic deformatiotemtialsec anda, are defined as
ac < 0 anday > 0 (for conduction and valence bands, respectively) [35].

Important effects on the band structure also occur, howeler to the shear strains which
break the symmetry and split otherwise degenerate HH- andbdatls at th@' point. The
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Figure 2.7:lllustration of the influence of strain on the band structaecording to
[35]. (a) Lattice matched condition. Shift of the conduntimand and the splitting of
degenerated heavy holes (HH) and light holes (LH) bandsérarrce of (b) tensile
and (c) compressive strain. Taken from [30].

additional energy shiftA £, AE, and AELY, for the HH-, LH- and SO-bands are given
by

1 1
AEfy = gfso — 508 (2.13)
tet 1 1 1 9 9 )
ABfG = —5lso+ 0B+ 54 [Afo + AsodE + (0F) (2.14)
tet 1 1 1 9 9 )
AEgo = _EASO + ZSE ) Agp + AgodE + Z(5E> (2.15)
with o
§E = —opet <1 - 0—12) <a0 - a) (2.16)
11 a

whereb® is the shear deformation potential for a strain of tetrajeyanmetry. For all
semiconductors discussed in this work it is defined'ds< 0 [35]. Ago is the spin-orbit
splitting. Figure 2.8 clarifies the influence of strain on b@nd structure. In case of tensile
strain ¢ < ao) the conduction band and all valence bands are shifted Bj%; < 0 and
AEIE > 0, respectively. Due toE > 0 the relationAEYY, > AFE', is given and the shear
strain causes a splitting of degenerated bands. This seswdtband gap energy defined by the
conduction and the LH-valence band (Fig. 2.8(a)). An egitayrowth with a lattice constant
larger than that of the substrgie > a) leads toAELY > 0 andAEY; < 0. Here,0F < 0
givesAFE,, > AE',. The band gap is limited by the conduction and the HH-valdrzoed
(Fig. 2.8(b)). In general hydrostatic strain has no infleeoo the conduction band.
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Figure 2.8:Schematic description of the energetic shift due to the dstdtic and
shear strain in case of (a) tensile and (b) compressivansttapilayers.

2.3 InGaAs/InAlAs heterostructures

When different materials A and B are grown on the same substitze structure is called a
heterostructure, which characteristics strongly depend on the physicalc@mical prop-
erties of both materials. In this thesis quantum wells oktypeterostructures based on the
InGaAs/InAlAs-material system are considered (Fig. 2I8)this case the conduction band
of semiconductor B with a smaller band gap becomes a minimuintize valence band a
maximum, and therefore electrons and holes are confinedsmdgion. The regions of the
conduction band minimum and maximum are callediiad layer andbarrier layer. When
the barrier layer is thick enough, electrons are not ablesteprate and are confined in the
guantum well region resulting in quantization of the elestmotion perpendicular to the
heterointerface, forming a subband structure. Fottkalley, the conduction band offset be-
tween InGaAs/InAlAs is about 70 of AE, and hence in the valence band abou#%336].
For the lattice matched J&a _,As/In,Al,_,As heterojunction systeMEx = 520 meV is
given [37]. This larger offset makes the conduction bandemioteresting for a QCL design
than the valence band. All QCLs presented in this work aredbas this fact.
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Figure 2.9:Type | interface in heterostructures.

2.3.1 Calculation of energy states

An understanding of the basic effects is best obtained bysidenngideal quantum
con finement conditions, for which the elementary excitations are catgdy confined inside
the microstructure and the electronic wave functions Vaineyond the surfaces (Fig. 2.10(a)).
For this idealized situation, we can write the confinemenepial as

V(z) = 0 for|z| < LJ2 (2.17)
| o for|z| > L/2 '

where L stands for the quantum well thickness. Then thereleatave functions (envelope
functions)¢,,(z) are obtained by solving the one-electron Schrodingertémua

d d%@z&m@ (2.18)

C2my d2?

The corresponding eigenvalues are given by

h2r? n?

C— 2.19
2my L ( )
wherem is the electron effective mass ands the quantum number of the well. A more
realistic description has to include the finite barrier hésglue to the limited conduction band

(or valence band) offset, leading to

f <L/2
V=4 0 forldsL/ (2.20)
V. for|z| > L/2

E, =
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Figure 2.10:(a) Simplified quantum well model and electronic states \wiftnite
potential barrier. (b) More realistic description incorgking finite barrier height due
to a limited conduction band offset [38].

This leads to somewhat lower subband energies and a penetodtthe wavefunction into
the barrier material. Figure 2.10(b) shows that the wawfans inside the barriers are not
vanishing, giving a rise to a finite tunneling probabilitf,barriers are thin enough. The
analysis follows closely the treatment of the infinite pai@nwith the Schrodinger equation
for the(z, y) motion being unchanged. However, including the finite ptiééand the material
dependent electron effective mass€g z), one reads:

RPd [ 1 d
{50 [ ] @ o) = Buonto (221)
with the boundary conditions
on(z0) = & () (2.22)
1 dQﬁ;? (Zo) . 1 d¢f (Zo)
@ dz B myp  dz (2.23)

A and B indicate the different materials and= 2z, means the interface, where the boundary
conditions have to be applied. The electron motion in(the) plane is not confined and thus
the energy in a subbandaccounts for

th:ﬁ

E,. =F,
ol + ng

(2.24)

with k; being the in-plane momentum. For a proper calculation oétiergy eigenvalues the
non-parabolicity of the energy dispersion has to be consdieT his arises from the influence
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of the valence band and is treated by introducing the eneagg dependent electron effective
massn*(E):

m*(E) = m; (1 + %) (2.25)

with the effective band gap energdy; [39] and E measured from the conduction band edge.
The non-parabolicity coefficientis defined as:
_ 2mgE;

h2

-1

o (2.26)

For InGaAs wellsy = 1.13 x 107" ¢m? andE}; = 0.79 eV are given [39].

In order to determine the strength of the optical transgibatween two involved states, the
optical matrix element is introduced. The dipol matrix etz between statesand f
writes

h 1
= D, — | D, 2.27
= 35 =5 \® ey | ) 220
wherep, = —ih(0/0z) is the momentum operator. The wavefunctions are normakred
cording to
E—-V(z)
1=(¢; |1+ ; 2.28
(o vl ) 229

2.3.2 Intersubband scattering mechanism

Several relaxation machanisms like acoustic phonon eomsgilectron-electron scattering,
interface scattering, impurity scattering and alloy ssratg exist in semiconductor devices.
The fastest intersubband scattering process in a QC steustthe longitudinal-optical (LO)
phonon assisted scattering. Lifetime values ranging frelove 100 femtoseconds to as much
as several picoseconds are confirmed by experiments. Tth&a the mid-infrared operat-
ing QCLs the lasing energy ist always larger than the LO phareergy significantly reduces
the efficiency of this devices. On the other hand this fadtagag process is used to reach a
fast depopulation of the lower laser level by designing alleeneath with an energy sepera-
tion of the LO phonon energy or slightly higher in order toreese the population inversion.
The LO phonon scattering rate= 1/ is defined as [40], [41]

1 m*e’wro 1 1 1

— = oo (T~ It = |

Tif 2h 477-50 Q’Lf €0 Estatic e kT _— ]
QW/dz/dz'(bi(z)gbf(z)eqif(zZ/)qﬁi(z’)(bf(z’) , (2.29)

whereg; is the phonon wavevector. Further parametersaaefined as the dielectric con-
stant of vacuumg, is the high frequency anel;.;;. the static dielectric constant,is the
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electronic charge;is the velocity of light and 3 the Boltzmann constant. Férn 53Gag 47 As
the (GaAs-like) LO phonon energyv; o = 34 meV [42], [43], eoo = 11.6 andeggtic = 13.9
are used [29]. Fofng s AlgssAs the AlAs-like phonon energy is given iyo;,o = 46 meV
[44], [45]. In QCLs the intersubband lifetime is determir®dthe emission of LO phonons.
In this case the absolute value of the phonon wavevectoreavribten as

2m*
Qif = \/ h (wo — wLo) (230)
where the in-plane momentum of the electrons in the initiatesis assumed dg; = 0.

The transition angular frequency, is given by (E; — Ey)/h. E;, E; are the initial and
final subband energies, respectively. In general the inflexi the acoustic phonons can
be neglected since the lifetime is abdib ps, except at energy differences lower than LO
phonon energyAE < hwro) and at low temperatures [46]. In this case optical phonon
scattering is forbidden.

2.3.3 Carrier transport

The carrier transport path is enabled when an appropriattrel field is applied, where the
injector ground state gets degenerated with the upper laser level 3 of the actiVecéd
tunneling through the barrier takes place. Then the electlaxes into the lower laser level
by emitting a photon. The depletion of level 2 is caused bgmaat LO phonon scattering
and the electron travels through the injector into the upgmaar level of the next cascade. The
tunneling time at resonance, by assuming a QCL designeddatspin the strong coupling
regime, can be calculated as [47], [48]
. h

Ttunnel ~ ma
whereAF is the energy splitting between energy levglsnd3 at resonance. Here, a quasi-
equilibrium is reached between the injector and the upsarikevel, providing typical tun-
neling times in the sub-picosecond regime. Similarly, tki¢ learrier is designed to extract
electrons out of the active cell into the adjecent injedttmwever, the current density is deter-
mined by the lifetime of the upper laser levegland the carrier sheet density in the injector
ground state

(2.31)

eN,

273
These equations only describe the situation under fullyrrast conditions, whereas sufficient
tunneling current can flow over a certain range of appliedtatefields. The current has to
be large enough that the gain compensate the loss, whicle ieffson for observing laser
action for a wide range of electric fields in QCLs with a largengcoefficient and a low-loss
waveguide.

J (2.32)
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2.3.4 Population dynamics and threshold current density

So far, the ideal carrier transport has been described. 8digath is bypassed by other scat-
tering channels, which in general increase the threshaiecuby additional current paths.
Figure 2.11 shows the different transition possibiliti®bere the parasitic paths are indicated
by dashed lines. The scattering from the injector grounte gtelirectly into the bottom states
2 and 1 can be treated as a parallel current to the actualdas@nt. This bypassing is de-
scribed by the injection efficienayinto the upper laser state 3. Further the scattering dyrectl
from the level 3 into lower states of the injector results nreduced upper laser level lifetime
73. Finally, when the level 3 is close to the barrier edge, tleetebns may escape into the
continuum via tunneling or thermal excitation at higher pematures. Once in the continuum,
electrons are freely accelerated by the electric field aadat expected to participate in the
laser action any longer. This mechanism also leads to a eeduaper laser level lifetime, and
therefore, directly reduces the gain coefficient. Thisltesn a lifetimer,,.. The lifetime of
level 3 is calculated as follows

1 1 1 1
== (2.33)

T3 732 T31 Tesc

wherers, andrs; are the intersubband scattering times due to LO phononiti@anbetween
states 3-2 and 3-1, respectively.

thermal T3 Tesc
Al 32 . esc -
K . - T3 .
\N). tunneling =~ 5 *2 31
T2y
thermal
backfilling
. IAINJ
Finj

Figure 2.11:Conduction band structure of a three-well QCL design. Ttehed ar-
rows indicate the various electron scattering machaniseyeri those participating
in laser action. Inset shows the relevant transitions in & @€well as the energy
level lifetimes and scattering times.
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As mentioned before the injector is doped in order to proaielectron reservoir, where the
doping density determines the Fermi energy levgl,,; in the injector. At elevated tempera-
tures this can increase the probability of thermal fillingloé lower laser level with injector
electrons. This decreases the population inversion. Hekyévis effect depends on the tem-
perature and the energy seperatidyy ; between the injector Fermi level and level 2 of the
preceding lasing cell, which can be influenced by a propaveacegion design. The rate
equations for the three level laser system read

d I

% = +0Nng —n3r3 ' — oNng (2.34)
d I

% = (1- n)g + 3755 + NehermTy - + 0Nng — o Nny — nory * (2.35)
dN

— = (Nong — Nong —alN)c/ness (2.36)

wheren! is the injected current, N is the lasing-mode photon denstyunit length in one
active regionyn,,.., is the electron sheet density of the injector electronsrwpappropriate
energy due to thermal excitation, are the optical losses in the resonator made up of the
mirror lossesy,, and waveguide losses,, « = «,, + «,, (See section 3.2). Light speed is
termed byc andn. s is the effective refractive index of the guided mode. Thagi#on cross

sectiono is given by

R (2.37)
EoNeffA2Yif Ly’ '

The term2+;; describes the broadening of the transition which is thevfidth at half maxi-

mum (FWHM) of the electroluminescence spectrum [49is the wavelength in vacuumn;;

is the optical matrix element and, is the length of one period (injector and lasing region) of

the active region.

Evaluating the equations 2.34-2.36 for steady state dondifi.e. 2 = 92 — 4¥ — () and

neglecting the thermal backfilling effect yields an expm@sdor the gain per unit length G

(unit: m™!) that reads as

4me 23,

T (1= 2) = (1= n)m (2.38)

G=0o(nz3—ng) = ———>=—
( 3 2) Eoneff)\Z’}/Z’pr 732

with the occupation densities; andn, of laser levels 3 and 2, respectively. The current
density is termed a$ andr, ist the total lifetime of the lower laser level 2. The gain edso

be expressed ag= G/J and is calledyain coef ficient (unit: m/A). The influence of the
thermal backfilling can be taken into account by expressieghireshold current density

1
o T
Ji, = F_g +e |"]7T3 (1 — —2) - (1 - 77)7-2:| Ntherm (239)

T32



Chapter 3

Mid-infrared quantum cascade lasers

The advances in epitaxial layer growth of semiconductoenms allowed the fabrication of
semiconductor superlattice structures. By dint of hetemotures formed by semiconductor
materials with different band gap energies quantum caslzss can be realized. Such
devices based on intersubband transition provide sevdvalndages compared to interband
transition, like narrower line width with a lower thermalpndence as well as "giant” dipol
matrix elements resulting in a proper lasing performan6é [Such a QCL consists of a lasing
(active) region and an injector. A possibility to influente tconduction band discontinuity
limited by the incorporated semiconductor compounds igrilesd, leading to the so-called
"short-wavelength” lasers emitting aum — 5 um. Besides the active region, the QCLs need
a laser resonator for operation, which is a further pointiséassion in this chapter.

3.1 QCL design
3.1.1 Active zone

The lasing action in a QCL laser takes place in the active ofrtbe multilayer structure.
There are different designs for the active zone which aleht&se common lasing principle:
electrons provided by a reservoir tunnel through a barrigo the upper laser level. Then
these electrons relax into a lower laser level by emittingaetpn. In order to achieve popula-
tion inversion the electrons need to exit from the lowesgl@vto the following downstream
injector region at a high rate. However, where the radidtiamsition takes place and how the
inversion is achieved, is characteristic for each design.

Three-well design

One of the simplest embodiment of a QCL consists of two wehg, providing the electronic
states 3 and 2 necessary for the radiative transition andtkiee one for depleting the lower

24
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laser level [51]. The so-callethree-well vertical transition system is an improved design,
where an additional thin well is inserted between the igectgion and an active region (Fig.

3.1(a)). This reduces the electron scattering from thecinjedirectly into the laser ground

states 2 and 1, thus increasing the injection efficiency.[¥1dre, the wavefunctions of the

upper and lower laser state which are involved in the lag@raare essentially located in the
same region of the real space. This leads to a low appliedg®Kensitivity of the wavelength,

since the energy seperation of the two states is largelper#ent of the applied electric field.

In schematic conduction band diagrams the latter is vizedlby the linear slope of the elec-
tronic potential. Furthermore the collocation of the wawveftions leads to a comparatively
large optical dipole matrix element which enhances the gaefficient. On the other hand

the large wavefunction overlap results in comparativelyrsblectron scattering times.

(a) h (b) F
_eeee| [[| e% N3 _eeoe| /o 3 -
A\ T N
. ) |
LA XX X) J | ) :‘
1 oo CLER)
Injector Lasing region Injector Injector Lasing region Injector

Figure 3.1:Conduction band line-up of a three-well QCL design basedpnefti-
cal and (b) diagonal transition. The lasing transition Igrtg place between level 3
and 2 indicated by wavy arrows. In both cases, lower laset is depleted via fast
resonant LO-phonon emission.

The first demonstrated QCL [13] is basically a three-weligiebased on diagonal transi-
tion (Fig 3.1(b)). In this case the upper and lower state Waations are clearly located in
spatially different regions which gives rise to longer saahg times but also smaller dipole
matrix element and a strong dependence of the wavelengtiea@pplied electric field through
a voltage-induced Stark effect.

Superlattice design

The firstsuperlattice active region QCL were introduced in 1997 [52]. In generdd #truc-
ture consists of a periodic stack of nanometer-thick lagégaiantum wells and barriers where
the conduction band is splitted in minibands seperated loygaps. Here, laser action takes
place between miniband edges (Fig.3.2). These lasers xoelh their large current carry-
ing capabilities and high gain due to the vertical transitidlso the depletion of the lower
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laser state is enhanced, because in minibands electraxsmelkch faster by small-wavevector
optical phonons. On the other hand the lack of resonant tingnie the upper laser level a
manifold of bypass channels appear yielding a reductioh@tipper state lifetime.
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Figure 3.2:Conduction band diagram for a typical superlattice actegian. The
lasing transition (wavy arrow) is taking place between thedst state of the upper
miniband and the uppermost level of the lower miniband. Tlaaifold of states in
the latter leads to a fast depopulation of the lower lasesllev

Bound-to-continuum design

A bound-to-continuum based QCL first demonstrated by Fag$tal. [53], combines the
benefits of the two already mentioned designs. The lower lasel is the uppermost state
in the lower tilted miniband, thus providing a fast depopiola whereas the upper state is
a single level as in the three-well design (Fig.3.3). Thid &nd the vertical transition give
rise to an efficient filling of the upper state and a high oatult strength. By incorporating
a diagonal transition system Pflugl al. demonstrated bound-to-continuum GaAs/AlGaAs
QCLs working at temperatures above 1@in pulsed operation [54].

3.1.2 Injector

As can be seen in the schematic descriptions mentioned préweous section, a lasing region
is surrounded by the so-called injector structures. Thectoy has to transport the electrons
from one lasing region to the next. It also depletes the loasing level of the previous
lasing region and provide electron injection into the datngem upper lasing level. However,
it should be mentioned that by using a double-QW superétative region it is possible to
incorporate the essential features of the injector intattteve region itself [51]. This allows
a realization of QCLs without the firm requirement of injaategions.
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Figure 3.3:Conduction band line-up of a bound-to-continuum designe Fansi-
tion taking place between the localized state at level 3 hrdupper state 2 of the
supperlattice continuum contributes to photon emissidms @esign provides a high
dipole matrix element due to the vertical lasing transitisrwell as a fast superlattice
depletion of the lower laser state.

Superlattice

The coupling of several quantum wells depends on the bdhiekness seperating them. The
narrower the barrier the stronger the coupling, due to ttezaction of exponentialy decaying
tails of the quantum well bound-state wave functions (Fig.0tb)). By reducing the barrier
width a strong coupling can be reached in order to form mimilsaand the term "superlattice”
(SL) can be assigned to these artificial periodic structumbere the lattice constant is one
order of magnitude larger compared to the solid state dryBteese minibands are separated
from each other by minigaps, both having energies inlthe.cV' region. The effect of the
mentioned strong coupling with applied electric field isigiirated in figure 3.4. Due to the
biasing the minibands get tilted and the electron wavefanstare localized over a distance
A= % for a given electric fieldF. A describes the miniband width amds the electric
charge. This is the so-called Wannier-Stark-effect [556) [

As mentioned in the previous section superlattices can bd agher for the lasing zone as
well as to provide electron transport. By applying a suffitielectric field the miniband
and the energy ground levels 2 and 1 can be brought in resenaruch leads to a fast
depletion of the latter. Furthermore the minigap acts agtaidden zone where any motion
of electrons is not allowed. This "Bragg-reflector” supmes tunneling out of the level 3
into the continuum what increases the inversion populdigiween the upper and lower laser
level. An alternative SL-QC laser design to achieve flat banids is found in the so-called
chirped superlattice QC lasers [51]. Here, the period of the SL iyingr from wide to
narrow quantum wells in the direction of the electron motiéh zero bias, the states of the
wells are localized because the variation in the thicknéskepadjacent layers is such that
the corresponding energy levels are out of resonance. Ik@nral field with an appropriate
value is applied, these states are brought in resonanceinig@minibands and minigaps.
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F=0 F>0

Figure 3.4: A superlattice with a miniband is illustrated without (Jeftnd with
(right) external electric field. In biased condition the dbzation length\ of the
Wannier-Stark states is determined by the miniband wilgnd the electric field”
[57].

Doping of the injector

In order to provide an electron transport within the QCL stiuwe several injector epilayers
are n-doped, hence serving as an electron reservoir. The lasmigrr itself is not doped
to prevent emission line broadening due to impurity sceutef58]. It is known from ex-
periments and theory that the superlattices break interaifit electric field domains within
which the energy levels are locked in resonance. In a lasgtste, a homogenous and sta-
ble electric field distribution is an absolute necessityerEffiore, the injector has to be doped
so that the negative charge is exactly compensated by treegb&tive donors. Additionaly
the operating point must be a stable point of the currentagel characteristics to prevent the
breakdown of the active region into different field domai@s the other hand increasing the
doping density leads to a higher Fermi energy of the inje@areasing the possibility of a
thermal backfilling of the lower laser level of the precedangive zone. This yields a reduced
inversion population. Thus a doping level should be chokanhthe energy distanag;; of
the mentioned states should be substantially larger treathdrmal energy 7. Futhermore,
free-carrier losses must be minimized.

The objective of this thesis is to study the effect of injectoping variation and to determine
the optimal doping density in order to improve the perforoeaof QCLS.

3.1.3 Strain-compensated structures

The performance of QCLs tending to high energy emissiomigeid by the conduction band
dicontinuity of the employed material composition. The rséothe desired wavelength the
higher the energy distance between the upper and lowerdtades. In this case the upper state
is shifted toward the conduction band edge of the used semhimtor providing the barrier,
which reduces the effective barrier height. When the baisieowered two loss mechanisms
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Figure 3.5:The loss mechanisms due to the thermal emission into théncomn
(gray shaded) as well as tunneling out of the active regiensiiown. Both are
reducing the lifetime of electrons in the upper laser level.

appear affecting the electrons in the energy level 3. Onileehand the thermal emission into
the quasi-continuum, on the other hand the tunneling thrdaagriers out of the active zone
are leading to a decreased inversion (Fig. 3.5). This camobsidered by the loss rates [59],
[60]:

H.
Liherm,; o< exp (_k—jT) (3.1)
B

2L
Itunner,j o< exp (—TB,/Zm;BHj) (3.2)

This equations describe the effect of electron escaping &guantum well statgby thermal
emission into the continuum and tunneling out of the actele @he term/; is the effective
barrier energy]" is the temperaturd,  is the width of the exit barrier ana; 5 the electron
mass in the barrier material. Due to the exponential depeeden/i; the upper laser level
is most affected. This reduces the population inversiowéen states 3 and 2 at elevated
emission energy, giving a rise to stop lasing.

In order to circumvent this discrepance the conduction lmhscbntinuity has to be enlarged
[61]. In In,Ga _,As/In,Al,_,As structures grown lattice matched on InP the valie- =
520 meV is given. A possibility to influence the conduction band effsas been discussed in
chapter 2.2 by introducing the strain effect in semicondulseterostructures. Following this
theory AE- can be extended by incorporating quantum wells with a bapdegargy lower
than Iny 53Ga, 47As and barrier materials which offer a higher band gap eneogypared to
Ing52Al48AS. This can be fulfilled by using compressive strained quanivells with an
indium contentz > 0.53 and tensile strained barriers with< 0.52. One should remember
that strain causes some limitation in case of the epitax@aith. Following the theory of
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Figure 3.6:(a) Calculated indium fractiop as a function of fraction: for different
barrier/well total thickness ratios. This calculationisf@s the strain compensation
condition (Eq. 3.3). (b) The conduction band discontinui¥~ as a function ofc
according to Van de Walle’s model-solid theory.

Matthews and Blakeslee the layer thickness should not exttee critical thicknessg,., in
order to provide a pseudomorphic growth. If a usual epilalggkness of 5 nm used in the
active cell and the injector is assumed the conditionifos 5 nm reads).53 < x < 0.76 and
0.29 < y < 0.52 (Fig. 2.5). In this wayA E can be tailored in a certain region. However,
the net heterostructure strain caused by the several estr&WVs and barriers can result in
relaxations if the thickness is to large. Thus the total casgive strain of the QWSs has to be
compensated by the total tensile strain of the barriers theeentire periode of a QCL. This
condition for dislocation free structures can be written as

aQw,L — Qo ap .1 — Qo
WL O ow + 22—y
Qo Qo

=0 (3.3)

whereagw, . andap  are the lattice constants of strained QWs and barriers pdipdar
to the epilayer surface, respectively. The lattice paramseatf InP are termed ag anddgw
(dp) as the total QW (barrier) thickness per cascade. In ordenlzulate the correspond-
ing indium content values andy equation 3.3 has to be solved for a given ratisy /dg.
Figure 3.6(a) shows the calculated relation betweemdy for dow /dg = 1, 2 and4. All
data points along a line plot fulfill the condition of straiarepensation. This means that for
an assumed content x the increasing comprehensive straitoduigherdgy, /dg ratio has
to be counterbalanced by a higher tensile strain caused twex indium content y. When
the corresponding values are determined the conductiahdianontinuity can be calculated.
Figure 3.6(b) showa\ £ as a function ofc according to Van de Walle’s model-solid theory
(chapter 2.2.2). For > 0.53 andy < 0.52 band offset higher thahn B = 520 meV for



CHAPTER 3. MID-INFRARED QUANTUM CASCADE LASERS 31

lattice matched Ins3Gay 47AS/Ing 50Al .48As can be realized. However, tailoridgF - needs

to satisfy the condition 3.3 in order to compensate therstriai each epilayer. Thus this con-
cept has to be carried out self-consistent in contrast tdatfiee matched system, requiring
more effort. Lasers based on this kind of design are caltedin-compensated QCLS. The
enhanced conduction band discontinuity provides a lamgedbom in design. First of all the
effective barrier height?; can be increased compared to a lattice matched structuia, wh
decreases the loss rate of thermal emission into the camtiraind tunneling out of the active
cell, as discussed before. A further advantage is the pbssdf faster depopulation of the
lower laser level by an additional ground state. Due to thgelaffset it is possible to shift all
states up energetically and insert an additional well. Hbeeradiative transition takes place
between states 4 and 3 (Fig. 3.7). The individual layer theslses are chosen to seperate the
levels 3-2 as well as 2-1 byw, o in order to deplete the lower laser level by emission of LO-
phonons. Beside the improved population inversion duedd dhuble-phonon resonance”
[62], [63] such a "four-well” design also increases the gyedistanced;y; between the
Fermi energy of the injector and level 3. This gives a riserntanaproved QCL performance
at elevated temperatures.

E
\ P 1]
N

Figure 3.7:Conduction band line-up of a four-level design. Here theytaon
inversion is improved by a double-phonon emission (traonmsit3-2 and 2-1).

The QCLs characterized within this thesis benefit from aggpinoperty of the enhanced band
offset, namely the ability to emit at higher energies. Thasdn describedhort wavelength
QCLs emit at 3.8 um, where the active region consists of AlAs barriers angJGa, »sAS
QWs, yieldingAEs = 1.33meV. An important issue which one needs to consider are
indirect valleys in all the used materials:snGa 26AS, AlAs, and In 55Al 45AS. Intersub-
band absorption in thE-valley can be observed even if the excited state is abovedirect
valley minima. But a laser active region design has necgs$sdie done in a way, that an up-
per lasing state is below all indirect valley minima [64] h@twise inter-valley scattering will
reduce population inversion between the lasing statestharsdprevent the lasing conditions.
In this design two different barrier materials {l3Al 45AS plus AlAs), used in the active re-
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gion, made it possible to tune the barrier thicknesses andehstrain almost independently.
This solution, makes the band engineering in the presenG®, .cAs material system as
easy as in the case of the lattice matchegd{Ga) 4-As/Ing 52Al g 41sAS combination.

In general incorporating the strain-compensatehy_,As/In,Al,_,As/InP material system
leads to a rigorous enhancement of the QCL performance fattisesulted in the demonstra-
tion of short-wavelength QCLs [65], [66], [25] , high-temrp&ure continous wave operation
QCLs [67] and devices emitting at the shortest wavelength.05 um [26], presented so far
for this material system.

3.1.4 Cascading effect

As discussed in section 3.1.1 the electron transition insang¢acell results in the emission
of one photon, thus cascading &% active cells yields a multi-photon generation. Several
studies of the dependence of the device performance on thbaenof stages in mid-infrared
QCLs have been performed, ranging frovp = 1 to 100 [51]. While laser action from a QCL
with only one stage/{» = 1) [51] is remarkable as it underlined the high optical gamt ttan

be achieved by band gap engineering, the QCL with= 100 stages highlights the cascading
scheme, that allows stacking a very large number of actig®mns into a single cascade. In
order to design high power and low threshold current detteesumber of cascades has to be
increased. On the other hand this elevates the voltage dropsathe entiréV, stage cascade
given by

Vs(Np) =

E. E
MNP x Np (3.4)
e

and gives arise in dissipated powe{Np) = Vs(Np) - [(Np). The energy drop per stage is
given by Ess + Ey1 = Eppoton + ELo—phonon- AN @greement between low power consumption
and high power has been shown fp = 22 experimentally [51]. The active core of the
QCLs analyzed in this thesis consists of 30 injector/lagmge periods.

3.2 Laser resonator

Beside the active region where the photon generation talees phe light has to be con-
fined in order to provide proper lasing performance. Thisirement is fulfilled by the laser
resonator. By keeping the light longer inside the cavity enqmower is gained and the thresh-
old current is decreased, both leading to an enhanced QGdrpemnce.

The devices discussed in this work are based onFilie y- Perot type laser cavity usually
providing a multi-mode emission spectrum. For desiralbiglsi mode emission, within the
gain spectrum of the active material, several approaches taken like microcavities [68],
[69], coupled cavity [70] and external cavity lasers [71haother possibility to achieve single
mode operation can be achieved by incorporating a Bragggran the top of the laser ridge.



CHAPTER 3. MID-INFRARED QUANTUM CASCADE LASERS 33

N

X
®
e S
& 5
%% >| lateraly
NN
® Vv
2 Q)
0

Figure 3.8:Schematic description of a QCL waveguide including the dedim of
directions.

In these distributed feedback (DFB) lasers the single Imession is obtained by proper grat-
ing design [72], [73]. However, these QCLs are based on tige ednitting principle. The
light generated in QCLs is due to intersubband selectiogsrtransverse magnetic (TM) po-
larized (electric field is parallel to growth direction) [74vhich is a drawback in case of sur-
face emission because fabricating vertical cavity suréanession lasers is not feasible. The
demonstration of surface emission by using a second-or8&r dpating for light diffraction
[75], [76], [77] as well as photonic crystal QCLs [78] circuented this limitation.

3.2.1 Optical constants

For an accurate waveguide design the knowledge of opticplgrties of the used materials is
required. The complex refractive indexcan be calculated using the Drude formula [79]:

wy
; 1 ‘ 3.5
n=n-+ikK €00 5 (1 JT) (3.5)

wherew = 27¢/ ) is the angular frequency,, is the high frequency dielectric constant. The
plasma frequency is given by
Nd€2

€0Ec0My)

(3.6)

wp:

depending on the free carrier concentration The scattering time is calculated from the
electron mobilityu by 7 = pmf/e. The dependence of the mobility on the doping concentra-
tion is approximated using the Hilsum formula [80]

Ho (3.7)

vy s
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material Ng(cm™3) | n K
InP lel7 3.08 | 5e-5
InP 2el7 3.08| le-4
InP 4e18 2.98| 2e-3
InGaAs 5el6 3.42| 4e-5

0.7el7 | 3.25| 4e-5
InGaAs/InAlAs/AlAs 1.1el17 | 3.25| 6e-5

active region 1.7e17 | 3.25| 9e-5

3.9el7 | 3.24| 2e-4
gold - 1.12| 28
SiN - 2 | 4e-3

Table 3.1:Refractive indices at 3.8m for different materials used for the wavegiude calculation
For the active region the refractive index was calculatedsictering the different active region
doping of the QCL processed within this thesi§, is the donor concentratiom, and  are the
real and imaginary parts of the complex refractive indespeetively.

The coefficients., andV, as well as other values necessary to calculate the refeaathces
and absorption coefficients for AlAs, InP and lattice matthe@GaAs and InAlAs are taken
from [81]. The refractive index of gold (Au) was taken fron2]&nd the value for SiN can
be found in [83]. To provide current transport the waveguéyers have to be doped. In cal-
culations of the refractive index this fact is consideredriyoducing the doping dependent
mobility. Free carrier absorption in these layers, and ghldoping levels the strongly no-
ticeable onset of the plasma edge, usually reduce the tiggacdex compared to the purely
dielectric value. The intensity absorption coefficientiiseg by

a =4mk/A. (3.8)

3.2.2 Vertical confinement

As mentioned before in a QCL waveguide a transverse optmafieement in both lateral
and vertical direction must be ensured in order to provideficgent overlap between the
optical field and the active zone. Vertical light confinemisrdchieved by exploiting variable
refractive indices of the incorporating semiconductoelasy The material system is chosen
to provide appropriate and sufficiently large refractiveler variations to build a high
refractive index waveguide core containing the active nwt@and lower refractive index
cladding layers.
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Figure 3.9:Refractive index and calculated mode profile for sample H&@lemit-
ting at 3.8um. The numbers in the brackets give the donor concentraticeof
layers.

The active region of the QCLs investigated in this work isdshen InGaAs/InAlAs/AlAs
material system grown on InP substrate. The cladding lagxerprovided by utilizing InP,
which offers naturally lower refractive index than the aetregion due to the InGaAs fraction
in the latter. By sandwiching the active region between temparably thin InGaAs layers
the refractive index contrast can be increased, espeeidlgn the lasing cascade is chosen
rather thin. Figure 3.9 shows the calculated mode profilafdielectric InP-based waveguide
structure. The doping of the semiconductor layers on thénane provides a carrier transport
but also a possibility to tailor the refractive index. Aniieased doping concentration results
in a decreased real part of the refractive index as well astdd imaginary part. The latter
leads to higher waveguide losses (Eq. 3.8). Designing a waveguide needs to optimize two
characteristic parameters, on the one hand the waveglgdedo,, but also the confinement
factorI' to obtain a low laser threshold:. is defined as the overlap of the guided mode with

the active region
Joct | EI*dz

= 7ffooo EPd: (3.9
with F as the transverse electromagnetic field distribution irsthle waveguide. In the GaAs
materal system the GaAs/AlGaAs structures are grown on asGastrate, where GaAs
provides the highest refractive index. To make this matetigable as cladding layers it must
be highly doped. This so-called double plasmon waveguiigsgsult in elevated free carrier
losses. Thus the InP material system is the better choideeicdse of waveguiding due to
the lower waveguide losses and the possibility of incorogehe substrate into the cladding

layer.
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Figure 3.10: (a) Schematic view of a cross section of a degedtQCL ridge. (b) Scanning
electron microscope (SEM) image of a facet of g4 wide ridge.

3.2.3 Lateral confinement

Within this thesis the QCLs are etched into narraw {o 20 um) ridges providing efficient
current and lateral light confinement. The side walls aresipated by silicon nitride (SiN)
with a comparable low refractive index € 2+:0.0001 at 3.8:m) providing a high refractive
index contrast between active region and insulation, reacggor waveguiding. SiN layer is
then overlayed with contact metallization, which inhelgnicreases the waveguide loss due
to the interaction of the mode with the metal layers (Figul®R The mode calculations were
performed by assuming transverse electric (TE) (electld fparallel to the single layers) and
TM polarized light for lateral (see figure 3.11) and verticahfinement, respectively.

3.2.4 Fabry-Perot cavity

The most straightforward way to obtain light confinemenhialongitudinal direction is given
by cleaving the laser bars perpendicular to the laser ridgé® cleaved facets then act as
mirrors, which have to be partially transmitting in orderctmuple out light. The reflectivity
R of a facet in case of normal incident plane waves can be @by means of refractive
index difference of the used materials according to

2
R= (M) (3.10)
Negf + Nair

For an interface formed by a InGaAs/InAlAs heterostructuita . s, ~ 3.2 and air @i, = 1)
the reflectivity is calculated t& ~ 0.27. For every guided vertical and lateral mode standing
waves are present, the so-called longitudinal modes, ditfdt the condition

A
m§ = neffL (311)
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Figure 3.11Refractive index and calculated mode profile for the zemrétmode.
The calculation was performed for a 12n wide ridge of the sample HUB1664
covered by SiN-insulation (300 nm) and an Au-metallizateyer (500 nm).

with L as the length of the resonator and an integer- 0. A is the emission wavelength.

In general the refractive index.;; of the active region shows a resonant absorption curve
near the respective wavelengttdue to the Lorentzian shaped laser gain. This effect can be
considered by the refractive group index..,

dn,
Ngroup = Neff +v dyff (312)

wherev is the longitudinal mode wavenumber. Tliece-spectral-range (FSR) defined as
the spectral mode spacing is given by

Ave 1 (3.13)

2ngroup L
The spectral gain width of a typical QCL is of the order of 80¢rand thus much broader
than the FSRi ~ 0.8 cnT! for a 2 mm long cavity). Thus a Fabry-Perot laser features a
broad emission spectrum, containing multiple longitumades.
Considering a propagating longitudinal mode along thetgathe intensity/, of the latter
at a certain point inside the cavity gets amplified as wellttenaated over the full length
L resulting in a intensity. This in fact is attributed to the gai@ per unit length and the
waveguide losses,, per unit length, respectively. This gives the relation:

I = Iy Ry RyeT¢—aw)2L (3.14)
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Figure 3.12:A typical multimode Fabry-Perot emission spectrum, otgdifrom a
1.97mm long and 14um wide laser at 78 K (HUB1660). The laser was operated at
a drive current of 0.86 A (1.1)]).

with I as the confinement factor. Beside the waveguide lossestaseflectivitiesk?; and
R5 result in a mirror- or outcoupling loss of

h’l(Rle)
2L

When the loss mechanisms are completely compensated byithafter a roundtrip propa-
gation, the lasing threshold with equation 3.14 reads

(3.15)

A = —

Ry RoeTG—w)2l — (3.16)

The corresponding threshold current dengity(Eq. 2.39 neglecting thermal backfilling) can
be calculated as
Jyp = ——™" (3.17)

The termg is the gain coefficient which is expressedgas G/.J including the laser current
density/ and the gairtz per unit length. It can be assumed that the waveguide losgymoss

and confinement factor remain unchanged with temperatureieMer, the gain coefficient is
clearly temperature dependent. Competing with the ragidtansition, electron scattering
times for LO phonon emission are reduced due to the largengh@opulation at higher
temperatures. Furthermore the broadening of the gainrspeend the thermally backfilling
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of the bottom laser level by the injector result in a reducgplypation inversion. All mentioned
mechanisms contribute to an increased threshold curresitgieat elevated temperature. For
QCLs a typical description of the temperature dependentgedfser threshold can be given
by an exponential fit

Jon(T) = Jy P/ (3.18)

whereTj is the so-called characteristic temperature, which ramgedifferent QCLs from
100 to 200 K. A highl; states a weak temperature dependance of the threshold dinnes
providing better QCL performance. For fitting the threshaldrent versus temperature over
the entire temperature range of laser operation (i.e. fr&rkdto above room temperature
(RT)) a modified version of equation 3.18 is used

Jon(T) = Jy et/ 4y (3.19)

with an temperature independent portion of threshold cdirre
The knowledge of the loss mechanisms also allows to estithatslope efficiency (i.e. the
increase in optical power of a outcoupling facet per uniteot) as

orP 1hv Am To
— =—-——N, 1—-—= 3.20
ol 2 ¢ Pa,+a, ( 7'32) ( )

wherehv is the photon energyy, the number of periods (injector and lasing region). Fur-
ther , and s, are the lifetimes of the lower laser level and the intersndb@laxation time
between states 3 and 2 (see chapter 2.3.4), respectively.



Chapter 4

Fabrication and Characterization of QCLs

So far, semiconductor basics as well as designing of QCLs been discussed. Properties of
the InGaAs/InAlAs semiconductor compounds and physidalces in such heterostructures
have been presented. This chapter is addressed to theatadomiof QCLs with an introduction
into the applied technologies. The second part of this @raptdedicated to the experimental
techniques used for the electrical and optical charaetoiz of QCLs. Finally the results are
presented and discussed.

4.1 Technology

All the structures discussed in this thesis were grown bysgasce MBE (GSMBE) [85] at
the Department of Physics, Humboldt University Berlin. Trecessing of QCLs involved
etching of the ridge waveguide structures by means of rgaadn etching (RIE) was car-
ried out on an Oxford Systems PlasmalLab 100. Passivatiendayere deposited via plasma
enhanced chemical vapor deposition (PECVD) in the Oxforst&ys PlasmalLab 80. Metal-
lization was provided by an electron beam evaporator in &bkl H560 evaporation system
as well as sputtering by an Ardenne LS320 radio frequency (fRfgnetron sputtering system.

4.1.1 Molecular Beam Epitaxy

The introduction of molecular beam epitaxy (MBE) [5] wasentiendous milestone towards
the fabrication of ultrathin controlled semiconductordrestructures, providing atomic layer
crystal growth combined with control of the layer chemicainposition. The GSMBE is a
modified version of the conventional MBE but is based on tmeesapitaxial principle. Here,
thin films are evaporated monolayer by monolayer on a singialline substrate that is kept
at elevated temperatures. A special feature of GSMBE iglieadroup V elements (As, P) are
produced by thermal cracking of gases, usually hydridenar@sH;) and phosphine (PH,

40
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whereas the group Il solid sources (Al, Ga, In, Si) are piediby effusion cells (Knudsen
cells), common in a solid source MBE. Silicon is usedfetype doping. At proper preset
conditions (temperature, pressure) cracking producagxgvioelements:

2ASH3 — A82+3H2 (41)

The atomic beams can be switched on and off by dint of mechbsimutters. Each effusion
cell filled with elements is equiped with a heater. When ret#ite material inside the cell
sublimates or vaporizes. By means of molecular or atomimisez the Knudsen or cracking
cells, which are directed towards a rotating substratediptieposition takes place with a typ-
ical growth rate of Jum/hour. This ensures the formation of layers with crystallperfection.
By heating the substrate the deposited atoms obtain thédkerergy for rearranging them-
selves to the energerically lowest position namely to theesponding criytalline structure.
The rotating of the substrate holder compensates the eitgenftthe effusion and cracking
cells. The dopant effusion rates are too low to be measuredu. Therefore the doping level
has to be calibrateer situ by capacitance-voltage, profiling and Hall-effect measwets.
Growth mode and material quality is controllédsitu by reflection high energy electron
diffraction (RHEED).

» Electron diffraction source
Individual

shutters

Substrate on mount
Gas source
crackers

Rotation for
uniformity

molecular beams of Ga, Al .
Pump for ultrahigh vacuum

Electron diffraction detector

Figure 4.1:Schamatic drawing of a MBE facility.

Optimal MBE growth conditions are achieved by adjustinglthie flux ratio for each growth
temperature. While for the lattice matched InGaAs-InAlAsistures on InP 500-520C
growth temperature range seems to be optimized and widelg, uswer growth tempera-
tures of 400-450C, however, appear to be necessary to grow coherently highdyned
Ing.74Ga 26AS-AlAs heterostructures [86].
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Layer (Substrate — Surface) X (%) Y (%) Thickness (A) Doping
S: n_InP Substrate 350 pm 2ecl7
Si: InGaAs 52 2200 Sel6
Loop 30
InGads 74 39
Alds I 12
InGads 74 32
Alds 10
InGads N 74 27 d
Alds 10
InGads 74 23 d
InAlAs J 52 8 d
Alds 10
InGads 74 21 d
InAlAs E 52 10
Alds 10
InGads 74 20
InAlAs C 52 20
Alds 10
InGads 74 17
InAlAs T 52 19
Alds 10
InGaAs 74 15
InAlAs o 52 19
Alds 10
InGads 74 13
InAlAs R 52 24
Alds 10
InGads A 74 16
Alds C 10
InGads T 74 45
AlAs I 14
InGaAs Vv 74 41
Alds E 13
Endloop
InGads 74 39
Alds I 12
InGads 74 32
Alds 10
InGads N 74 27 d
AlAs 10
InGaAs 74 23 d
InAlAs J 52 8 d
Alds 10
InGads 74 21 d
InAlAs E 52 10
Alds 10
InGads 74 20
InAlAs C 52 20
AlAs 10
InGads 74 17
IndlAs T 52 19
Alds 10
InGads 74 15
IndlAs o 52 19
Alds 10
InGads 74 13
InAlAs R 52 24
AlAs 10
Si: InGaAs 52 2200 5el6
Si: InP 25000 1el7
Si: InP 8000 4el8
Si: InGaAs 52 1300 1el9

Table 4.1: Growth sheet of samples HUB1658/60/64/69 usgaréeessing. Label indicates
the doped layers. See table 4.2 and text beneath for details.
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sample | average doping (1eldn3)
HUB1664 0.7
HUB1660 1.1
HUB1658 1.7
HUB1669 3.9

Table 4.2:Average active region doping densities of samples HUB l&584/69.

In order to investigate the influence of doping density onQi&. performance, four samples
were grown. All samples have the same nominal structuregdifferent average doping of
the active regions. The growthsheet for the laser materigivien in table 4.1. The columns
X(%) and Y (%) denote the mole fraction of indium in InGaAs and InAlAs,pestively. The

Si doping concentrations are givendm 3. The injector/active cell is repeated 40 times. The
epitaxial layers of the injector labeled with denote that this layers are doped contributing to
an average doping density of the entire active region. Thmendodensities for each sample
can be taken from table 4.2.

4.1.2 Reactive ion etching

The etching of the structures plays an important role in th&ecof QCL processing. All
etching steps were done by reactive ion etching (RIE), oholgithe etching of the etch mask
layers and the SiN insulation as well as the forming of thedA&InAIAs/AIAs/InP ridge
structures.

1] ecnmas

/

Figure 4.2:lllustration of the working principle of the reactive iorchtng.

The plasma etching itself was explored as cheaper alteent&tiwet solvent resist stripping
and then adopted for patterning SiN of its selectivity owsist mask and underlying met-
allization. In a RIE process the etching of the samples taksse inside a reactor chamber
in which several gases are introduced. To ignite a plasntainesonditions concerning the
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Figure 4.3: (a) lon enhanced energetical and (b) ion enlbinbéoitor process in RIE [87].

applied voltage, chamber pressure and the dimensions afhd@ber have to be fulfilled.
Once the plasma has striked it is possible to vary the pamseithout losing the discharge.
Within this conditions the gas molecules are cracked img,javhich are accelerated towards
the material surface being etched. There a reaction takeg fbrming another gaseous ma-
terial, which is called the chemical part of reactive ionhatg. By gaining more energy the
ions are able to knock out atoms out of the etched materidirigao a physical aspect of dry
etching, without a chemical reaction.

The advantage of RIE is the fast directional removal causetivb proposed mechanisms
namely ion-enhanced energetical and ion-enhanced iohijibcesses (Fig. 4.3). In the en-
ergy driven regime the ion bombardement modifies the sunfedé#ferent manners. By dam-
aging the surface highly reactive dangling bonds can beddras well as disruptions of the
lattice structure and even bond-braking of adsorbed seidampounds can take place. This
makes the surface more reactive to neutral radicals at tiengt bottom and enhances the
etching rate but also the aspect ratio (ratio between tighhand width of etched trenches).
In a ion-inhibitor driven regime the high aspect ratios canobserved due to the sidewall
passivation by volatile etching products. These are dégbsin vertical as well as horizontal
etched surfaces making them inert to the etch. The ion taahpprpendicular to the surface
removes the passivation layer at the bottom and reducesittienéss of the deposited film
on the vertical sidewalls. This leads to an etch rate enlmantonly at the bottom surface
resulting in a high anisotropy. These ion enhanced prosesbeon the possibility of tuning
the ratio of physical to chemical etching which can be vaviedthe chamber pressure and
the RF power. The flux of neutrals (note that only a few peroénihe atoms are ionized in
the plasma process) can be altered independently of theurrvith the pressure, since the
ionization degree of the process plasmas remains constanttee entire range of pressures
(1 mbar to several 100 mbar). Therefore, lower pressureases the physical part of dry
etching which is also supported by the increased free meidingbdhe ions. More energy is
gained by passing the RF electric field.

In general by changing the balance of physical and chemtchlirgy it is possible to influ-
ence the anisotropy of the etching, since the chemical pasbtropic and the physical part
highly anisotropic. The combination of both processesaadleertical as well as rounded etch
profiles.
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Endpoint detection

In order to control the etch depth several methods existrékalual gas analyzing of etch by-
products as well as measuring the increase in pressure Wwaatdhing stops. In our facility
optical endpoint detection is used. This optical endpoetection set-up is convenient for
monitoring etches of multi-layered structures in whichréhis a high contrast in the layers’
refractive indices ah, = 655nm. This endpoint detection system consists of a laser source
directed perpendicular to the sample, various optics aragreeca. In the case of a transparent
layer the light is reflected at the top and bottom interfacdefayer. When the film thickness
changes due to the etching, constructive and destructedenences occur given by

Ao
Ad = —
d 2n

(4.3)
The recorded intensity shows oscillations indicating ¢jeanin the etchant thickness. When
the film is completely removed the oscillations stop. In caletching a reflective material
with a transparent etch mask the reflected intensity shopsrposition of both oscillations.
In order to distinguish the material corresponding sigma oeeds a high etchant to mask

selectivity.
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Figure 4.4. Two recorded interferometric endpoint detettscillations. (a) Etching of
320 nm SiN passivation layer. (b) shows the superpositiagh@bscillations during the deep
etching of InP (high etch rate) with a SiN hard mask (low ette}.
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4.1.3 Deposition technologies

Plasma enhanced chemical vapor deposition

Plasma enhanced chemical vapor deposition (PECVD) is allertalternative for deposit-
ing a variety of thin films at lower temperatures than thosiezad in CVD reactors without
settling for a lower film quality. For example, high qualityicon nitride films can be de-
posited at 300C while CVD requires temperatures in the range of 9000 produce films
with similar quality.

3SiH, + 4NH; — SiN, +12H, CVD

SiH; + NH; —  SiNH + 3H, PECVD

PECVD uses electrical energy to generate a glow dischargehioh the energy is trans-
ferred into a gas mixture. This transforms the gas mixtute ieactive radicals, ions, neutral
atoms and molecules. These atomic and molecular fragmeteisct with a substrate and,
depending on the nature of these interactions, eitherregain deposition processes occur at
the substrate. Since the formation of the reactive and etiergpecies in the gas occurs by
collision in the gas phase, the substrate can be maintatreetbev temperature. Hence, film
formation can occur on substrates at a temperature whichvisrithan that in a conventional
CVD process, which is a major advantage of PECVD. Some of és&rable properties of
PECVD films are good adhesion, low pinhole density, good steerage, and uniformity.
PECVD silicon nitride films contain 15 to 30 % of H bonded erthe Si or N. This yields
different Si/N ratios which greatly affect the material pesties. Deposition at higher pres-
sure tends to build Si poor films. The lower Si content resualtsn increased etch rate and
a higher dielectric strength. Furthermore the refractngek decreases. In our case PECVD
was used for SN, deposition used as passivation as well as etch mask in hggtastio
RIE processes. A radial flow parallel plate reactor as shomigure 4.5 was used.

Gases In

Eleclrode-\ [wmers
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vac Pump Vac Pump
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Figure 4.5:Schematic view of a planar reactor [88].
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Sputtering

Sputtering is a process operating on an atomic or moleccede svhereby an atom or molecule
of a surface is ejected when the surface is struck by a fastantparticle. The momentum of
the incident atom is transfered to the atoms in the targe¢mahtind this momentum transfer
can often lead to the ejection of a surface atom - the spaggniocess.
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sz{] >y I =
/// /// / //

/ Electronring %%
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magnets
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Figure 4.6: (a) Schematic working principle of a sputteraisfpon facility. (b) A magnetron
schematic for improving the sputter rate [89].

In our case a magnetron RF sputter deposition facility isleygal to sputter either metals
like Au, Ti and Cr or insulators like ZnSe. A schematic of sackimple system is shown in
figure (4.6(a)). An electric field is applied between two &ledes causing electrons to be ac-
celerated. These electrons collide with neutral atomsggd ionization and the generation
of ions. To provide ions as bombarding particles an argoampéais utilized, ensuring that
there is no chemical reaction between the incident ions laadarget material. The incident
ions mainly eject neutral target atoms that are depositetth@rsubstrate to be coated. The
magnetron arrangement of the target allows very high spréates at small pressures as the
ionization degree of the plasma is increased by introduaintagnetic field near the target’s
surface. The magnetic field is perpendicular to the elefigid. Therefore a cylindrical elec-
tron current can be formed increasing the lifetime of thetetas in the plasma (Fig. 4.6(b)).
One measure of the sputtering process is that of sputtereld . This is defined as the
number of atoms sputtered from the surface per incident fns number depends on the
incorporated target material (Fig. 4.7(a)), and can bedunyethe energy of the incident ions,
which is influenced by the RF power and the working pressuge idh energies below 20 eV
the sputter yield is vanishingly small, because this is\welte material depending activation
energy. It then increases monotonically and almost ligagslto about 1 keV. A typical de-
pendence is shown in figure 4.7(b). The sputtering yieldinaes to increase, but less than
linearly, up to energies of few tens of keV. It then starts¢oréase as the incident ions tend
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Figure 4.7:(a) Sputter yields Y for different target materials at the @nergy of
400 eV (atomic number Z). (b) shows the dependence of spyitttt on the ion
energyE; for several materials [89].

to penetrate into the sputtering target, rather than cguspattering. The energy region used
for deposition is located where the linear dependency scdihe ion loses energy to several
atoms in a collision cascade and more neutrals can be ejéctede energy is placed. The
deposition is non directional comparable to PECVD but shaamaller side wall deposition.

Evaporation

Evaporation is a common method of thin metal film depositibime source material is evap-
orated in a vacuum. The vacuum allows vapor particles teetrdvectly to the target object
(substrate), where they condense back to a solid state 4F8¢a)). The working pressure is
significantly smaller (longer free mean path) than it is f&Xd¥ D or sputter deposition which
results in a directed deposition only covering areas airodiod target (in general no side wall
deposition). An energy source that evaporates the materis deposited can be realized as
resistive heating or by coupling in RF power via a coil. Aretipossibility is the electron
beam method in which a target anode is bombarded with an, agnetic beam directed,
electron beam formed by a charged filament under high vactign 4.8(b)). The electron
beam causes atoms from the target to transform into the gaggmse. These atoms then
precipitate into solid form, coating everything in the vanuchamber with a thin layer of the
anode material.



CHAPTER 4. FABRICATION AND CHARACTERIZATION OF QCLS 49

Substrate
heating

Twvd
, r__,..—__;_/_\> Substrate

- Source

Shutter __|

Electron __|
gun

Figure 4.8: (a) Schematic of a typical evaporation systérnE(ectron beam evaporator [89].

4.2 Processing

The processing of the GSMBE grown material was done in thenaleom of the Zentrum far
Mikro- und Nanostrukturen (ZMNS) at the Technical Universif Vienna. Device processing
includes the patterning of the structures by optical litlagdpy, the etching of the laser ridges,
deposition of insulation layers, thinning of the substate providing contact metallization
at the top and the back.

In detail, all samples discussed within this thesis, weoe@ssed into 10 to 18mn wide ridge
waveguide structures via RIE. The structures were elatlyicmsulated by a~300 nm SiN
layer which was opened along the ridges. Ohmic top contastreaized by electron beam
evaporation of Ge/Au/Ni/Au and sputtering of Ti/Au makingtended contact pads. The
electrical insulation of the lasers from each other was dne lift off process. The samples
were thined to 25Qum before applying Ge/Au/Ni/Au as back ohmic contact. The pssed
chip holding the laser ridge waveguides was cleaved perpalad to the ridges in order to
provide as-cleaved facets serving as laser mirrors. Theadimg of the ohmic contacts was
performed by rapid thermal annealing at 365or 30 s. Finally the laser bars were soldered
epilayer-up by indium on copper mounting plates and coathby ultrasonic wire bonding.
The etching of the samples based on the InP material systenp&réormed by utilizing a
SiCl,Ar plasma at 248C. Etching of In consisting material at room temperaturelset a
deposition of InC] (which is not volatile at lower temperatures) which impetié3 etching
drastically. Thus, high temperatures are necessary ®qgiSiN as etch mask instead of a
photoresist, which would melt under these conditions.
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List of abbreviations
In the following discriptions several abbreviations aredjsvhich are summarized here.
e AZ5214: Photoresist-Hoechst
e AZ726MIF: Developer-Hoechst
e maP275: positive Photoresist-micro resist technology
e maD331: Developer-micro resist technology
e KOH: Kaliumhydroxide
e HMDS: Hexamethyldisilazane
e H,O: deionized water
e sccm: standard cubic centimeter per minute

e mask aligner Suiss MJB3: (CI1) constant intensity 12 m\W/@n365 nm (i-line of Hg
lamp)

e RIE: reactive ion etching
¢ PLOX: Plasma oxidation
® Dpuse. Dase pressure

® Dyork. WOrking pressure
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All lithography steps (exposure) in the following were daniéh the maskaligner "Karl Stiss”
MJB3 (365nm) with12 mW/cne.

Protocol

e Oxide removement
KOH (20%) 1 min; rinsing with HO 1 min; drying with N

e Hard mask patterning

— PECVD-SIN deposition
Prase = 20 mbar,pyoc = 1 Torr, gas flow 700 sccm (2% SifN,) + 18 sccm NH,
10 W RF power, 300C, typ. deposition rate 11 nm/mir;700 nm

— Lithography
spin coating: photoresist AZ5214 (1:0), 35 s @ 4000 rpm
baking: 1 min @ 100C
exposure: mask "rim A” (removing of the edges), 60 s
developing: AZ726MIF, 60 s, rinsing, drying
exposure: mask "Ridge small”, 5 s
developing: AZ726MIF, 25 s, rinsing, drying

— RIE-Hard mask etching
Phase = Sx 1078 mbar, pyorc = 15 mTorr, 40 sccm SE 60 W RF power, T~
30 C, typ. etch rate 100-150 nm/min, etch deptiO0 nm, Quartz carrier

— Removal of excess photoresist
PLOX: 20 s @ 300 W (with TePla 100-E)
Aceton: ultrasonic bath 30s @ %0
Isopropanol

e Etching of ridges

— RIE-Deep etching
Prase = Sx 107¢ mbar,pyox = 3 mTorr, 5 sccm SiCl+ 40 sccm Ar, 200 W RF
power, T~ 240" C, typ. etch rate 100-120 nm/min, etch depth.5 ; m, Silicon
carrier

— Removal of SIN hard mask
Phase = Sx 1078 mbar, pyorc = 15 mTorr, 40 sccm SE 60 W RF power, T~
30 C, typ. etch rate 100-150 nm/min, etch deptiO0 nm, Quartz carrier
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Figure 4.9:SEM picture of a deep etched /14 wide laser ridge.

e Electrical insulation

— PECVD-SIN deposition
Prase = 20 mbar,pyoc = 1 Torr, gas flow 700 sccm (2% SifN,) + 18 sccm NH,
10 W RF power, 300C, typ. deposition rate 11 nm/min;300 nm

— Lithography
spin coating: photoresist maP275 (1:0), 35 s @ 8000 rpm
baking: 5 min @ 100C
exposure: mask "rim A” (removing of the edges), 40 s
developing: maD331, 100 s, rinsing, drying
exposure: mask "Isolation small”, 15 s
developing: maD331, 100 s, rinsing, drying

— RIE-Insulation opening on top of the ridges
Phase = Sx 107% mbar, pyorc = 3 mTorr, 5 sccm SiGl+ 40 sccm Ar, 60 W RF
power, Ta 240 C, typ. etch rate 100-120 nm/min, etch deptBO0 nm, Quartz
carrier

e Top contact metallization

— Evaporating ohmic contact



CHAPTER 4. FABRICATION AND CHARACTERIZATION OF QCLS 53

Ge: 15nm
Au: 30 nm
Ni: 14 nm
Au: 150 nm

— Lift-off
Aceton: 10 min
Ultrasonic: 2 min @ 10%
Isopropanol

— Lithography
spin coating: HMDS , 35 s @ 4000 rpm
baking: 30 s @ 10TC
spin coating: photoresist maP275 (1:0), 35 s @ 8000 rpm
baking: 5 min @ 100C
exposure: mask "Metal 1", 35 s
developing: maD331, 100 s, rinsing, drying

— Ti/Au extended contact pads
Tisputtern: 2x30s @ 25 W
Au sputtern: 12x45s @ 25 W
typ. deposition rate: Ti 5 nm/min, Au 50 nm/min

— Lift-off
Aceton: 10 min
Ultrasonic: 2 min @ 10%
Isopropanol

e Back contact metallization

— Substrate thinning
Sample sticked epilayer-down with wax to a holder @ °1G0Qthinned to a final
thickness of 200 -250m, removed with aceton

— Evaporating ohmic contact

Ge: 15 nm
Au: 30 nm
Ni: 14 nm

Au: 150 nm
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sample length(mm)

HUB1664BB1 1.96
HUB1660A B2 1.97
HUB1658AB1 2

HUB1669A B1 1.93

Table 4.3:A list of the processed laser bars and the corrspondinghengt

After the processing the samples were cleaved i#ni2omm long laser bars with several 10
to 18 um wide laser ridges. These were soldered by indium to copmemimg plates at
170 C. The laser ridges were contacted to the copper plates withteasonic wire bonder
(Kulicke & Soffa Model 4523AD Bonder, 100m diameter gold wire). See table 4.2 for a list
of processed laser bars.

Figure 4.10:(a) The laser bar is soldered with indium to the copper magrpiate.
(b) SEM close-up of the wire bonded laser ridges.
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4.3 Characterization
4.3.1 Electrical and optical measurement setups

The processed QCLs were characterized with respect todhe&nt-voltage (IV) as well as
their optical power versus current (LI) characteristicathiérmore emission spectra and far-
field mode profiles were investigated.

The mounting plate holding the laser bar was mounted on ascaqmbd finger inside a liquid-
nitrigen flow cryostate. Each laser ridge was electricadigtacted with input ports fixed to the
cryostate. The temperature of the cold finger was adjustddnthe region T=78 K...300K
by means of a heater and a temperature controller. The Ziemmide (ZnSe) cryostate window
(focus f = 1.5 inch, diameter d = 1 inch) that is used for outgding has a transmittance of
T = 0.67 at 4 ym for normal incidence. The measurements were performed usep
applied voltage mode.

Current-voltage characterization

For pulsed mode operation two pulse generators (HP 8114AARAECH AVL2B) were
utilized. Measuring of voltage and current was done by ardekt TDS 3032B digital os-
cilloscope. In general, electrical connections were edrout using coaxial cables, with an
impedance of 50). Due to the short pulses (100ns) the circuit is realized olapee matched
for clearly defined driving pulses. Therefore, one inputasrected with a serial 48 re-
sistance that, together with the working resistance of tht (Ryc;, ~ 22), matches the
coaxial cable impedance. This 4Binput is used to drive the QCL via the pulser. Sensing
the current was performed by an I/V transducer intd58nd has to be corrected due to the

Cryostat | Cryostat |
48Q :
¢
480 i
e

Pulser i Pulser

) Sy-20 | @

QcL
0 1 i

Figure 4.11:(a) Standard wiring plan for driving the laser and measudangent
and voltage. For an impedance matched operation an addit43x2 is utilized.
The current is sensed by means of an I/V transducer. Thedassmpe channels
are terminated with a 5Q resistor. (b) For higher driving currents the lasers were
current-fed at the input without the matching resistor.
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parallel voltage line current. The second direct port idusemeasure the voltage being ter-
minated with 50 at the oscilloscope. Figure 4.11(a) shows the impedancehmatsetup.
The pulses, supplied by the AVTECH pulse generator, araduirtio 100 ns short pulses and
a repetition rate of 5 kHz. The peak output power is given by@wW into 50¢2. In order to
circumvent the pulse limitation, the HP pulser was usedyigiog long pulses ( duty cycle
up to nearly 106) and pulse frequences up to 9 MHz. However, its peak power50t

is limited to 50 W. For higher driving currents the input lgwere switched, thus feeding the
laser directly. This on the other hand leads to a worse magdioir the voltage measurement
at the input that was connected to the @&ort without the 50 at the oscilloscope (Fig.
4.11(b)).

Optical power characterization

The optical peak power from one laser facet was measuredei®tinceton 5210 Lock-In
Amplifier which is triggered by the pulse generator TTL sign@he input voltage of the
Lock-In is the electrical signal generated by the interpaln temperature internal deuterated
triglycine sulfate (DTGS) detector of the Fourier-trangfianfrared (FTIR) spectrometer. For
the LI-characteristics, the current was measured with siecdloscope, as mentioned before.

Fourier transform infrared spectroscopy

The emission spectra of the mid-infrared devices wererdecbusing a Bruker Equinox IFS55
Fourier-transform (FT) spectrometer with a spectral raogg.3 to 27, m and a nominal
resolution of 0.2cm~!. A FT spectrometer is based on a Michelson interferometerevh
the incident light is splitted by a semitransparent mirnod propagates along the two arms
of the interferometer. The optical path of one arm is keptstamt, whereas the optical path
of the other arm is changed via a moving mirror. The two bearagten recombined by
a beam splitter and directed to the detector. The interfarogi.e. the detector signal as
function of mirror position, is recorded and Fourier tramgied in order to obtain the energy
spectrum. The spontaneous emission, featuring relatiwelgk signals, was measured in
amplitude modulation step scan mode. Here, the mirror stbpkscrete positions and the
detector signal is registered at the modulation frequenyay lock-in amplifier. This leads to
a significantly low noise emission spectra.

Figure 4.12 demonstrates the complete setup. The copperhméding the laser bar is fixed
to the cold finger placed in the cryostate. The latter is mlaoefront of an anti-reflection
coated ZnSe lens (focus f = 1.5 inch, diameter d = 2 inch) ieota collimate the light. This
laser beam is then fed through the spectrometer to the detddte internal DTGS detector
is integrating the signal with very high time constants cameg to the applied frequences.
Instead, in order to consider the relatively fast heatintpeflaser during a puls, which results
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in a spectral shift, an external Peltier cooled Vigo Systdetector is used. The combination
of this detector with fast response and the Boxcar technigletively clear emission spectra
were obtained. For spontaneous emission measurementseanadXiquid-nitrogen cooled
indium antimonide (InSb) detector was utilized, which pd®s a higher sensitivity than the
DTGS detector.

Trigger TTL
| out
. Ch1
Lock-In  f— Oscillo- | Pulser
scope |ch2 | v
Transducer
| Boxcar
coldfinger
off-axis parabola
Temp.
ZnSe contr.
window
FTIR T
ZnSe

Figure 4.12: An overview of the QCL measurement setup. The mounting plate
holding the laser bar is fixed to the cold finger, which is pthitethe liquid-nitrogen
cooled cryostate. The temperature is held constant by aetetyse controller.
The light is coupled out via a ZnSe window and collimated byn#-eeflection
coated ZnSe lens. For spectrum measurements the beam fgdedh the fourier-
transform-infrared spectrometer, and focused by a gaddecboff-axis parabola onto
the Vigo detector. The detected signal is sampled by the &oXeat is triggered by
the pulser, and then forwarded to the FTIR to be Fourier foameed. Light intensity
is measured with a lock-in amplifier, that is locked onto théspepetition rate via a
TTL signal supplied by the pulser. Current and voltage arasueed with a digital
oscilloscope also triggered by the pulser.
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yore .  insb
’.' Detector

Figure 4.13: A scheme of the farfield measurement setup. An InSb detestor i
mounted on a translation stage.

Farfield measurements

The far-field mode patterns were obtained with the liquitlegien cooled InSb detector placed
on a translation stage. The detector signal is fed to the {ioweknplifier. The position of the
stage can be controlled in two directions by software, tings as well as one-dimensional
far-field plots can be recorded.

4.3.2 Experimental results

Active region

Figure 4.14 the shows active region design of the QCLs pteden this thesis. This design
is similar to the bound-to-continuum design but with a tl@nmjection barrier [86]. Laser
action takes place between the injector state 2 and the dstate 1 of the single QW active
region. The lower lasing state 1 is depopulated fast duegt@dhrier tunneling into the man-
ifold of states of the miniband I, of the next injector stagrethis case, the huge population
inversion is constantly provided. The gain, however, degestrongly on the applied field. As
the field increases on the one hand the energy separatioe sfdtes 2 and 1 increases due
to increased potential drop between the two states but ladsspatial overlap between states
2 and 1 increases. Thus, gain (also the dipole matrix elepfeht 2-to-1 transition) can be
treated as the tuning factor in this design. The consequehttee comparable thin barrier



CHAPTER 4. FABRICATION AND CHARACTERIZATION OF QCLS 59

N
o

| AAs . 80 kV/cm
1.8 11 " ﬂ P I :
1,611 | o520 ASW I§ | i :
14 jM : : L
= 1.2 Lﬂuﬂ ! Al wdf < -1 :
. : ﬂ S| 111
1,0 - -
S ANIE . .
o 08 >
L 061 E 11 s E M
oal T T H i
0,2__ L Elno.74Gao.26'A‘S S I
ool === il injector : active
PR TR TN W I SR TR VAT W N SN T RN N NN SN U WU SN N S S R
0 200 400 600 800 1000
Distance [A]

Figure 4.14.Conduction band diagram and selected wavefunctions (msqudred
giving the probability function). Injector and active regs are shown under an ap-
plied bias of 80kV/cm. The laser transition takes place between states 2 and 1.
Beside the direct valle} also the indirect valley$ ansX are illustrated.
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is that some states of the injector miniband Il (separatetl-b® meV from the upper lasing
state 2 [86]) also spatially overlap with the lower lasingtstl. These multiple transitions re-
sultin a broad gain spectra, as reflected in the broad elestioescence (Fig. 4.15). Despite
the broad gain, this design allows population inversiomiaitiple transitions due to the high
injection efficiency into the upper lasing state, the lowriesrleakage into the miniband Il
and into the indirect valleys.

Incorporating three semiconductor compounds (INnGaAdAsAAIAS) in the injector and ac-
tive region design, an independent manipulation of the gotidn band profile (injector re-
gion miniband) as well as the strain profile over a single adsc can be achieved. Two
component Ips2Al 4sAS/AIAS) barriers, used in the active cell, allowed tunihg guantum
well and barrier thicknesses almost independently.
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Figure 4.15: Spontaneous emission spectrum of sample HUB1669 recotdad a
drive current density of 2.16A4/cm? at 78 K. This current condition is well below
threshold.
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Doping dependent characteristics

The dependence of the threshold current density, the mawiswrent density, the optical
peak power and the emission wavelength on the active regipmg density at 78 K is
shown in figure 4.16(a), (b), (c) and (d), respectively. Towdst threshold current den-
sity of Ji, = 1.85kA /em? was observed for a doping levell x 1017 em=3 (HUB1660).
Since increasing of doping leads to higher losses (fregecaabsorption) one would ex-

pect a monomonotonic rise in laser threshold [90]. For dpmlansities).7 x 107 cm =3
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Figure 4.16: Doping dependence of (a) threshold current density, (b)imax
current density, (c) peak optical power and (d) emissiomggnef 12 um wide laser
ridges (see table 4.2 on page 54 for exact lengths) at 78 KlaBees were operated
in pulsed mode (repetition length 5kHz and 100 ns pulse kgngt

(HUB1664),1.7 x 107 cm ™3 (HUB1658) and3.9 x 107 cm = (HUB1669) the thresholds
3.76 kA /em?, 3.8 kA /em? and2.2 kA /em? were found, respectively. This, however, gives
a non-linear behaviour. One possible explanation for tjadr threshold current density for
the lowest doping could base on the about 100 wavenumbehngh@mission characteristic
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(Fig. 4.16(d)). This higher emission energy reduces thecgffe barrier height which leads
to thermal emission into the continuum as well as tunnelinigod the active region (see sec-
tion 3.1.3). Both loss mechanisms reduce the lifetime inugger laser level. Hovever, due
the higher emission energy compared to the other samplésisioase this leads to a higher
threshold. For the.7 x 10" em~3 doped sample the emission wavelength is almost the same
as that one of the lower threshold samples, so the explanamtioned before should not be
correct in this case. Also the possibility of bad cleave@facwhat would increase the mirror
losses, should be neglected since several laser ridgecheacterized showing the same be-
haviour. The maximum current density shows almost a linepeddence on doping which is
described by equation 2.32 (Fig. 4.16(d)). A maximum oppeak powerP = 1.625 W was
observed for the doping levél7 x 10" em =3 (Fig. 4.16(c)). The emission wavelength was
determined as =~ 3.8 um. In general, no strong deviation (20 wavenumbers between do
ings1.1 x 101" em =3 and3.9 x 10'" em~?) in case of emission wavelength was found except
for the lowest doped sample. On the one hand this can bewédlio the structure design,
on the other hand the doping dependent field distributionictumence the lasing transition
energy at low doping densities [91].

Temperature dependence

Figure 4.17 shows the logarithmic plot of the threshold entdensity recorded at different
temperatures. The symbols indicate the experimental datdlee solid lines denote an ex-
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Figure 4.17:Threshold current density;;, as a function of heat sink temperatures.
Symbols indicate the experimental data i&um wide and~ 2mm long laser
ridges and solid lines denote an exponential fit.
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ponential fit using equation 3.18. From these fits the charstic temperatury, that is

a measure for the temperature sensitivity, were extracked. higherZ; the lower the tem-
perature sensitivity. A maximurh; = 294 K was found for the sample HUB1658 in the
temperature range8 K — 250 K. Between 250 K and 300 K the thermal emission into the
continuum and the tunneling out of the active region becomere significant yielding a
lower 7§ = 90 K. For the highest doped sample the lasing performance ieimdd by the
backfilling of the lower laser state due to the higher Fernairgn caused by the high doping.
In this casel; = 100 K was obtained over the entire lasing range.

The peak optical power over the temperature is shown in figi& Again, sample HUB1658
shows the best performance with a lasing regiofiSok” — 300 K. At room temperature an
optical power of 10 mW was measured. Beside the lowest aidgnower the lasing region
of the lowest doped sample is reduced to 120 K, what is againdacation of the loss mech-
anisms due to the reduced effective barrier height to th&rmoum.

The slope efficiencyP,,,/0I defined as the ratio between the change in optical power and
the laser current is plotted in figure 4.19. At 78 K the maxinpower efficiency ofl.12 W/ A
was obtained for sample HUB1658. The parabolic fit shown énitiset of figure 4.19) esti-
mates a maximum power efficienty32 /A at a doping level 0£.52 x 1017 cm =3).
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X-ray Diffraction

High-resolution X-ray diffraction (HRXRD) was performed @ll samples and is shown in
figure 4.20. The highest peak indicates the diffraction atItiP substrate as well as the

105_' (004)-reflex | HUB1658 |
3 ——HUB1664 1

—— HUB1660

—— HUB1669

Intensity [counts/second]

T T T T T T T
-0,75 -0,50 -0,25 0,00 0,25 0,50 0,75

Relative Angle o/o__

Figure 4.20:High-resolution X-ray diffraction spectrum of all four sates.
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cladding layers. Further satellites mark the periodicityhe@ 30 periods of InGaAs/InAlAs/

AlAs active/injector regions. As can be seen in the ploteéhsrsome difference in distance
from the highest 0.-order peak to the 1.-order satellitevbeh samples HUB1664/58 and
HUB1660/69 (indicated by arrows). This can be dedicatedfferdnt material composition.

In this case this could mean that the indium fraction in the QWarriers in not the same for
all samples. However, this could explain the higher thréskar the samples HUB1664/58
and the wavelength deviation shown in figure 4.16(d). Thedespant spacing between the
higher order satellites for all four samples indicates @rae active region period lengfhp.

Individual characteristics

The wall-plug efficiencyP,,;/ P,; given as the ratio between the emitted optical power and the
injected electrical poweP,, = U - I (voltage U and laser current I). This value is significant
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Figure 4.21: Wall-plug efficiency of samples (a) HUB1669 éndHUB1658 at different heat
sink temperatures.

for continuous wave operation since a high efficiency in@is#ess dissipated power yielding
reduced heating of the active region. Despite the highestiold current sample HUB1658
shows the highest wall-plug efficiency 863 % at 78K (Figure 4.21(b)). This higher value,
compared to sample HUB1669 with wall-plug efficiency3dat2 % (Figure 4.21(a)), can be
explained by the higher optical power and slope efficiency.

Figure 4.22(a) shows the LI and IV-characteristics of2a.m wide and2mm long laser
(HUB1658). Emission was observed from 78 K to 300 K. The bréakn in optical power
("roll-over”) occurs when sufficient voltage has been agqgblio break the coupling between
the injector and the excited upper laser state, thus regubminjection efficiency. At room
temperature lasing starts ait.58 kA /cm? 4.22(b) and shows a peak power of 10 mW.
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Figure 4.22: (a) LI- and IV-characteristic of sample HUB&6%b) Room temperature char-
acteristic.

The characterization of the lowest doped sample showedtaresting effect. During the
first measurement (solid line), after cooling the cryostiien to 78K, the laser current was
increased and held constant at the roll-over point. Insbéad usually constant peak power a
decrease in power was observed (Figure 4.23(a)). Turnintbefaser and the measuring the
LI for a second time showed a reduced peak power and the lagipgd after a while (dashed
line). Further measurements showed no lasing. After hgatirto RT and cooling down to 78
K, the laser was characterized again. The QCLs were lasiaig agth the highest power at
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Figure 4.23: LI- and IV-characteristic of1i2 ym wide and 1.96 mm long HUB1664 laser at
78 K. (b) Voltage dependance on doping density at 78 K.
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the first turn-on followed by a decrease in power and a stophy. One explanation can be
given by reducing the effective carrier density due to tiapse material. At low temperatures
the energy of the electrons is to low to escape out of the trapss lower electron density

leads to reduced inversion population and thus optical povy heating up to a certain

temperature enough activation energy can be gained tocextra electrons from the traps.
However, this effect is only significant for low doping detres. For higher dopings some
electrons are also being trapped, but there are still seffficarriers to reach high population
inversion. This loss of electrons can also be confirmed bystmewhat higher voltage of

the IV-characteristic in case of the second measuremeigui@é-4.23(a)). In general a higher
laser voltage was observed for higher doping densitiesu(Eig.23(b)).

Emission spectra

In order to obtain high resolution emission spectra theihgaffect in the active region has
to be considered. Due to the higher thermal conductancdPofdmpared to GaAs measuring
a proper emission spectra requires more effort. During tewtrecal pulse (100 ns) the laser
ridge goes through a heating-cooling cycle that change®thective index. This on the other
hand results in a change of the spectral mode spacing (E8). Bihce the DTGS detector is
integrating, the obtained spectra is given by a superpostf several mode spacings caused
by the active region heating during one electrical pulseis Vields a broad and "blurred”
spectrum (inset of Fig. 4.24). Using a fast (non-integ@tivigo detector and the Boxcar
technique the influence of the temperature can be minimiZéee working principle of a
Boxcar is based on the "Sample and Hold” method. Here, tratredal signal of the detector
is sampled within a gate width by the Boxcar and held constanihg the Fourier transfor-
mation, in this way eliminating the refractive index shifigure 4.24 shows the emission
spectra obtained for three different gated puls lengthpralteg to the described method. The
longer the sampled pulse length the higher the heating mfkieresulting in superpositioned
resonances (compare 20ns and 100 ns gate lengths). Sgedrdad at different currents are
shown in figure 4.25. The broadening of the spectrum at higheents can be explained by
the coupling of the injector miniband states and the lowseddevel due to the relatively thin
injection barrier (see section 4.3.2 on page 58).
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Figure 4.24 Emission spectra of B ym wide and 1.97 mm long sample HUB1660
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the same conditions.
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Far-field measurement

The far-field distribution of the laser emission was deteediaccording to the setup described
in fig. 4.13 using a liquid-nitrogen cooled InSb detectore Tistance between the detector
and the laser chip was 124 mm. Figure 4.26 shows two facet lha@msity distributions
obtained for the samples HUB1658 and HUB1664. Both strestashow a single lobe (lowest
order mode) far-field pattern described by a Gauss-beamtimdicections. The full width
at half maximum (FWHM) in vertical direction is about4Qdn lateral direction the FHWM
depends on the laser width and is about 0 12 ym wide laser ridges.

. lateral direction (°)

-30 20 -10 0 10 20
(@) growth direction (°)

lateral direction (°)

-40 -30 -20 -10 0 10 20 30
(b) growth direction (°)

Figure 4.26:Far-field distributions of sample (a) HUB1658 and (b) HUB46S
12 um wide ridges at 78 K.



Chapter 5

Summary and outlook

The development of quantum cascade lasers operating avsnalength (3-5.m) is driven
by a number of applications including communication, gasssey for both environmen-
tal and medical uses and military countermeasures. Theoagpiprtoward this wavelength
range has been taken by incorporating semiconductor stasctvith high conduction band
discontinuities. A further possibility to extend the contlan band offset is given by strain-
compensated structures which require more effort in thevgraof such semiconductor
heterostructures.

In this thesis investigation on quantum cascade lasergb@se¢he strain-compensated In-
GaAs/ InAlAs/AlAs material system grown on an InP substriaés been performed. By
utilizing this kind of semiconductor heterostructures @Gkith a wavelength 08.05 um
have been realized, which is the shortest wavelength pre$an far in this material system
[26]. However, room temperature as well as continuous waegation has proven to be very
challenging.

The main part of this work dealt with the influence of dopingsigy in the active region of
the QCLs. Several differently doped samples were chaiaeteshowing a strong depen-
dence of lasing properties on the doping level: Maximumeslior peak optical power, slope
efficiency and wall-plug efficiency have been measured shgwan optimum doping level for
this kind of structure. In this case also the best tempeggterformance was achieved and
lasing up to room temperature was observed. The measurestenved the there is a limit
in the low doping region. The lasers have to be doped suftigiéo avoid reducing effec-
tive electron density due to the deep traps in the semicdoduotaterial. Thus, a minimum
doping density is a necessity to provide stable lasing p@doce. In case of the maximum
current density, which determines the lasers’ dynamiceaag almost linear dependence on
the doping was found. The doping of the active region coulefza influence on the field de-
stribution in a QCL which yields different emission eneggier generally the same designed
QCLs. In order to unambiguously determine the origin of theevved variation of the lasing
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energy with the doping, a more detailed modelling of the Q&&.& function of doping den-
sity would be necessary.

In general, strain-compensated structures based on ING&M&s/AlAs/InP offer several
benefits. On the one hand the comparably large conductioth acontinuity can be used
to realise QCLs emitting down te 3 um, but on the other hand due to this increased band
offset, loss mechanisms can be reduced for smaller emissiergies. In both cases further
improvement of lasing performance can be achieved by thafirttie optimal doping density
for the active region, as shown in this thesis.



Appendix A

Appendix: Material parameters

parameter unit GaAs AlAs InAs InP
crystal structure - || zinc blende zinc blende zinc blende zinc blende
a A 5.6533 5.6611 6.0583 5.8687
E,(I) eV 1.424 2.9 0.36 1.344
E,(X) eV 1.9 2.17 1.37 2.19
E,(A) eV 1.71 2.4 1.08 1.93
Aso eV 0.34 0.3 0.39 0.11
m; Mg 0.063 0.19 0.023 0.08
mjh Mg 0.51 0.76 0.41 0.6
mjh mq 0.082 0.15 0.026 0.089
E static - 12.9 10.06 15.5 12.5
oo - 10.89 8.162 12.3 9.61
ac eV -7.17 -5.64 -5.08 -6.0
ac eV 1.16 2.47 1.0 0.6

b eV -2.0 -2.3 -1.8 -2.0
Cu MPa 1.188 1.202 0.834 1.011
Cio MPa 0.538 0.57 0.454 0.561
hwro meV 36 50 30 43

Table A.1:Material parameters for the binary I11/V semiconductor gmunds GaAs, AlAs, InAs
and InP afl” = 300 K [29], [37], [92].
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parameter unit| In,Ga_,As InAl,_,As
E,(I) eV 0.477 0.7
E,(X) eV 1.4 0
E,(A) eV 0.33 0
Aso eV 0.15 0.15
m} mo 0.0091 0.049
mih Mg -0.145 0
m;h Mg 0.0202 0

ac eV 2.61 -1.4

Table A.2: Nonzero bowing parameteid for the ternary Ill/V semiconductor compounds

In,Ga;_,As and InAl;_,As [92].
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