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Kurzfassung

Fiir viele Anwendungen im mittleren und fernen Infrarotbereich sind Quantenkaskadenla-
ser von grofem Interesse. Nach dem ersten experimentellen Nachweis der Funktionsfahig-
keit diese Konzeptes setzte eine rasche Weiterentwicklung ein, wodurch bald nahezu im
gesamten mittleren Infrarotbereich Laser im Dauerstrichbetrieb und bei Raumtemperatur
betrieben werden konnten. Im fernen Infrarotbereich sind Quantenkaskadenlaser jedoch
bis heute auf Kryotechnik angewiesen. So liegt die héchste bis heute gezeigte Betriebtem-
peratur eines Quantenkaskadenlasers im Teraherz Bereich bei unter 200 K. In der Literatur
finden sich jedoch Hinweise darauf, dass die Verwendung von Quantentopfmaterialien mit
niedriger effektiver Elektronenmasse, wie Ga,In;_ As oder InAs, zu besseren Ergebnissen
fithren kann. Da fiir einen Quantenkaskadenlaser zumindest ein zweites Material als Bar-
riere benétigt wird, steigt das Interesse an exotischeren As-Sb Verbindungshalbleitern,

welche mit diesen beiden Quantentopfmaterialen kompatibel sind.

Zwar hat sich fiir Quantenkaskadenlaser mit InAs Quantentdpfen, welche im mittleren
Infrarotbereich emittieren, AlAs; Sh, als geeignetes Barrierenmaterial erwiesen, jedoch
verlangt die exorbitante Barrierenhohe diese Materialsystems im THz Bereich die Verwen-
dung extrem diinner Schichten deren Ziichtung nur sehr schwer handhabbar ist, weswegen
ein solcher Laser bis heute nicht gezeigt werden konnte. Zur Nutzbarmachung der Vorteile
von InAs auch fiir den THz Bereich ist also ein dazu gitterangepasstes Material mit ge-
ringerer Barrierenhéhe notwendig. Hier bietet sich der quaternire Verbindungshalbleiter
Al In;  AsySbiy an, da durch die richtige Wahl seiner Zusammensetzung Barrierenhohe

und Gitterkonstante unabhéngig von einander justiert werden kénnen.

Die vereinzelt in der Literatur zu findenden Artikel, welche sich mit der Ziichtung
dieses Materials beschéftigen, berichten héufig von schlechter Materialqualitdt wenn ver-
sucht wird einen Aluminiumanteil von etwa 10 % bis 15 % zu iiberschreiten. Um jedoch
das volle Potential diese Materials ausnutzen, seine Eigenschaften also {iber einen mog-
lichst groften Bereich einstellen zu kénnen, ist es notwendig sein Verhalten wéhrend der
Ziichtung genau zu verstehen. Innerhalb der vorliegenden Arbeit wurde der Einfluss der
Parameter Substrattemperatur, sowie Arsen- und Antimondruck, auf Zusammensetzung
und Schichtqualitét von Al In; cAs,Sb;., mit einem Aluminiumanteil von x=0.462 mittels
Rontgenstrukturanalyse und Rasterkraftmikroskopie untersucht. Die Untersuchungen zei-
gen eine starke Temperaturabhingigkeit der Einbaurate von Sb in Aly462In0 538As,Sby.y
wodurch eine niedrige Substrattemperatur fiir das Erreichen der Gitteranpassung unum-
ganglich ist. Bei einer Substrattemperatur von 410 °C konnten auf InAs gitterangepasste

Alp 462109 538 AsySby.y, Schichten mit hoher Kristallqualitdat geziichtet werden.
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Die oben erwahnten Ergebnisse zeigen, dass die Ziichtung von hochqualitativen Diinn-
schichten von Verbindungshalbleitern in welchen Arsen und Antimon gemischt auftreten
durch das komplexe Zusammenspiel der beiden Gruppe-V-Elemente grofsen Optimierungs-
aufwandes Bedarf. Das Verstédndnis dieses Zusammenspiels ist fiir diese Optimierung von
grofem Interesse. Als Modellsystem, anhand dessen diese Familie von Verbindungshalblei-
tern untersucht werden soll bietet sich die ternédre Verbindung GaAs,.,Shy an, da die Ge-
genwart nur eines einzelnen Gruppe-III-Elements Mehrdeutigkeiten in der Interpretation
der Ergebnisse verringert. Um die Interaktion von Arsen und Antimon besser zu verste-
hen wurden Zusammensetzung und Kristallqualitat von GaAs;_,Sb, in Abhéngigkeit von
Substrattemperatur, Wachstumsrate, sowie Arsen- und Antimondruck untersucht und die
gefundenen Ergebnisse mit Berichten in der Literatur verglichen.

Die Ergebnisse zeigen, dass die Wachstumsrate signifikanten Einfluss sowohl auf die
Zusammensetzung also auch auf die Kristallqualitdt hat und zwei, von unterschiedlichen
Mechanismen dominierte Bereiche, unterschieden werden miissen. Bei niedrigen Wachs-
tumsraten ist die Antimonkonzentration direkt mit der Wachstumsrate verkniipft, ihre
Verringerung fiihrt also zu einem geringeren Antimonanteil. Bei hohen Wachstumsraten
ist hingegen das Gegenteil der Fall. Das beschriebene Verhalten lédsst sich dadurch erkléa-
ren, dass bei hohen Wachstumsraten eine Verknappung von Antimon auftritt, wohingegen
bei niedrigen Wachstumsraten ein Prozess dominiert bei welchem Antimon durch Arsen
ersetzt wird, was die Antimonkonzentration in der Schicht verringert. Dariiber hinaus
zeigt sich, dass verspannte Schichten bei niedrigen Wachstumsraten friither relaxieren und
so geringere Kristallqualitit aufweisen. Bei niedrigen Wachstumstemperaturen und hohen
Wachstumsraten kann hingegen ausgezeichnete Kristallqualitit erreicht werden.

Da die oben erwahnten Ergebnisse darauf hindeuten, dass niedrige Wachstumstempe-
raturen, bei welchen tendenziell schlechtere optische sowie elektrische Eigenschaften von
Diinnfilmen zu erwarten sind, notwendig sind um hohe Kristallqualitét zu erreichen wur-
den InAs basierte Halbleiterstrukturen mit AlAs;_Sb.-Barrieren bei einer Substrattempe-
ratur von 400 °C geziichtet und auf ihre Funktionstiichtigkeit iiberpriift. An einem, unter
diesen Bedingungen hergestellten Quantenkaskadendetektor konnte eine spezifische De-
tektivitit von 2.7 x 107 cm vHz W' bei 300 K und einer Mittenwellenlinge von 4.84 pm
gezeigt werden. Dariiberhinaus war es erstmals moglich einen InAs basierten Quantenkas-
kadenlaser, welcher im THz-Bereich emittiert, zu zeigen. Unter Anwendung eines senkrecht
zur Wachstumsrichtung ausgerichteten Magnetfeldes und Kiihlung mittels Fliissighelium
zeigte der, auf einem 3-Topf-Konzept basierende Laser, Emission bei 3.8 THz. Diese Er-
gebnisse zeigen, dass antimonidisch-arsenidische Verbindungshalbleiter groftes Potential

haben um Durchbriiche im Bereich der Intersubbandoptoelektronik zu erméglichen.
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Abstract

Coherent light sources in the mid and far infrared are of great interest for chemical sensing in
the mid infrared fingerprint region, free-space optical communication in the atmospheric trans-

parency windows as well as imaging applications.

After their first experimental demonstration in 1994, quantum cascade lasers have undergone
rapid development and are now reliable and highly customizable coherent light sources in the
mid-infrared regime. Despite their great success in this region, cryogenic cooling techniques are
still required to enabled QCL operation at THz frequencies.

The highest pulsed operation temperature of a THz quantum cascade laser so far has been
shown using devices based on the GaAs/AlGaAs material system. There are, however, reports
that suggest that the use of well materials with a lower effective electron mass can improve their
performance. GayInj_4As lattice matched to InP and InAs are well material candidates which
feature an effective mass lower than that of GaAs. With the increasing interest in these low
effective mass materials for intersubband devices, mixed As-Sb compounds, like GaAsi_xSby or

AlyIni_«AsySbi.y, gain more and more attention.

For InAs based mid-infrared devices, AlAsi«Sby was proven to be a well suited barrier ma-
terial. In the THz regime, however, the extremely high conduction band offset of this material
system requires the growth of sub-monolayer thin barriers which are difficult to control in terms
of growth. Despite reports about electroluminescence, from these structures, no laser operation
has been reported so far. Finding a barrier material which is much better suited for the de-
sign and growth of THz quantum cascade lasers may help to exploit the beneficial properties
of InAs as a well material for devices operating in this region. Al.In;_AsySbi.y, which can be
grown lattice matched to InAs, should exhibit a tunable band-offset and thus allow for the use
of thicker, and hence easily controllable barriers, making it a promising candidate as a barrier
material. Reports on the growth of this material by MBE are sparse in literature. This work
provides a detailed study on the growth of AlyIni_«AsySby_y lattice-matched to InAs by Molecu-
lar Beam Epitaxy. In order to find the conditions which lead to high crystal quality deep within
the miscibility gap, AliIni_«As,Sbi., with x—0.462 was grown at different growth temperatures
as well as Asy and Sby beam equivalent pressures. The crystal quality of the grown layers was
examined by high-resolution X-ray diffraction and atomic force microscopy. It was found that the
incorporation of Sb into Al 462In9 538 AsySby.y is strongly temperature dependent and reduced
growth temperatures are necessary in order to achieve significant Sb mole fractions in the grown
layers. At 480°C lattice matching to InAs could not be achieved. At 410°C lattice matching

was possible and high quality films of Alg462In9.5338AsySby.y were obtained.

The results on the growth of AlcIn_4As,Sbyy illustrate that the growth of mixed As-Sb
compounds materials, still provides significant challenges due to the complex interaction between

the group V species. Since in GaAsi_xSby only one group III species is present it is an ideal model
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system to study this interaction. In order to find a better understanding of the involved processes,
the literature on the growth of this material is evaluated and compared to the results obtained
within this work. It was found that the growth rate has a strong influence on the composition
of the layer, and that two regimes can be identified in which different effects dominate the
incorporation of Sb. While a shortage of Sb leads to a lowering of the Sb content at high
growth rates, at low growth rates the As-for-Sb exchange reaction prohibits incorporation of Sb.
Moreover, this effect deteriorates the quality of strained layers since it leads to early relaxation.
These experiments show that low growth temperatures and moderately high growth rates lead
to excellent crystal quality.

The experimental data presented in this work show that low T, is beneficial for the crystal
quality of mixed As-Sb compounds. Since the optical properties and interface quality of MBE
grown materials are strongly dependent on the growth conditions, InAs-based devices using
AlAsSb barriers were designed and grown at a Ty of 400 °C to ensure that grown at low T, does
not prevent the realization of inter-subband devices. Using a semi-classical Monte-Carlo approach
a quantum cascade detector structure was designed, and processed into a mesa structure. The
QCD showed a peak specific detectivity 2.7 x 107 ecm vHz W~ at 300K and a center detection
wavelength of 4.84 pm. Moreover, it was possible for the first time to show laser performance
in the THz regime for InAs-based structures. By applying a magnetic field at liquid helium
temperature, an InAs/AlAs; «Shy based THz QCL structure employing a 3-well resonant phonon
depletion design showed laser emission at 3.8 THz. These results indicate that mixed As-Sb

materials are promising candidates for the use in intersubband devices.
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CHAPTER 1

Introduction

The electromagnetic spectrum can coarsely be divided into the radio, microwave, infrared,
visible, ultraviolet, x-ray and the gamma-ray regions. Of these regions, the infrared region,
which spans from wavelengths from 300 pm to 800 nm is of special interest for chemical

sensing applications since vibrational and rotational modes of molecules reside in this

region|1].
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Figure 1.1: Absorption line intensities of different molecules. Data Taken from the
HITRAN online database|2].

Figure 1.1 shows the absorption lines of selected molecules between 4 pm and 12 pm.
The infrared region is commonly further divided into the far-Infrared (FIR) region which
covers the wavelength range from 300 pm to 15 pm, the Mid-Infrared (MIR) region which

is located between 151um and 3 pum and the near-Infrared (NIR) region, which covers the
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Figure 1.2: Spectral span of different semiconductor technologies. Taken from [3].

rage from 3pm to the edge of the visible spectrum at 800nm. Due to the presence of
absorption lines, light emitters and detectors which operate in these regions are of special
interest for gas sensing, imaging, and medical applications|4].

Especially for portable and standoff-detection systems semiconductor devices are ad-
vantageous due to their size and power consumption. Figure 1.2 shows the spectral ranges
different semiconductor technologies can span. Most notably, the development of GaAs|[5,
6, 7| and I1I-nitride based|8] devices lead to the full coverage of the visible and the NIR
regions. Since these lasers rely on interband transitions, the path towards the long wave-
length side of the infrared spectrum lead to the use of materials with ever decreasing band
gaps. However, due to the interband nature of the optical transition used in this type of
laser, the band gap energy of the material is the fundamental lower limit for the energy
of the generated photons. Lead-salts such as Pb,Sn;_ Te are the group of semiconductors
with the smallest direct band gaps, however, especially in the THz region they show rather
limited output power|9] and the smallest, emission frequencies which could be achieved
are around 18 THz to 15 THz[10, 11].

The limitations imposed by the band gap, lead to the invention[12, 13|, and later re-
alization|14| of the QCL. In such a device, an optical transition takes place between two
confined states in the same band, and hence, the emission wavelength is not defined by
the band gap of the material, but solely by the design of a series of quantum wells. Its
versatility makes the QCL an interesting device for sensing and spectroscopy applications
in the MIR regime[15, 16, 17| where it enabled the monolithic integration of laser and de-
tector on the same chip|[18] while in the FIR regime, applications ranging from astronomy

to telecommunications [19, 20| as well as THz imaging|21] have been developed.



1.1. Outline

Despite all its success, the operation of THz-QCLs still requires cryogenic cooling tech-
niques. This drawback substantially limits the impact of this technology on real world
applications. The development of new material systems is one possible route to achieve
higher operation temperatures. InAs based devices may provide a substantial advantage
over traditional GaAs based devices, due to the low effective electron mass in the well.
Their growth, however, still provides significant challenges, especially since appropriate
barrier materials require the mixing of group V elements. Understanding the growth of
these materials is substantial to achieve high quality devices. Hence, the mechanism which
influence the quality of the grown materials and the interactions between the precursors
have to be investigated and understood in order to enhance the performance of these

devices.

1.1 Outline

First, the basics of crystals and crystal structures are summarized in chapter 2. Thereafter,
the working principle of the QCL and the influence of material properties are summarized
in chapter 3. The principles of MBE are given in chapter 4 and an overview of important
characterization techniques for epitaxially grown structures is given in chapter 5. Chapter
6 explains the motivation for the use of InAs as a well material, and the quaternary
AliIn; «AsySbyy alloy as a barrier material for THz-QCLs. Thereafter, the efforts to
optimize the crystal quality of this material are described. In chapter 7 the mixing of
group V elements in I1I/V compound semiconductors is analyzed using GaAs;_,Sbyx as
a model system. Finally the optimization strategies, developed in the previous chapters,

are evaluated by applying the results to intersubband devices in chapter 8.






CHAPTER 2

Crystals

The physical properties of a solid do not only depend on the atoms it is composed of but
they are also strongly influenced by the arrangement of these atoms. Hence, solids can
be classified with respect to this arrangement i.e. how well ordered its atoms are. If this
order is only on a length scale comparable to the distance between the atoms the solid is
said to be amorphous. This kind of arrangement is characteristic for glasses. If the order
of the atoms, however, is persistent on a length scale much larger than the interatomic
distance we are talking about crystals|[22]. Since the crystal structure of materials like Si
and GaAs is responsible for their semiconducting behavior and influences many aspects
of their production and processing, a few basic points about crystals shall be presented

in this chapter.

2.1 The Crystal lattice

The positions at which atoms reside within a crystal are called the crystal lattice. Due to
the periodic arrangement of the atoms the whole crystal is defined by only a few vectors.

In a cubic lattice (figure 2.1(a)), for example, the three vectors

1 0 0
a=al|0| =aéey; b=a |1 =aey; c=a 0| =ae, (2.1)
0 0 1



2.2. The 14 Bravais lattices

BirdS

d_

Figure 2.1: A simple cubic and a body centered cubic lattice. Applying one of the lattice
vectors to any lattice site will give the position of another lattice site.

where a is the inter-atomic distance, define all positions, or lattice sites, at which atoms
can be found. Applying one of these vectors at any point of the lattice will give the position
of another lattice site.

These vectors, which are not necessarily orthogonal or of the same length, can also
be described by their lengths (a, b, ¢) and the angles between them («, 5,7). Since these
six parameters describe the complete lattice, they are called lattice parameters or lattice
constants. The parallelepiped that is defined by the 3 vectors @, g,  is called the unit cell
of the lattice. This means that the whole crystal can be constructed by repeating the unit

cell in all three dimensions.

2.2 The 14 Bravais lattices

In the most simple case the lattice is described by three orthogonal vectors of the same
length and has one lattice site at each of the eight corners of the unit cell. This lattice is
called the simple cubic lattice. Since the atoms at each corner of the unit cell are shared
with 7 adjacent cells there is exactly N = % = 1 atom per unit cell in this crystal and one
lattice site for this type of lattice.

There are other cubic lattices, however, which have more than one lattice site per unit
cell. If there is an additional lattice site in the center of there unit cell we call this lattice
body centered cubic. This lattice structure has exactly N = % + 1 = 2 lattice sites per
unit cell. In the third type of cubic lattice additional lattice sides are placed in the centers
of the 6 faces of the unit cell. Since each of these sited is shared with one adjacent cell

we have in total N = g + g = 4 lattice sites.



2.3. Directions and Planes in Crystals

As shown in figure 2.1(b), applying one of the lattice vectors to any of the additional
sites will also give the position of another lattice side. Hence, the lattice vectors and the
unit cell is all the information which is needed to construct the whole lattice.

With respect to the six lattice parameters a,b,c and «, 3,7 seven types of crystal
systems can be distinguished. If all three lattice vectors are orthogonal, we can distinguish
three crystal systems depending on the number of lattice vectors of the same length. As
we have already seen, a lattice with three lattice vectors of the same length is called
cubic (a = b = ¢). If only two of the vectors are of the same length the lattice is called
tetragonal (a = b # ¢). Finally if all three vectors have a different length the lattice is
called orthorhombic (a # b # ¢).

Three more crystal systems exists in which at least one of the angles «, 3, is not equal
to 7. If the three lattice vectors have the same length (a = b = ¢) and the same angles
between them (a = 8 = v # 7) the lattice is called rhombohedral. If only one angle

differs from 7 (o # 3,8 = v = §) the lattice is called monoclinic. If all angles and all

distances are different (a # b # c;a # [ # ) the lattice is called triclinic. Finally the

hexagonal lattice has two different angles @« = Z and v = £ and two lattice vectors of

2 3
different length (a # ¢).

Of some of these seven crystal systems body-centered, face-centered or base-centered
modifications exist which lets us distinguish in total 14 different lattices. Already in 1850
it has been shown by the french crystallographer Auguste Bravais that in three dimensions
only these 14 point lattices, nowadays called Bravais lattices, exist|23, 24|. All 14 Bravais

lattices are shown in figure 2.2.

2.3 Directions and Planes in Crystals

The physical properties of a crystal can be strongly anisotropic. Figure 2.4 shows (100),
(110) and (111) planes in a simple cubic lattice. It can be seen that the configuration
of the atoms on these planes is fairly different, and it is obvious that each of them may
exhibit different properties. Hence, it is important to distinguish directions and planes
in a crystal. Any plane which goes through the origin of the crystal lattice will intercept
with other points of the lattice at regular intervals. Since the crystal can be considered to
extend to infinity, for each plane there is a set of parallel planes which are indistinguishable
from the original plane. To identify such a set of planes in a lattice, the intercepts between
the plane and the axes of the unit cell are obtained as shown in figure 2.3[25|. In this
example we find the fractions of the lattice constant of the intercepts to be d, = %, d, =1

and d, = }l.



2.3. Directions and Planes in Crystals
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2.3. Directions and Planes in Crystals

Figure 2.3: Derivation of the Miller indices of a plane. From the intersections between
the plane and the axes of the unit cell the Miller indices of the plane are derived.

e et L 18

Figure 2.4: (100), (110) and (111) planes in a simple cubic lattice.

We can now find an integer s, such that the products d;s are the smallest integer values.

In our example, for s = 4 we find

1
h:dxs:§s:2

k=d,s=1s=4 (2.2)
1
l=d,s = 4_18 =1.

These values are called the Miller indices of the plane and are denoted in parenthesis (hkl)
or in our example (241). If the plane is parallel to one of the crystal axes the intercept
will be at infinity and the respective miller index is 0. A negative index is denoted by a

bar above the number, e.g. (241).

Some of the planes in a crystal can be equivalent due to the symmetry of the lattice.
In a simple cubic lattice for example the (100), (010), (001), (100), (010) and (001) are
indistinguishable and are denoted as {100} planes.



2.4. III/V Semiconductors
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Figure 2.5: Elements which form III/V compound Semiconductors. These compounds
are formed of one or more elements of the group III (Al,Ga,In), highlighted in blue, and
one or more elements of the group V (P,As,Sb), shown in green. Compounds containing
N are usually referred to as nitrides due to their distinct properties. Also I1I/V semicon-
ductors containing B exist, however, they are less commonly used for optical devices. The
elemental semiconductors Si,Ge and Sn are found in group V and highlighted in red.

In the same way in which we can define planes in the crystal, we can also define
directions. These directions are denoted in square brackets (e.g. [hkl]) defined such that
the direction [hkl] is orthogonal to the (hkl) plane. If equivalent directions exist, they are
denoted by angle brackets (e.g. (100)).

2.4 111/V Semiconductors

Semiconductors can be grouped into elemental semiconductors such as Si,Ge and Sn,
which are found in the fourth main group of the periodic table, and compound semicon-
ductors which consist of combinations of elements from the main groups IIT and V, IT and
VI or IV and VI.

In this work we will concentrate on the compound semiconductors consisting of elements
from group IIT and V since they are the basic building blocks for intersubband devices such
as QCLs. Figure 2.5 shows these elements. III/V semiconductors consist of one or more
elements of the main group III and one or more elements of the main group V. Usually
when we refer to III/V semiconductors we are talking about combinations of Al,Ga and
In and P,As and Sb such as GaAs or InSb. Compounds with N are usually excluded from

this group since their distinct properties justify the treatment as separate group. III/V
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2.4. III/V Semiconductors

Figure 2.6: The zincblende crystal structure. This crystal structure consists of two face
centered cubic sublattices which are displaced in direction of the body diagonal by one
quarter of its length and each of the sublattices is occupied by atoms of a different main
group i.e. there is a group III (blue) and a group V (red) sublattice.

semiconductors crystallize in the zincblende crystal structure which is shown in figure
2.6. This crystal structure consists of two face centered cubic sublattices, of which each
is occupied by atom species of a distinct main group. The two sublattices are shifted in
direction of the body diagonal of the unit cell by one quarter of its length and the unit
cell contains four atoms of each main group. Although bulk crystals of these compounds
usually have zincblende structure, there also exists the wurtzite configuration which can
be found in nanostructures of these materials|26].

While each sublattice is reserved for elements from one of the two groups, atom species
from the same group can be mixed in the particular sublattice. Depending on the number
of different atom species these alloys are referred to as binary, ternary, or quaternary
compounds and so forth. Figure 2.7 shows the lattice constants and band gap of selected
III/V semiconductors. The binary alloys, which are indicated by circles, can be used
as substrates for epitaxy since they are available as high quality wafers. The lines con-
necting the binary alloys show the lattice constants and band gap of ternary alloys, e.g.
GaAs_Sby is connecting GaAs and GaSh, Al In; (As is indicated by the line connecting
AlAs and InAs and so forth. The faces which are enclosed by these lines indicate quater-
nary and quinternary alloys which are composed of the binary alloys at the corners of the
face, e.g. AlAs, GaAs and InAs form the quaternary Al GayIn; . ,As alloy.

The properties of the particular alloy are given by an, in the most simple case linear,
combination of the properties of the involved binary alloys known as Vegard’s law|27].
A summary of the most important parameters of common III/V semiconductors can be
found in refs 28], [29], [30] and [31].
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Figure 2.7: Band gap and lattice constant of selected III/V semiconductors. Binary
alloys are indicated by circles. The lines connecting binaries which have one common
component indicated ternary alloys. Faces which are enclosed by ternary alloys are qua-
ternary or quinternary alloys.
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CHAPTER 3

Quantum Cascade Lasers

In traditional band gap lasers an optical transition from the conduction to the valence
band is used to create light emission. In such structures the band gap energy is the funda-
mental lower limit for the energy of the emitted light. In a semiconductor heterostructure,
however, it is possible to design electronic subbands such that an optical transition within
the same band, called an intersubband transition, can be achieved. Not only is the energy
of such a transition not limited by the energy of the band gap of the material, it can also
be tailored to generate photons of a specific energy.

A device which makes use of this property is the Quantum Cascade Laser (QCL) which

was theoretically envisioned by Kazarinov and Suris in 1971[12] and first demonstrated
by Faist et. al. in 1994[14].

3.1 Inter Subband Transitions in Semiconductor

heterostructures

Band gap lasers produce light via an optical transition from the conduction band to the
valence band as shown in figure 3.1 (a). The transition energy is given by the sum of the
band gap energy of the well material and the confinement energies of the electron and
hole states,

Eiy=FEa + Ey+ Ep (3.1)
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Figure 3.1: Comparison of interband and intersubband transitions. The interband tran-
sition (a) occurs between a state in the conduction- (electrons) and valence band (holes).
The energy difference is given by the sum of the band gap energy and the two confine-
ment energies. Due to the distributions of electrons and holes in the two bands the gain
spectrum is broadened. For high energies the interband system shows absorption. The
intersubband transition (b) occurs between two states within either the conduction or
the valence band. The energy difference Fi is solely defined by the confinement ener-
gies of the two states. Since both states show the same in-plane dispersion, ideally the
gain spectrum would be infinitely sharp and centered around Ei5, however, factors like
nonparabolicity lead to a broadening of the gain spectrum. After [32].

14



3.2. Quantum Cascade Lasers

and the band gap of the well material is the upper limit for the energy of the generated
photons. For photons with an energy below Ej5 the material is transparent. For energies
between Ey and Fig + Ef. + Eyy, inversion in the material can be achieved and gain is
observed. At higher energies electrons can be exited from the valence into the conduction
band and the material is absorbing. In contrast, in an intersubband structure, shown in
figure 3.1 (b), the optical transition takes place between two subbands within either the
conduction or the valence band and the energy of the transition is solely defined by the
confinement energies of the two states and for an infinitely wide quantum well this energy
goes to zero. Since the two states are in the same band, both have the same in-plane
dispersion and the gain spectrum shows a sharp line at Ej5. Due to broadening of the
two levels and the nonparabolicity of the dispersion this line can be broadened.

Since the two subbands show the same dispersion, electrons are easily scattered between
the upper and lower state. Due to this, the upper state lifetime in intersubband systems
is only on the order of pico seconds. In contrast, the upper state lifetime in an interband

system can go as high as a few nano seconds.

3.2 Quantum Cascade Lasers

A device which exploits intersubband transitions for the generation of light is the QCL. It
consists of a periodic structure in which active cells are connected by injector regions. As
shown in figure 3.2, the active cell is designed such that a three-level system is created,
in which the highest level |3) is the upper laser level, |2) is the lower laser level, and |1)
is the ground state. An electron which enters the active cell of period N undergoes an
optical transition from state |3) to |2). Finally the electron reaches the injector of period
N via |1) and travels to period N + 1 where it is again injected into the upper laser state.

The gain in a QCL structure can be approximated from the intersubband transition
probabilities induced by an electromagnetic wave[33|. The interaction between an opti-
cal mode in the laser resonator and the electronic states is accounted for by adding a

perturbative interaction term to the Hamiltonian of the electronic states Hy
H = Hy+ H;p. (3.2)

The interaction term is then derived from the kinetic energy term for a charged particle

in an electromagnetic field, which is given by

(7 — eA)?
om

H = (3.3)
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Figure 3.2: Conduction band diagram of a QCL. The QCL consists of a repetition of
periods which are composed of an active cell and an injector region. The active cell is
designed such that a three-level system is formed as shown in the inset. The optical
transition happens between states |3) and |2) with the intersubband scattering rate rs; =
735!, Electrons in the lower laser level are depleted into ground state with the scattering
time 7. From the ground state the electron reach the injector and finally the upper laser
state of the next period. After?

After expanding this term gives

o € F-A+ A v+€2ff2 (3.4)
- 2m Qmp p 2m '

and using 7= —jhV and applying the Coulomb gauge (V- A = 0) we get

-2 2
D teh - e o

H=—-—/A-V+_—A" 3.5
2m  m +2m (3:5)

For low intensities (A2 <<) we find the interaction term to be
e -
Hopy = —SA-5 (3.6)
m

We consider A to be a plane wave polarized in the z direction with the angular frequency

16



3.2. Quantum Cascade Lasers

w and the propagation vector k

J— _%ez(ej(ky-i-wt) _ e—j(k’y+wt))‘ (3.7)

The transition rate of electrons from the initial state ¢ to the final state f can be calculated

using Fermi’s golden rule

T Z\ i| Hot|f) P0(Ef — E; — hw). (3.8)

Since the wavelength of the optical mode can be considered large compared to the atomic
distance, the spacial dependence of the vector potential A s neglected and taken outside

of the matrix element. This is referred to as dipole approximation.

(6| Hintl ) = == A(il1]) (3.9)

The matrix element of the momentum can be related to the matrix element of the position
via
(i[plf) = jmw (ilz[f) (3.10)

and hence the transition rate reads

Wip = o Bo*e® S| (l21) 125y — B — hw). (3.11)

In reality, the subbands ¢ and f will not be infinitely sharp but will show a certain line

width . Hence, we replace the delta function by a lorentzian function

ol
s

Wi = —E 2e? : 3.12
IE (B; — E; — hw)? + 12 (3:12)
which has a maximum at hw = Ey — Ej; of
W™ = — B 2e2|(z5) |2 (3.13)
20y ’

where (z;¢) is a short hand for the matrix element of the transition from ¢ to f.

The gain in an optical material can be defined as the change in the photon flux over

the total photon flux in the medium,

(3.14)
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3.2. Quantum Cascade Lasers

where g is the gain coefficient, J is the current density and & is the photon flux from the

incident wave /T, given by

eoncEy?
b=——wlL 3.15
e, Wl (3.15)
with w being the width and L height of the medium.
The change in the photon flux is given by
dd
d_y = W32maXU)(TL3 — TlQ), (316)

where ng is the number of electrons in the upper- and ns that in the lower state. By
combining equations 3.13, 3.15 and 3.16 we find

we?|(zip) |
eoncly

G = (n3 — ng). (3.17)

In an electrically pumped system as a QCL the number of electron in the upper state
is given by ;
ng =1;,—7Ts, (318)
e
where 7; is the injection efficiency, J is the current density and 73 is the lifetime in the
upper state. If we furthermore assume that the lower laser state can only be populated

by electrons from the upper state, the number of electrons in the lower laser state is given
by

.
Ng = n3—2, (319)

T32
with 7 being the lifetime in the lower laser state and 735 being the scattering time from

the upper to the lower state.

By inserting equations 3.18 and 3.19 into equation 3.17 and normalizing by the current
density we get
wel{zi)]? D
= — 1--—=, 3.20
9 eoncly, it ( )

T32
which is referred to as the gain coefficient of the material.

In order to achieve light emission from a QCL the gain in the material has to compensate
for the losses in the cavity. The point at which this happens is called threshold current
density and is given by
= —, (3.21)

where «a,, and «,, are the waveguide and the mirror losses respectively, and I' is the

confinement factor of the optical mode.
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3.3. State of the art QCLs

3.3 State of the art QCLs

After their first demonstration in 1994 QCLs have went through a rapid development. In
the mid MIR region, Continuous Wave (cw) operation of these devices at low temperatures
could be demonstrated in 1996(34]|, the same year room temperature operation in pulsed
mode[35] was demonstrated, but it took until 2002 for room-temperature cw operation
to be demonstrated[36]. Up until now QCLs with emission wavelength from 2.75 pm to
24 1m|37, 38| have been demonstrated, and room-temperature cw operation is possible
for almost the entire spectral range. Reviews on this topic can be found in [39] and [40].

While QCLs have been heavily optimized in the MIR region, equally high performance is
yet to be shown in the region on the low energy side of the Reststrahlen band. In 1998 the
first QCL in the GaAs/Al,Ga; As material system was shown|41]. In 2002 this technology
enabled the first laser performance in this region, also called the THz region[42]|. Since
then, extensive research helped to extend the emission wavelength of these devices to
a window from 1.2 THz to 4.9 THz and enabled a maximum operation temperature of
~200 K[43]. Nevertheless, THz-QCLs are still a very active field of research in order to
enable higher operation temperatures and to allow for higher output powers. Optimized
active regions|44], second harmonic generation[45, 46, 47|, special waveguides[48, 49, 50,
51| and new materials systems|52, 53, 54| are explored to further enhance the performance.

A summary of the peak operation temperature and the respective emission wavelength

is given in figure 3.3.
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Figure 3.3: Maximum operation temperature and operation wavelength of QCLs. The

two dashed horizontal lines indicate the limit for LNy and

field is just under 200 K. Taken from [40].
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thermoelectric cooling. On
the high energy side of the Reststrahlen band we find both puled and cw operation up to
temperatures around 400 K for a very broad range of wavelength. On the low energy side,
the maximum operation temperature demonstrated so far without applying a magnetic



CHAPTER 4

Molecular Beam Epitaxy of QCL Materials

As we have seen in chapter 3, QCLs consist of alternating layers of semiconductors with
thicknesses in the range of nanometers. The high degree of precision and uniformity,
which is necessary for such complex devices can be achieved by MBE. Although there
are competing techniques, e.g. Metal-Organic Chemical Vapor Deposition (MOCVD),
QCLs operating in the THz have so far only be grown successfully by MBE. In this
chapter the working principle of this technique will be explained. This chapter does not
intend to provide a complete overview of this very extensive topic, but rather provide the

background which is necessary to follow the explanations given in the following chapters.

4.1 Epitaxy

When atoms are deposited onto a crystal template they may order such that the newly
grown part is indistinguishable from the template. This process is called (homo-) epitaxy
from old Greek epi for on top of and taxis for ordering. Also atoms which are different
from those forming the template crystal, also referred to as substrate, may order on its
surface. This process is called hetero-epitaxy. If the material of the layer is very similar
to the substrate, i.e. they have the same crystal structure and a similar lattice constant,
the growth of high quality epitaxial layers is possible.

The growth of high quality heteroepitaxial layers is the basis for the production of
quantum well structures as they are described in chapter 3. III/V semiconductors, which

crystallize in the zincblende crystal structure, are the dominant group of materials for the
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4.1. Epitaxy

Material C;; Cia Cuy

AlAs 12.02 5.7 5.89
GaAs 119 534 5.96

InAs 8.3 4.5 4.0

AlISb 8.77 4.08 4.34 Table 4.1: Stiffness coefficients for
InSb 6.67 3.65 3.02 selected III/V semiconductors. All
GaSh 8.83 4.02 4.32 values in 1 x 10'° Pa. Taken from
InP 10.11 5.61 4.56 [31, 30].

production of QCLs. Hetero-epitaxy of these materials is a very elaborate topic, however,
composition control and lattice matching can still be a challenging especially for materials

containing both As and Sb.

4.1.1 Lattice mismatch

When a layer of a material is grown on an substrate which has a different lattice constant,
the atoms in the layer will be forced to align with the atoms in the substrate such that
layer and substrate have the same in-plane lattice constant. This deformation leads to
strain in the grown layer. The strain on a cubic crystal structure as a result to the applied

stress is given by

Oz Cn Ci Cip — - - €rx

Oyy Cio Cnp Cia — — = Eyy

Ozz | Cia Ciz Cun — - - €2z (4.1)
Oyz — - - Cu - - €yz .
Oz - - - - Cy - €xz

Oy - - - - - CV44 Exy

where o0;; are components of the stress tensor, ¢;; are components of the strain tensor
and Cj; are the stiffness coefficients of the material[55|. Stiffness coefficients for selected
materials are given in table 4.1.

The strain component for the crystal direction ¢ is given by

L L
a; — Qg

(4.2)

€is =
ag

where al is the native lattice constant of the layer and a” is the strained lattice constant

in direction <.

22



4.1. Epitaxy

For growth along the [001] direction and biaxial stress applied in the x and y directions

due to a substrate with the lattice constant aj we can conclude

S L

an — a
L_ L_ S _ — . — 0 0
ax—ay—aoéezx—eyy—e“—

(4.3)

i
ap

In this case the stress component in growth direction o,, is zero and the respective

strain component €., is given by
04y — 20126“ -+ 01162,2 =0 (44)

from which the out-of-plane lattice constant of the layer

L_ L _
a;, =aj =a

20 o) (4.5
11

can be calculated.
We see that this type of biaxial stress applied to the layer due to the lattice constant

mismatch with the substrate leads to a tetragonal distortion of the crystal since
ak = aﬁ # ak. (4.6)

A layer which is distorted in such a way is referred to as pseudomorphic.

The situation is depicted in figure 4.1. If a layer with a native lattice constant af is
deposited onto a substrate with a smaller lattice constant a3, the layer will experience
compressive stress and hence, the in-plane lattice constant of the layer will be compressed,
while its out-of-plane lattice constant will be extended. On the other hand, deposition of
a layer with a native lattice constant smaller than that of the substrate will to lead tensile
stress and hence, an extension of the in-plane lattice constant, while the out-of-plane
lattice constant will be compressed.

If the crystal is distorted in such a way, strain energy is introduced into the layer. The

areal density of the introduced strain energy is given by

E 2
Z = thGEH

1+v
1—v

(4.7)

where h; is the thickness of the layer, GG is the shear modulus and v is Poisson’s ratio of

the material which is given by

_ C’12
Cll - C(12

for stress along the axis of the unit cell in cubic materials. We see that the areal strain en-

v

(4.8)
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Figure 4.1: Tensile and compressive stress applied to an epitaxial layer. If a layer with a
native lattice constant al larger than the lattice constant of the substrate aj is deposited,
its in-plane lattice constant will be compresses while its out-of-plane lattice constant will
be extended. If, on the other hand, the lattice constant of the layer smaller than that of
the substrate, its in-plane lattice constant will be extended while its out-of-plane lattice
constant will be compressed. In both cases the native cubic crystal structure of the layer
material is distorted into a tetragonal lattice.

ergy density increases linearly with the thickness of the layer for a given lattice mismatch.
The thickness at which the areal strain energy density becomes larger than the energy
necessary to form a dislocation is referred to as the critical thickness h.. The formation
of the dislocation plastically relaxes the stress in the layer and reduces the areal strain

energy density.

A method to predict relaxation of a pseudomorphic layer was developed by Matthews
and Blakeslee[56] and later on refined by Braun and coworkers|[57] who showed that the

critical thickness can be calculated numerically by the following transcendent formula.

B 1 — vcos?(a) ) phe
he = D11+ v) sin(a) cos(3) ( b ) (4.9)

In here b is the absolute length of the Burgers vector b of the dislocation, « is the angle
between the Burgers vector and the dislocation line vector, 3 is the angle between the

glide plane and the interface and p is the strain energy of the dislocation vector.
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Figure 4.2: Critical thickness versus composition of different materials. The composi-
tion of the ternary alloys changes their lattice constant and hence, the lattice mismatch
with the substrate. The two gray shaded areas indicate the typical thicknesses of hetero
structures used for intersubband devices. Since the lattice mismatch between GaAs and
AlAs is only 0.145 %, the critical thickness for Al,Ga;_As on GaAs is relatively large also
for large Al mole fractions. For the other ternaries, the composition has to be accurate
to a few tenth of a percent to allow for the growth of intersubband devices.

If dislocations are introduced into an otherwise perfect crystal, two domains on either
side of the dislocation will be formed which are in themselves perfectly crystalline but
tilted or twisted with respect to each other. The size of this domains is related to the
density of dislocations in the crystal and crystals exhibiting a high density of such domains
are referred to as mosaic. It is clear that a high density of dislocations will reduce the
smoothness of a layer since it will consist of many small regions with slightly different

crystal orientations.

Figure 4.2 shows the influence of the composition of different ternary materials on
the critical thickness. One can see that the critical thickness is strongly reduced if the
composition of the material deviates from the ideal composition for lattice matching.
Due to the small lattice mismatch between GaAs and AlAs relatively thick layers of
Al,Ga;_As can be grown even for large Al mole fractions. For other ternary materials
such as GayIn; As, GaAs;Sb, and AlAs;_,Sb, the composition composition has to be

accurate to a few tenth of a percent in order to prevent relaxation of thick structures.
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4.2. Crystal growth by Molecular Beam Epitaxy

4.2 Crystal growth by Molecular Beam Epitaxy

MBE is a technique to epitaxially grow thin films of semiconductors, metals or oxides
on a substrate which acts as a template for the formation of a crystal. By choosing
conditions which favor a well ordered positioning of this atoms or molecules, layers of high
crystalline quality can be grown|58|. In the most simple case, the atoms or molecules,
which are deposited on the substrate, are as those of which the substrate is built itself.
The resulting layer is then indistinguishable from the substrate, and the process is referred
to as “homoepitaxy”. However, also atom of a different species can be deposited onto the
substrate and, if the conditions are chosen correctly, will form a crystal. This case is
referred to as “heteroepitaxy”. Since the substrate acts as a template for the formation
of the crystal, the quality of the substrate has a strong influence on the quality of the
grown layer. To ensure the best results, usually substrates in which all atoms are in the
same crystal phase, so called single crystals, are used. The atoms or molecules deposited
onto the substrate are evaporated from cells containing very high purity material. This

is necessary to reduce the amount of contamination by electrically active defects.

Figure 4.3 shows the main parts of an MBE reactor. The whole process is carried
out under Ultra High Vacuum (UHV) conditions inside a vacuum chamber (a), i.e. a
background pressure of less than 10 torr. In order to maintain UHV conditions, liquid-
helium cryo pumps, ion getter pumps and titanium sublimation pumps are attached to
the chamber (b). Inside the reactor, a hollow cryo shroud (also called cryo panel)(c),
which is filled with liquid nitrogen acts a cryo getter pump, and thermally insulates heat
sources inside the chamber from each other to limit thermal cross talk. The substrate (d)
is placed inside a holder (e) (also called platen or block), which is placed in front of a
heater (f). During the growth process, the substrate is kept at an elevated temperature,
and is rotated around the z axis (g) to enhance the uniformity across the substrate. The
temperature of the substrate is monitored by a thermocouple which sits in the center of
the heater. To get a more accurate measure of the temperature, usually a pyrometer us
used to monitor the temperature through a window (h) from the outside. During growth,
source material is evaporated from a cell, and condenses on the substrate. Shutters (i)
in front of each cell are used to control which materials reach the substrate at any given
point during the growth. For the growth of III/V semiconductors, there are basically
two different types of cells. Standard effusion cells (j) are used to evaporate group III
materials. These cells consist of a crucible, usually made out of Pyrolytic Boron Nitride
(PBN), holding the source material, which is surrounded by a heater. The temperature

of the source material controls the rate at which material is evaporated from the cell.
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4.2. Crystal growth by Molecular Beam Epitaxy

Figure 4.3: Schematic drawing of an MBE system and its components. (a) vacuum
chamber, (b) pumping well, (¢) cryo panel, (d) substrate, (e) substrate holder (platen),
(f) substrate heater, (g) substrate rotation, (h) pyrometer window, (i) cell Shutter, (j)
standard effusion cell, (k) valved cracking cell, (1) flux gauge, (m) main shutter, (n)
RHEED gun, (o) RHEED screen
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4.2. Crystal growth by Molecular Beam Epitaxy

Since group V materials sublimate from the source as tetramers which are not as reactive
as dimers or monomers, for these materials valved cracking cells are used|58, 59, 60](k).
In this type of cell the evaporated materials passes through a valve which can be used to
regulate the flux of this material, and then travels trough a cracking zone, which consists
of a PBN tube which is heated to up to 1200 °C in which the tetramers are cracked down
to dimers or monomers, depending on the temperature.

To monitor the amount of materials coming from a cell, a flux gauge (1) can be brought
into the beam path. It consists of a headed filament on which arriving atoms or molecules
are ionized|[61]. High tension between a grind and a collector is used to collect the ions
and create a current which is proportional to the flux coming from the cell. During the
flux measurement the substrate is protected from the flux by a main shutter (m).

To monitor the state of the surface of the growing crystal a Reflection High Energy
Electron Diffraction (RHEED) setup is used. It consists of an electron gun (n) from
which electron are shot at a shallow angle onto the substrate, the electrons are then
diffracted by the substrate and an interference pattern is created on a phosphorus screen
(o) which sits on the opposite side of the chamber.

Details on the MBE process will be given in the following sections.

4.2.1 Ultra high vacuum conditions

Assuming every atom impinging on the surface of the substrate creates an electrically ac-
tive defect, and defects of opposite charge do no chancel out, the doping due to impurities

from the background vapor is given by|62]

n= Z swgr ! (4.10)
where 1 is the growth rate of layer being grown and s; and w; are the sticking coefficient
and the impingement rate of atom or molecule species i, respectively.

How low the background pressure has to be to achieve the low background doping
necessary for intersubband devices is shown by the following example.

For THz QCLs the intentional doping is on the order of 1 x 10'® em~=3. The background
doping therefore should be at much lower than that. With the lattice constant of GaAs
(a = 0.565325nm) and eight atoms per unit cell we find that there are 4.42 x 10?2 ¢m =3
atoms in GaAs. To get background doping of 1x 10'® em =3 the ratio between unintentional

and intentional depositions has to be smaller than 2 x 1077,

28



4.2. Crystal growth by Molecular Beam Epitaxy

II1/V semiconductors are typically grown at growth rates close to 1 Monolayer (ML) per
second. For GaAs this means 1.25159 x 10'? atoms are deposited per unit area and second.

With the relation above we get for the rate of atoms deposited from the background:

1.25128 x 101

VOIS 2.83166 x 10" m™?s7! (4.11)

w; <

The rate of atom or molecules of species i from the background vapor impinging on the

substrate per second and square meter is given by equation 4.12.

Ny
A 412
Y= PN S Mk T (4.12)

From this we get the background pressure as follows if we assume the temperature of the

background vapor is 300 K.
p; = 2.078843 x 10 *%w;+/ M, (4.13)

To get value for the background pressure we assume the background only consists of
Nitrogen molecules. With the molar weight (28.02 x 103kg/mol), and the limit for the

deposition rate derived in equation 4.11 we get

pi < 2.078843 x 107222.83166 x 101/ M,

(4.14)
pi < 4.9278 x 107 pa or 3.696 x 10~ torr

With careful handling, such a low background pressure can be achieved in an MBE system.

However, even lower background doping than 1 x 10 ¢m =3

is usually observed in MBE
grown structures. This is attributed to the fact that the sticking coefficient s; is much

less than 1 at the conditions at which growth takes place.

4.2.2 Evaporation of Source Materials

In order to grow a crystal in an MBE system, atom or molecules are evaporated from high
purity source material. The evaporation of liquid or solid source material is described by
the Hertz-Knudsen equation (4.15)[62].

dN,
dt

Na

I, = —
27TM]{?BT

= Ae(peq - pv) (415)

dNe
?odt

area of the evaporating material, p, is the vacuum pressure of the volume into which the

Herein is the number of molecules leaving the source per unit time, A, is the surface
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4.2. Crystal growth by Molecular Beam Epitaxy
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Figure 4.4: Vapor pressures of Al,Ga,In,As and Sb. The vertical dashed lines indicate
typical evaporation temperatures during growth. The dashed horizontal lines show the
respective vapor pressure at this temperature. Since the cells used in MBE are no Knudsen
cells and due to the distance between cell and beam flux monitor, the measured flux in
the MBE-system will be different. The slopes of the ideal vapor pressure curves, however,
are usually similar to those we find in an MBE system|[63].

material is evaporated, and p,, is the equilibrium pressure of the vapor above the material
at its current temperature. Under UHV conditions we can assume that p, = 0. For a
given material, the rate at which molecules are leaving the source therefore depends on
the vapor pressure of the material p., and \/; . Hence also the rate of molecules arriving
at the substrate, i.e. the growth rate, is related to the temperature of the source material.

The vapor pressures of materials used in III/V MBE can be seen in figure 4.4.

The relation given in equation 4.15 is strictly only true if the orifice through which the
molecules escape into the vacuum is small compared to the evaporation surface and the
equilibrium pressure is not disturbed. This is not true for the type of cells used in MBE
since here the size of the evaporation surface is on the same order as the orifice. The
linear dependence of the growth rate on the vapor pressure of the source material still

can be considered a very good approximation.

The actual number of molecules arriving at the substrate of course also depends on the

distance and angles between the cell and the substrate. Assuming an ideal Knudsen cell,
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4.2. Crystal growth by Molecular Beam Epitaxy
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Figure 4.5: Evaporation characteristic of a Knudsen cell. The flux arriving a any point
of the substrate depends on the distance of the cell r4, its tilt form the surface normal
¢ and the angle between the normal of the cell and the line of sight to the point 6. If
the substrate is at rest the distribution of the flux will be asymmetric with its maximum
shifted towards the position of the cell. This asymmetry can be countered by rotating the
substrate around the z axis. Conical evaporation cells, as they are used in MBE-systems
show a much more uniform distribution of the flux and provide better homogeneity than
Knudsen cells.

shown in figure 4.5, the flux I4 arriving a point A is given by

L.
Iy = p—— Ccos ¢, (4.16)

where I, is the rate of molecules evaporating from the cell, r4 is the distance between the
cell and point A on the substrate and ¢ is the incidence angle of the beam with respect

to the substrate normal. The flux at point B is given by

I'e
Ip = : 4.1
B cosf cos (0 + ¢) (4.17)

Figure 4.5 shows the relative deposition rate, or flux, at different positions of the sub-
strate. It can be seen that a ideal Knudsen cell leads to a very inhomogeneous flux distri-

butions across the substrate. By rotating the substrate around the 7 axis, a symmetric
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4.3. Reactions during MBE Growth

distribution can be achieved. In practice, however, cell types are used which create more
homogeneous distribution, at the expense of a less efficient use of the source material.
The two types of cells, mainly used for the growth of II1/V semiconductors are shown
in figure 4.3. Figure 4.3 (j) shows a conical cell which is used for group III materials. It
consists of conical crucible, commonly made from PBN, which holds the material. It is
surrounded by a heater which supplies the heat necessary to achieve the temperatures for
evaporation. The temperature is measured by a thermocouple. Figure 4.3 (k) shows a
cracking cell. This type of cell is used for group V materials. In this type of cell the source
materials resides inside a compartment which is separated from the vacuum chamber by
a valve which is used to control the amount of material which leaves the cell. At the
evaporation temperature, group V materials sublimate as tetramers. Before the vapor
enters the deposition chamber it travels through a heated PBN tube. On contact with
this tube the group V tetramers can be cracked down to dimers or monomers, depending
on the temperature of the cracking zone. The type of group V molecules used for the
growth of a layer can strongly influence the growth mode and hence the quality of the

grown layer.

4.3 Reactions during MBE Growth

When a beam of atoms or molecules is incident upon a crystal surface they can adsorbe
and interact with the crystal|62|. As shown in figure 4.6 the adsorbed atom or molecule
will migrate on the surface until it either encounters a lattice side at which it will be
incorporated into the crystal, aggregate with other adatoms on the surface and nucleate
a new island or desorbe thermally, thus leaving the surface. The time adsorbed atoms or
molecules can remain on the surface before they are integrated into the crystal can be on
the order of milliseconds and during that time they can perform ~ 10° hops to different
sites|64].

The rates of all three processes strongly depend on the species of the atoms or molecules
in the beam, crystal substrate as well as the crystal plane(s) of the surface, and its con-
dition, e.g. its temperature, and have a large influence on the structure and morphology
of the growing crystal.

With respect to the morphology of the growing crystal, three modes of crystal growth,
shown in figure 4.7, can be identified. In the Volmer-Weber growth mode, the interaction
between adatoms is much stronger than the interaction between the adatoms and the
crystal surface. Consequently the growth will exhibit a high rate of island nucleation

which leads a three dimensional structure of the film.
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4.3. Reactions during MBE Growth
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In the Frank-van-der-Merwe growth mode, adatom-adatom interactions are comparably
weak with respect to interactions with the crystal surface, and the adatoms preferentially
occupy vacant crystal sites of already existing layers. This mode, which leads to atom-
ically smooth growth surfaces, is the preferential growth mode for III-V semiconductor
heterostructures.

There exists a growth mode which exhibits a mix of the morphological characteristics of
the two aforementioned modes which is referred to as Stranski-Krastanov growth mode.
In this mode island nucleation starts after the growth of a few monolayers in the layer by

layer growth mode.

4.3.1 Surface Reconstructions

Atoms on a crystal surface will usually show a different arrangement than those atoms
within the crystal since they have less partners for bonding. The atoms form periodic

structures on the surface, which are denoted by the crystal surface on which they form as

h<1ML 1ML<h<2ML h>2ML

—_— — —\

a Figure 4.7: Epitaxial growth
@ 7 7 7 modes. Depending on the condi-
S M/ M Fions the morphology of .the grow-
(b) ) ing layer can be dominated by
% Z 7 layer by layer growth (Frank-var
der Merwe), island growth (Volmer-
— I~ \ — /_\ [\ Weber) or a mixed growth mode

(c) 7 7 7/ (Stranski-Krastanov). After [62].
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4.3. Reactions during MBE Growth

well as their periodicity and rotation. Figure 4.8 shows the GaAs(100)-(4x4) reconstruc-
tion, measured by Biegelsen et. al.[65] by Scanning Tunneling Microscopy (STM), which

formed when the sample was cooled to 300 °C under As flux.
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Figure 4.8: GaAs(100)-(4x4) reconstruction. Taken from [65]

The As atoms on the surface arrange in rows along the [011] directions and the structure
shows a period which is four times larger than that of the underlying crystal surface in
both the [010] and [001] directions. The unit cell of the reconstruction is indicated by the
dotted square in the center of figure 4.8. Surface reconstructions can be measured in-situ
by RHEED which is briefly explained in section 5.2.

Many other reconstructions of the GaAs(100) surface can be found, however, in terms
of MBE growth the most important ones are the Ga-stabilized GaAs(100)-(4x2) and
the As-stabilized GaAs(100)-(2x4) reconstructions which are found at elevated substrate
temperatures depending on the supplied As pressure.

When a (100) oriented GaAs substrate is heated without supplying flux of As, As atoms
will leave the surface and the (4x4) reconstruction will change to a (2x4) reconstruction.
Upon further heating the rate of As leaving the surface will increase up until the point
where the reconstruction changes and the Ga-stabilized (4x2) reconstruction will appear.
If the rate of loss of As atoms is compensated for by supplying As flux, the reconstruction
will change back to the As stabilized (2x4) reconstruction. If under these conditions flux
of Ga is supplied, the reconstruction will change back to the Ga-stabilized (4x2) since
Ga will stick to the surface and the supplied As flux is just enough to compensate for
the loss of As but not enough to form GaAs. Hence, for the growth of GaAs, Ga and As

34



4.3. Reactions during MBE Growth

atoms have to be supplied at least at a one-to-one ratio. Since the sicking coefficient of
As is close to zero in absence of free Ga adatoms on the surface, perfect stoichiometry in
GaAs is easily achieved if As flux is provided in excess. We see that the reconstruction,
found on the surface of a growing layer give a good indication of the current condition of

the surface and allows for the in-situ monitoring of the growth process.

Figure 4.9: The GaAs(100)-(2x4) reconstruction. Taken from [66]
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CHAPTER b

Characterization of Epitaxial Layer Structures

5.1 High Resolution X-Ray Diffraction

X-ray diffraction is a standard tool to characterize the structure of crystals. To do so, an,
ideally monochromatic, beam of X-Rays is directed onto a crystalline substance. X-ray
beams, which are diffracted from this crystalline substance are measured and the angle
at which they appear provides information about its crystal structure.

This interaction between X-rays and crystals was first analyzed by Max von Laue in
1912[67|. He realized that electromagnetic waves, such as X-rays, will be diffracted by a
periodic arrangement of atoms. W.H. Bragg and W.L. Bragg later refined the method

and postulated the conditions for which diffraction will occur|68, 69].

5.1.1 Diffraction of X-Rays from Crystal Planes

If we want to examine semiconductor crystals, the wavelength of the radiation we use has
to be on the same order of magnitude as the lattice constant of the crystal. Many metals
exhibit characteristic X-Ray lines at wavelengths that can be used for that purpose[70].
For the analysis of I11/V semiconductor crystals, most commonly the Ky line of copper,
which appears at a wavelength of 0.154 18 nm is used. Figure 5.1 shows the typical con-
figuration of single crystal diffraction experiment. This configuration is usually referred
to as HRXRD setup. X-Rays are emitted from a source and directed onto a (single)

crystalline sample, which is mounted on a sample holder, under the angle w, with respect
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5.1. High Resolution X-Ray Diffraction

Figure 5.1: HRXRD Setup. X-
Rays are emitted from the source
and directed onto the crystal un-
der the angle w, The diffracted rays
exit the crystal under the angle w_
and reach the detector. ¢ is the tilt
angle of the crystal planes under ex-
amination with respect to the sur-
face, i.e. the tilt angle between the
surface normal ¢ and the normal to
the crystal planes under examina-
tion 77. The angle 0 is the incidence
angle with respect to this planes.

Figure 5.2: X-Rays scattered
by a crystal. The rays 1,2
and 3 are incident to the crys-
tal surface under the angle 6.
The scattered rays 17, 2" and 3’
exit the crystal under the same
angle. If the path difference
between two rays is equal to
the wavelength of the rays they
will interfere constructively at
the detector.

to the crystal surface. They are scattered from the crystal under the angle w_ and reach
the detector. The crystal planes under examination are tilted with respect to the surface
by an angle ¢ and the angle € is the incidence angle of the X-Rays with respect to that

particular set of crystal planes.

Figure 5.2 shows how X-Rays, which are directed onto a crystal surface, will be scat-
tered by the atoms of which the crystal is formed|71]. If we assume a plane wave of
monochromatic X-Rays (of a wavelength \) which is incident to a crystal surface under
the angle 6 they will be scattered by the atoms within that plane under the same angle.
Rays which are scattered by the next row of atoms will have to travel a slightly longer

distance depending on the spacing between the rows and the angle 6. The path difference
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5.1. High Resolution X-Ray Diffraction

Figure 5.3: Symmetric scans of crystals with different lattice constants a. The Bragg
angle # for which the Bragg condition is fulfilled depends on the spacing of the atom rows.
For larger spacing constructive interference is found at smaller angles of 6.

between the rays is given by

Axyy = 2asin(6)
Axy3 = 4asin(f) = 2Ax, (5.1)
A(L’Qg = 2a 3111(9) = Al‘lg.

If this path difference Axq, of rays 1 and 2 is equal to A, the two rays will interfere
constructively. We can also see that in this case the path difference of the rays scattered
by any two rows of atoms is a multiple of A and hence they enforce the signal collected

at the detector. The angle at which all rays interfere constructively is given by
nA = 2asin(6) (5.2)

which is known as Bragg’s law. The angle 6 for which the condition is fulfilled is called
the Bragg angle. This angle depends on the spacing of the atomic planes, or the lattice
constant of the crystal. Figure 5.3 illustrates how the Bragg angle depends on the spacing
of atom rows. It can be seen that for a given X-Ray wavelength, a larger spacing results
in a smaller the Bragg angle #. Hence, the lattice constant can be measured by finding
the Bragg angle and for a given wavelength.

Since the Bragg condition is also fulfilled if the path difference Axis is a multiple of the
wavelength A, constructive interference can also be found at larger angles 6. Figure 5.4
shows the angle at which the second order diffraction peak is found. The path difference
for rays scattered from the first row of atoms and the second row of atoms is exactly
Az = 2). The situation is the same as if there was a virtual row of atoms at § which
would result in a path difference of Az = X for the scattered rays. This interpretation of

this phenomenon lead to the use of the miller indices as described in section 2.3.
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5.1. High Resolution X-Ray Diffraction

Figure 5.4: Second order diffrac-
tion.  The second order diffrac-
tion appears at an angle where the
path difference for rays scattered
from the first and the second row of
® atoms is equal to 2\. The situation
is the same as if there was a virtual
row of atoms at £. If the crystal
@ is oriented such that its surface is
parallel to the (0 0 1) planes, this
diffraction peak would be denoted
e the (00 2) diffraction.

The angle 0 at which the diffraction from a particular set of parallel planes in the lattice

is found can be calculated from

dhkl

0 = arcsin < A > (5.3)

where d,; is given by the relation

O RORONC)

where a,b and c are the lattice constants in an orthorhombic crystal and h,k and [ are the
miller indices of the planes.

Diffraction is off course not limited to rows of atoms which are parallel to the crystal
surface. Figure 5.5 shows the angle for an asymmetric scan. We see that for this type of
scan, not only the out-of-plane lattice constant a; but also the in-plane lattice constant q
influences the angles # and ¢ at which the diffraction peak will appear, hence, performing
asymmetric measurements is important in order to identify the structure of crystals which

do not have a cubic base.

The tilt angle of a set of planes with respect to the crystal surface is given by

3.1
¢ = arccos (—“? — ) , (5.5)
IS111A]

where S is the surface normal and A is the vector normal to the planes under examination,

given by the miller indices of the plane.
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5.1. High Resolution X-Ray Diffraction

Figure 5.5: Asymmetric HRXRD scan.
The crystal is oriented such that its sur-
face is parallel to the (0 0 1) planes. For
the symmetric scan the incidence angle
with respect to the sample surface is the
same as the exit angle. In the asymmetric
case the incidence angle with respect to
the sample surface (wy) differs from the
incidence angle with respect to the planes
under examination (6).

A measurement performed over 6 and ¢ is called reciprocal space map. Such a map is
shown in figure 5.6. A reciprocal space map is usually presented in terms of reciprocal

lattice units which are calculated by

qL = ;:sin(ﬁ) cos(¢) (5.6)
q) = ésin(ﬁ) sin(¢). (5.7)

As we have seen before, higher diffraction orders can be found at larger angles 6. Since 6
cannot be larger than 7, not all diffraction orders can be measured. The upper boundary
in figure 5.6 is defined by this condition. The two half circles in the lower part of the
figure are due to the fact that in an HRXRD setup the sample cannot be measured from
behind the sample holder. All diffraction orders between these boundaries are accessible
to examination in an HRXRD setup, although not all of them necessarily exist or provide

valuable information.

5.1.2 HRXRD of hetero epitaxial layers

As we have seen in chapter MBE, it is possible to grow layers of different I11/V mate-
rials on top of each other. If these materials have different lattice constants, they will
show diffraction peaks at different Bragg angles, and hence, they can be distinguished
in HRXRD. Figure 5.7 shows a symmetric scan around the GaAs (004) diffraction. The
peak on the right side is due to a 400 nm thick layer of Aly,GaggAs which has a larger
native lattice constant al than the substrate. The oscillations around this peak are called
Pendellésung fringes and appear due to the finite thickness of the layer. Moreover the
presence of these fringes indicate high crystal quality since they only appear for samples

with a low dislocation density.
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Figure 5.6: Diffraction orders of a simple cubic crystal in reciprocal space. The position
of the peak gives the in-plane (¢)) and out out-of-plane (¢, ) reciprocal space coordinates
from with the in-plane and out-of plane lattice constants of the crystal can be calculated.
The upper boundary is given by the size to the Ewald sphere, which depends on the used
X-Ray wavelength. The lower boundary is given by the fact that the X-Rays cannot be
incident to or leave the sample at an angle w of less the 0°.

As we have seen in figure 2.7, the lattice constant of ternary and quaternary materials
depends on the composition of the materials. Hence, measuring the lattice constant can

provide information on the composition of a layer.

Since the thickness of this layer is below the critical thickness for relaxation of this
material, the layer is 100 % strained. This means its in-plane lattice constant (aﬁ) is equal
to the lattice constant of the substrate a® and smaller than the native lattice constant

al of the layer material. Its out-of-plane lattice constant (a%) is larger than its native

0
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Figure 5.7: Symmetric w26 scan around the GaAs (004) diffraction peak. The peak on
the left of the substrate is due to a 400 nm thick Al,Ga; As0.4 layer.
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Figure 5.8: Comparison of a 100% strained (a) and a 100 % relaxed (b) layer. The
strained layer has the same in-plane lattice constants as the substrate. Hence, also its in-
plane reciprocal space coordinate is the same. Its out-of-plane lattice constant, however,
is different and its diffraction peaks are shifted vertically with respect to the substrate.
For the relaxed layers the diffraction orders are shifted both vertically and horizontally
with respect to the substrate since both, its in-plane and its out-of-plane lattice constant
differ from that of the substrate.

lattice constant. This difference between the in-plane and the out-of-plane lattice constant
can be measured by asymmetric scans. Figure 5.8 shows a comparison between a 100 %
strained (a) and a 100 % relaxed (b) layer. Since the relaxed layer has a cubic crystal
structure (aﬁ = a¥) both its in-plane and out-of-plane reciprocal space coordinates differ
from that of the substrate. Since the in-plane lattice constant of the strained layer is equal
to that of the substrate, also their in-plane reciprocal space coordinates are the same and
the diffraction orders of the layer are shifted only vertically with respect to those of the
substrate.

If the thickness of the layer is above the critical thickness it will start to relax. Depend-
ing on the degree of relaxation, the diffraction peak of the layer will appear anywhere
between the two extremes shown in figure 5.8.

The degree of relaxation can be calculated from

CL|| — &S

r=—F/——-=¢.
L _ .8
ag — a

(5.8)

To measure the composition of a (partially) strained layer, we have to calculate the native
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5.2. Reflection High Energy Electron Diffraction

lattice constant of the layer (af) which is given by

C'11
GL

— L L L
0 —m(aj_—a“)—F&H, (59)

where Cj; are the stiffness coefficients of the layer material. From the position of the peak,
the in-plane and out-of-plane lattice constants can be calculated, and using Vegards law
the composition can be found. Due to the process of relaxation the atoms in the layer
are not as well ordered to the substrate. This increases the roughness of the sample and

leads to broadening of the peak and vanishing of the Pendenlosung fringes.

5.2 Reflection High Energy Electron Diffraction

For the in-situ monitoring of the growth conditions, MBE-systems are equipped with a
RHEED system|72]. RHEED uses high energy electrons to examine the structure of the
surface of a sample. A beam of high energy electrons is incident onto the crystal surface at
a shallow angle, typically ~2°. It is diffracted by the crystal surface and thereafter incident
to a phosphorus screen. Due to the shallow angle the penetration depth of the electron
beam is only a few monolayers, and the diffraction pattern created on the phosphorus
screen is mainly defined by the structure of the crystal surface, which acts as a diffraction

grating for the electron beam.

The condition for diffraction on a one-dimensional grating is given by
a(cos(0in) — cos(Oput)) = nA, (5.10)

where a is the grating period, 6;, and 6,,, are the angles of the incident and the diffracted
wave respectively, n is the diffraction order and A is the electron wavelength.
The de Broglie wavelength of the incident electrons for an acceleration voltage V' is

given by
h  1.2286 X 107°

2m.E VvV

where h is the Planck constant, m, is the electron mass and E is the kinetic energy of

A= (5.11)

the electron. For an acceleration voltage of 10kV this results in an electron wavelength
of 1.2286 x 1072 nm.

By applying the wavenumber of the electrons |l; | = 2% we find

k(cos(bin) — cos(bour)) = m%r. (5.12)
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RHEED Screen

Figure 5.9: Components of a RHEED setup. A beam of electrons is emitted from an
electron gun and is incident to the sample surface at a very shallow angle of ~2°. On
the surface the beam is diffracted and the electrons are incident onto a phosphorus screen
(RHEED screen). The image created on the screen depends on the condition of the
crystal surface. If the sample can be rotated, information about the surface with respect
to different crystal orientations can be gathered.

This can also be written is terms of the wave vectors of the incident and the diffracted

electrons as follows
aT - - 2

— - (kin — kout) = n—. (5.13)
a

If we introduce a vector @’ such that

- al =2m, (5.14)

we find

— —

Kin — kout = na’. (5.15)

Equation 5.14 defines @ as the set of all vectors that connect the points of two parallel

planes with are separated by %’T' Hence, the diffraction condition (Equation 5.15) is

fulfilled for any two vectors k;n, l{::ut which connect n parallel planes.
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Figure 5.10: Diffraction from a one-dimensional row of atoms with a spacing of a.
Electrons are incident to the row of atoms under the angle 6;,. They are scattered by the
atoms and exit under the angle 6,,;. The difference of the of the two beam paths is given
by acos(0;,) — acos(Oyy). After [72].

These parallel planes are the reciprocal lattice of the one-dimensional row of atoms and
are defined by its reciprocal lattice vector a* which describes their spacing. If we assume

that no momentum is transferred when the electrons are scattered then
|kin| = [Kout| = k (5.16)

is required, and all vectors which fulfill the diffraction condition are given by the inter-
sections of the parallel planes of the reciprocal lattice and a sphere of radius k which is
referred to as Ewald’s sphere.

For simplicity, condition 5.15 can be rewritten as
gh = na*, (5.17)

where 5‘ is the difference of the k;n and k;n parallel to a.
Following the explanation above, the two dimensional lattice of a crystal surface is

constructed by the vectors a; and ay by the linear combination
R= n1ay + Nods. (5.18)
Its corresponding reciprocal lattice

B,, = mlajl‘ + mga_é. (5.19)
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Figure 5.11: Diffraction in terms of the Ewald construction. The condition for diffraction
is fulfilled at the intersections between the reciprocal lattice and the Ewald sphere which
has the radius |ki| = |kowt| = |k| = 27“ For diffraction from the two dimensional square
lattice of the surface of a crystal the reciprocal lattice is composed of reciprocal lattice
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rods that are displaced by B,,.

is defined by the two reciprocal lattice vectors
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Due to the two dimensional nature of the crystal surface, its reciprocal lattice is com-
posed of reciprocal lattice rods which are oriented perpendicular to the sample surface.
For a square lattice (a; = as = a) the spacing of the rods is given by %’T Also in this case
the Bragg condition is fulfilled at the intersections of the Ewald’s sphere and the recipro-
cal lattice rods. Due to lattice vibrations of the crystal surface, the reciprocal lattice rods
are of finite thickness. Moreover, the electron beam is not perfectly monochromatic which
leads to finite width of the Ewald’s sphere. Both these factors lead to the deviation of the
diffraction image from an ideal point pattern into elongated ellipses. If the crystal surface
is reconstructed, i.e. a two dimensional structure with a larger period then the lattice
constant is present on the surface (see section 4.3.1), a diffraction image attributable to

this reconstruction will be superimposed on the image created by the host crystal.
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5.3. Atomic Force Microscopy

Since an (mxn) reconstruction shows two spatial periods which are m and n times
larger then the lattice constant of the host crystal, the period in the diffraction image
will show an m or n times smaller period. Hence, RHEED can be used to identify the
reconstructions of the crystal surface and helps to control the growth parameters.

As we have seen in chapter 4.3, epitaxial growth may not always occur in a layer-
by-layer mode but may lead to the formation of three-dimensional structures. In such
a case the diffraction scheme will change from the ideal reflection-diffraction scheme to
a transmission-diffraction scheme. Hence, the reciprocal lattice will no longer consist
of reciprocal lattice rods, but the three dimensional structure of the crystal leads to
a reciprocal point lattice and the diffraction image will change from showing streaky
features to showing spotty features. Monitoring the transition between these two mode

can help to optimize the growth parameters.

5.3 Atomic Force Microscopy

MBE is capable of producing thin films of III/V semiconductors which show roughness
values on the order of 0.2nm. Interfaces showing such low roughness values are essential
for applications which requires layer thicknesses of only a few nm. However, the morphol-
ogy of such films is strongly dependent on the conditions under which they are grown.
As described in chapter 4, choosing the wrong III/V ratio or substrate temperatures can
lead to a 3-D growth mode which dramatically increases the roughness of the grown film.
Moreover, roughening of the films can be found as a result of strain relaxation in highly
lattice mismatched layers.

Atomic Force Microscopy (AFM) is a method to characterize the roughness of thin
films|73|. It provides fast and reliable information about the quality of the film and can
help to improve the growth parameters.

Figure 5.12 shows the basic principle of an AFM. An atomically sharp measurement
tip, which is located at the end of a spring loaded cantilever is broad into contact with the
sample surface. The cantilever is deformed due to the interaction between the tip and the
sample surface. When the tip is moved towards the sample surface it will experience an
attractive force at a few tens of nanometers due to van-deer-Waals interactions. At even
smaller distances, the tip will experience a repulsive force due to short range coulomb
interactions. The deformation of the cantilever is measured via a laser which is reflected
off the backside of the cantilever onto a four-quadrant photo diode.

For the characterization of III/V thin films, contact mode and tapping mode are the

most important modes of operation of an AFM|74]. In contact mode, the tip is brought
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5.3. Atomic Force Microscopy
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Figure 5.12: Schematic representation of an atomic force microscopy (AFM) setup. A
measurement tip, which is in contact with the sample surface is located at the end of a
spring loaded cantilever. The interaction of the measurement tip with the surface deforms
the cantilever. A laser beam is reflected from the back of the cantilever onto a four-
quadrant photo diode. By comparing the photo current produced in the four quadrants
of the diode, the deflection of the beam, and hence, the deformation of the cantilever can
be measured.

in contact with the surface. While the tip is moved across the sample, the deflection due
to the topography of the surface is measured and the height of the cantilever is controlled
such that the distance to the surface stays constant. Due to the close contact with the
surface, operating the AFM in this mode may leave scratches on the sample surface or

reduce the lifetime of the tip.

In tapping mode, the cantilever oscillates close to its resonance frequency. A control
loop is used to keep amplitude and frequency of this oscillation constant. If the tip is close
to the surface the amplitude of the oscillation will change since the interaction between
the sample surface and will alter the resonance frequency of the system. In this case, the
surface image can either be reconstructed from the amplitude or the phase signal of the

oscillation.
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5.4. Energy Dispersive X-ray Spectroscopy

5.4 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDX), also commonly abbreviated EDS and
XEDS, is a method to analyze of which elements a material is formed. As illustrated
in figure 5.13, this method uses the characteristic X-Ray lines of atoms to distinguish
between them. When high energy electrons are focused onto a sample they may transfer
their energy to core electrons of the atoms in the sample, which are then ejected from the
atom as secondary electrons. The vacancy in the inner shell which is created in this way
is thereafter filled by an electron from any upper shell and the energy difference between
the former and the new state of this electron is emitted via an X-Ray photon|75]. Hence,
the energy of the photon provides information about the origin of the electron.

The line in the spectrum created by L shell electrons filling a K shell vacancy is referred
to as K, line, while an M shell electron filling the same vacancy gives rise to the K line.
Likewise is the L, line due to M electron filling an L shell vacancy and so forth.

A vacancy may be filled by electrons from any shell, however, electrons from differ-
ent shells have different probabilities to do so. These probabilities manifest in an EDX
measurements as the relative intensities measured from the different characteristic lines.
Since the probability for a K shell vacancy to be filled by an L shell electron is higher than
for M shell electron, the K, line will be stronger than the Kjp line. Also these relative

intensities are characteristic and may help to distinguish between elements.

Incident Electron

Worked-out Electron

Figure 5.13: Generation of characteristic X-Ray photons by emission of secondary elec-
trons. An incident electron with an energy above the ionization energy of the electrons
in the K shell is incident to the atom. An electron in the K shell is excited and emitted
as secondary electron. The hereby created hole state is filled by an electron of the L. or M
shell. The difference in energy of the former and the new state of this electron is emitted
as characteristic X-Ray photon.
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5.4. Energy Dispersive X-ray Spectroscopy

Since the energy difference between different shells of an atom depends on its atomic
number, the lines we find in the X-Ray emission spectrum are called characteristic lines.
The energy of K and L lines with respect to the atomic number is shown in figure 5.14.
We can see that the energy of the lines rises with the atomic number and hence, heavier
atoms require higher energies of the incident electrons. If e.g. the work required to excite
the K lines is higher than this energy, only L lines will be found in the spectrum.

An example EDX spectrum is shown in figure 5.15. This spectrum measured from a
multi-element glass sample K and L lines of various elements. For the light elements
(0,ALSi,Ca) we only find K lines. For Fe we find both K and L lines while very heavy
elements like Ba only exhibit L lines in this measurements since the ionization threshold
of the K shell electrons is above the energy of the electrons in the incident beam. Not only
the energy at which they appear, but also the relative magnitude of the different lines is
characteristic for an element, this can bee seen e.g. from the L lines of Ba in figure 5.15.
If the energies of the lines of different elements overlap, e.g. the L lines of Ba overlap
with the K lines of V and Ti, the relative height of the lines can be used to determine the

elements within the sample.
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Figure 5.14: Energy of characteristic X-Ray photons versus Atomic number. Values
taken from [76].
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5.4. Energy Dispersive X-ray Spectroscopy
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Figure 5.15: EDX spectrum of NIST K309 glass. Composition: O: 38.7wt%, Si:
18.7wt%, Ba: 13.4wt%, Ca: 10.7wt%, Fe: 10.5wt%, Al: 7.94wt%. Copyright holder:
Andrew R. Barron, published under Creative Commons Attribution License (by 4.0),
Taken from http://cnx.org/contents/uieDnVBC@21.1:vcZrdZIQ@1 /An-Introduction-to-
Energy-Disp (2016/05/04 16:22). Original by Goldstein, D. et. al. Springer, New York
(2003)[75].
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CHAPTER O

MBE growth of InAs-based QCLs

In chapter 3 we have seen that the maximum operation temperature of THz-QCLs is
still limited to cryogenic temperatures. In order to improve the performance of these
devices, new material systems with beneficial properties have to be explored. It will be
shown that well materials with a low effective electron mass can provide higher gain in
QCLs and that the use of InAs is an interesting option for the further improvement of the
temperature performance of these devices. In the following, different barrier materials
will be discussed and it will be shown that AlIn; (As,Sbyy is a suitable material for
the fabrication of InAs based lasers. We will furthermore see that substantial challenges
arise when trying to grow this material. Thereafter we will see that careful tuning of the

growth parameters allows for the growth of AlIn; As,Sbyy with high crystal quality.

6.1 Influence of the Effective Electron Mass

In chapter 3.2 we have derived a simple expression for the intersubband gain in a quantum
cascade structure. Using equation 3.20 and assuming fast depopulation of the lower laser
level (15 << T32) we receive

wel(zif)|?

= ——— 1T, 6.1
9 eoncLy,y TS (6.1)
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6.1. Influence of the Effective Electron Mass

Well Material % ﬁ exp. QE%EGA
GaAs 0.067 1.0 1.0

Ga0.471n0_53As 0.041 1.8 2.1
InAs 0.023 5.0 5.2

Table 6.1: Effective electron mass and gain coefficient ratios of different III/V semicon-
ductors. Lower effective electron masses provide higher gain. The highest gain coefficient
is found for structures based on InAs|77].

If we compare the gain in two structures designed to emit light of the same wavelength

(wq = wp), we will find that the ratio between their gain coefficients is given by

2
gea _ 1\Zigo) | Toa (6.2)
9o zigp) [P730
Since oL :
1]
<Zlf> = F (]2 — ?:2)2’ (63)

and for an infinitely deep quantum well, the energy separation between the upper and the

lower laser state is given by

K22

By=ho =g Dz

(5% =), (6.4)

with L being the width of the quantum well, (z;¢) is found to be proportional to mea.
At low temperatures 73 is limited by depopulation due to longitudinal optical (LO)

phonons. In this case it can be shown that also 73 is proportional to m*~2 and hence the

ratio of the gain coefficients is given by

Jeu _ [m*“]_ | (6.5)

ey m*b

(NI

We see that the use of a well materials with a low effective mass can be beneficial for the
performance of QCLs. In table 6.1, the effective masses and theoretical gain coefficient
ratios of different well materials are compared. We see that the use of Gagy7Ings3As
should provide an almost two fold increase in the gain coefficient of a QCL with respect
to GaAs. An even higher ratio is found when we switch from GaAs to InAs, since these
structures should provide a five fold increase in the gain coefficient.

The quantum efficiency of intersubband devices employing different well materials has
been measured by Benveniste et. al.[77]. It was found that indeed, devices based on

low effective-electron-mass materials show a higher QE and that the ratio of the QEs

o4



6.2. Barrier Materials for InAs Based QCLs
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Figure 6.1: Electroluminescence per period measured from intersubband devices using
different well materials. The measurement clearly shows an enhanced Quantum Efficiency
(QE) for materials having a lower effective mass. Taken from [77].

closely follows the effective mass ratio that was derived in equation 6.5. The results of

this experiment are summarized in figure 6.1 and table 6.1.

6.2 Barrier Materials for InAs Based QCLs

Since a QCL is built out of at least two different materials, one being the well, one being
the barrier material, a well suited partner for InAs is necessary. In section 4.1.1 we have
seen that a low lattice mismatch between the well and the barrier material is necessary
in order to grow thick structures like QCLs. Hence, only a hand full of materials are
qualified as potential barrier materials. A review on these materials can be found in |78].
Figure 6.2 shows some of these materials. Of the binary alloys AISb and GaSb are have
the smallest lattice mismatch with InAs. However, since the critical thickness of these
materials is on the order of a few nm when they are grown on InAs, they are not suitable
for the growth of QCL structures.

The two ternary alloys GaAs;Sb, and AlAs; ,Sb, can be grown lattice matched to
InAs. GaAsyg1Sbggg shows a conduction band offset of 0.93eV and a broken gap con-
figuration. Although intersubband devices using these materials have been discussed

theoretically, no reports on experimental realizations can be found in literature.
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6.2. Barrier Materials for InAs Based QCLs
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Figure 6.2: III/V semiconductors which are considered part of the 6.1 A family. The
binary alloys AlSb and GaSb show a high degree of lattice mismatch with InAs The
ternary alloys AlAs;,Sb, and GaAs;Sb,, as well as all compositions of the quaternary
AliIn; AsySby_y alloy, indicated by the shaded area, which reside on the line connecting
InAs and AlAs;..Shy can be grown lattice matched with InAs.

AlAsg 16Sbg g4 shows an indirect conduction band offset of 1.2 eV and a direct conduction
band offset of 2.2eV. This makes it an interesting barrier material for short wavelength
QCLs. Although excellent results for mid-infrared (MIR) devices |79, 80, 37, 81], have
been shown using this materials, devices designed to emit in the terahertz (THz) regime
require the use of monolayer and sub-monolayer thin barriers. The growth of such thin

layers is very difficult to control, and to date, no THz laser operation has been shown.

A viable option for the barrier material is the quaternary AliIn;As,Sby.y, material
which is indicated by the shaded area in figure 6.2. The vertical line which connects
InAs and AlAsg16Sbg g4 indicated those compositions which are lattice matched to InAs
and hence would be suitable for the growth of QCLs. Having InAs and AlAsg.165bg.gs as
its endpoints, this material should allow for the tuning of its properties and provide a
similar flexibility as the GaAs/Al,Gaj As material system. By choosing an appropriate
composition, it would be possible to grow InAs based THz-QCLs with a suitably low

conduction band offset and therefore easy to control barrier thicknesses.

A Summary of the properties of possible barrier materials is given in figure 6.3.
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6.3. Al 2olnggoAsySby., Barrier determination

GaSb AlSb AlAs;Sb0.16 Al In;  As,Sby
Lattice Constant 6.10 6.14 6.06 6.06
Mismatch 0.6 % 1.3% 0.0% 0.0%
E, 0.93eV 1.35eV 1.2eV 0eV to 1.2eV
Band Alignment  Broken gap Type 11 Type I Type 1
1.2
1.35

g
0.36

______ L S ey B \

Figure 6.3: Properties of Barrier material that can be grown on InAs. The binary alloys

GaSb and AlSb show a high lattice mismatch with InAs, hence thick structures are not

possible. The ternary AlAsg16Sbgss alloy can be grown lattice matched but shows a very

high conduction band offset. The quaternary AliIn; ,As,Sbyy alloy can be grown lattice
matched to InAs with a tunable band offset.

6.3 Alg.20lng goAsySb;.y Barrier determination

The conduction band offset is an important material parameter for the design of QCLs.
Since the dependency of the conduction band offset between InAs and Al In;  As,Sby.
on its composition is not known, a first order approximation was used to estimate which
composition will result in a band offset, sufficient for the fabrication of intersubband
devices. Under this assumption and following the data given by Kroemer|78] an Sb mole
fraction of 0.2 should provide a conduction band offset of roughly 400 meV, which is
appropriate for the design of a THz-QCL structure.

Since initial C-V measurements at room temperature did no show signs of rectifying
behavior, a Thermionic emission (TE) experiment was carried out, in order to determine
the conduction band offset between InAs and Al 99Ing g9AsySbiy. TE is largely used for
the determination of conduction band discontinuities between III/V semiconductors by
measuring the current across a barrier under low bias. Since the density of electrons at
a certain energy is defined by Fermi-Dirac statistics, the number of electrons above a

certain energy depends exponentially on the temperature[82]. As shown in figure 6.4, if a
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6.3. Alg2olngsoAsySby., Barrier determination
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Figure 6.4: Principle of thermionic emission. A low bias is applied to the barrier, the
measured current density is related to the temperature and the barrier height, since only
electrons which are above the barrier contribute to the current. (a) Taken from|[82].

low bias is applied to the barrier, only those electron will contribute to the current which
are at energies above the barrier. Hence, TE measures the integrated number of carriers

above a barrier, and the current density is given by
qd
J = A*T% kst (6.6)

where ¢ is the electron charge, kg is the Boltzmann constant 7" is the absolute temperature
and A* is a material specific pre-exponential factor called the Richardson constant. As

shown in figure 6.5, the barrier height ® is given by a linear fit to In(J7~2).

Hickmott and coworkers used this technique to find the conduction band discontinuity
between GaAs and Aly4GageAs[83]. An undoped Aly,GaggAs layer was sandwiched
between a highly and a lightly n-type GaAs layers, and capacitance-voltage and current-
voltage measurements were performed. The conduction band discontinuity ®p is obtained
through

Op =P6(0)+n6 — Vg — Pyp, (6.7)

where ®¢(0) is the measured barrier height extrapolated to zero barrier thickness, V¢ is
the band bending in the gate, 1 is the position of the Fermi level above the conduction
band edge in the gate, and ®,,p is a correction for many body effects due to high doping in
the gate. The authors measured a ®;(0) of 300 meV and from that calculate a conduction
band discontinuity of 630 meV.

Peng and coworkers used the same technique to determine the band offset between
Gag.arlng 53As and Algglng s0As grown on InP|[84|. For this measurement 25nm and
40 nm thick, undoped Al 43Ing 50As layers were sandwiched between n-type Gag 47Ing 53As
layers, and measured a barrier height of 360 meV from which a conduction band offset of
510meV is calculated.
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6.4. Al ap2Ing s3sAsySbyy

In order to determine the conduction band offset, single layers of Alg29InggpAsySbi.y
were grown in a Riber 32 MBE system on indium bonded (100), n-type InAs substrates.
The growth rates of AlAs (on InAs) (Rajas) and InAs (Rpas) were determined using
double superlattice structures and set to 0.0843MLs™! and 0.3251 MLs™! respectively.
As flux was supplied as tetramers using a cracking zone temperature of 650 °C at a Pag, of
1.33 x 107? torr. Sb flux was supplied in form of dimers using a cracking zone temperature
of 1000°C. Lattice matching was achieved at an Pg,, of 2.71 x 1077 torr. The structural
quality of the samples was confirmed by HRXRD and AFM measurements.

Figure 6.5 shows thermionic emission measurements performed on pillars of 700 pm
diameter at different bias voltages. We can see that the slope does not change with
the applied bias and hence it can be concluded that the current density is only defined
by thermionic emission. The conduction band offset measured in this experiment was
~80meV.

Reports in literature about measurements performed on Gag47Ings3As/Alg4sIng s0As
and GaAs/Aly4GaggAs, suggest that the contributions of 7g, ¥4 and @5 have to be
fairly large with respect to the measured ®¢ for the conduction band offset between
Alp 90Ing goAsySbyy and InAs. This make the value that would be obtained through this
method very questionable. Moreover, since no rectifying behavior could be measured at
room temperature, 7 could not be determined for this structures. Furthermore, surface
pinning of the Fermi level is known to cause electron accumulation at the InAs surface|78,
85, 86, 87|, this effect can strongly influence the barrier height measured in the TE
experiment by creating a parallel current path.

The results obtained in this experiment suggest that a higher conduction band offset,
and hence a higher Al mole fraction in the AlcIn;  As,Sb;., layers is necessary in order

for this material to be used for intersubband devices.

6.4 Alg.a62ln0.538As,Sby.y

This section is based on Ref [89].

Due to the strict requirements towards lattice matching for intersubband devices, the
growth of AliIn; (As,Sb;, can be very challenging. Great control over the fluxes of the
four atom species, as well as the temperature of the substrate are necessary in order
to achieve the desired composition. Moreover, large miscibility gaps exist in quaternary
alloys of III/V materials|90, 91, 92].

Within this region the four atom species will not form a homogeneous alloy but will

decompose making it impossible to obtain single crystalline material using equilibrium
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Figure 6.5: Thermionic emission measurement of the conduction band offset between
InAs and Alg 20Ing goAsySby.y. For pillars with a diameter of 700 pm, the TE measurement
was performed at bias voltages between 0.01V to 0.1V. At all bias voltages a &5 of
~80meV was measured.

growth techniques like Liquid Phase Epitaxy (LPE). Since MBE happens far from equi-
librium, it is possible to obtain perfectly mixed alloys with compositions which are impos-
sible with LPE, however, significant challenges may still arise with these regions|[92, 88|.
Figure 6.6 shows binodal and spinodal decompositions lines of Al In; As,Sb;., calculated
at 450 °C.

Reports about the growth of AliIn; As,Sby, at various compositions can be found
in literature, however, most of these works do not specifically study the growth of the
Al In; AsySbi, material and hence little information exists on the effect of the various
growth parameters on the crystal quality and layer composition. An overview of the
compositions and the respective growth temperatures is given in Figure 6.7. Turner et
al. 93] and Wilk et al. [94] report on the growth AlIn; (AsySby, with Al mole fractions
below 0.20 at growth temperatures (Tg) of 430°C and 420°C, while Semenov et al. [8§]
show that compositions with Al mole fractions of up to 0.25 can be grown at a T, of
450 °C to 500 °C. For the greatest flexibility when it comes to designing devices employing
Al In; AsySby.y, composition with higher Al mole fractions have to be investigated and
conditions have to be found which suit the widest range of compositions. The growth of
AliIn;  AsySbyy on GaAs with higher Al mole fractions is reported at a T, well below
400°C. Kudo et al. [95] studied the incorporation of Sb into Al In; (As,Sby, with an Al
mole fraction of 0.5 at a Ty of 350 °C grown on GaAs. The authors report a high dislocation

density, found in a transmission electron microscopy study of the grown material, resulting
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Figure 6.6: Instability region of AlIn;  As,Sb,_, calculated using a regular solid solution
model at 450°C. The binodal isotherm is indicated by the solid line (1). The spinodal
isotherm is given by the dashed line (2). The simulation shows that the instability region
for this alloy is relatively large. Although MBE is a non equilibrium process, the growth
of compositions which reside within the instability region is expected to be challenging.
Taken from [88§].

from the highly lattice-mismatched conditions. It is questionable whether this result is
applicable to the growth of Al,Iny As;Sby, on InAs. Washington-Stokes et al. [96] report
on the growth of Al,In; As,Sb;., with an Al mole fraction between 0.37 and 0.72 at a
T, between 355 °C and 378 °C on GaSb substrates and report good crystal quality for the
grown layers. The influence of the Sb and As beam equivalent pressures (BEP) or the T,
on the quality and composition of the layers is not mentioned.

The lack of information on the growth of Al In; As,Sb;., with Al mole fractions around
0.5 at a Ty above 400 °C suggests that challenges, possible due to its miscibility gap , arise
from such conditions. Since high crystal quality is expected to be achieved at high Ty, the
upper limit for the growth of Al In; (AsySb;, and the dependence of the crystal quality

on the T, have to be investigated.

6.5 MBE Growth of A|0_462|n0_538AsySb1_y

AliIn;  AsySbyy with an aluminum mole fraction fixed to 0.462, was grown on InAs.
The growth rates of AlAs (on InAs) (Rajas) and InAs (Rpas) were determined using
triple superlattice structures. The structure of the samples was adjusted to minimize the

error of the measurement and the obtained growth rates were correlated the measured
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Figure 6.7: Reports on the growth of AlIn; «As,Sb;., found in literature. (a) Compo-
sitions and (b) their respective T,. The dashed lines in (a) indicate the compositions of
Al In; AsySby, which are lattice matched to InAs or GaSb according to Vegard’s Law.
(@ condition explicitly mentioned; the range studied is indicated by the outlined areas)
Semenov et al. [88] grown on InAs; similar results were obtained by Rojas-Ramirez et
al. [97]; (@) Washington-Stokes et al. [96] grown on GaSb; (@) Turner et al. [93| grown on
GaSb; (m) Kudo et al. [95] grown on GaAs; (+) Wilk et al. [94] grown on InAs; (v) Sarney
et al. [98] grown on a lattice-constant shifting AlGalnSb buffer on GaSbh; The regions of
temperature and composition studied within this work are indicated by the gray shaded
areas.

Beam Equivalent Pressure (BEP). Both group III growth rates were kept constant for all
samples. Rajas was set to 0.25 monolayers per second (MLs™!) which corresponds to an
aluminum BEP 1.3 x 107" torr. Riuas was set to 0.29MLs™! equaling an indium BEP
of 4.5 x 107" torr. For the comparison of the group V BEPs to other MBE systems, the
As, flux was calibrated by the (2 x 4) to (4 x 2) transition during growth at different
temperatures and normalized to 1 MLs™!. A fit to the exponential function P, (T) =

a + bee resulted in the parameters a = 0.531 torr, b = 2.14 x 10~ torr, ¢ = 23.24 K.

To find the optimum growth conditions, Ty, Asy BEP (Pas,) and Sby BEP (Pgy,,) were
varied. The range of T, used in this study was 410°C to 480 °C. Since Al,In; «As,Sb;.,
should be used in heterostructures with InAs, Pag, is in principle, dictated by the optimum
BEP to grow high quality InAs [99]. In this study, Pas, was varied in order to investigate
its influence on the composition of Alj4s2Ings538As,Sby.y. The growth parameter regions

investigated in this study are indicated by the gray shaded areas in Figure 6.7.

To investigate the influence of growth parameters, a set of samples was grown in a
Riber 32 MBE system on indium-bonded n+ InAs (001) wafers. For the group V mate-
rials, valved cracking cells were used with the cracking zone temperatures set to 850 °C
and 1000°C to produce As, and Sby respectively. For all samples, first the oxide was
thermally desorbed under Py, of 1.5 x 1075 torr at 510°C for 20 min. The temperature
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Figure 6.8: Reciprocal space maps around the InAs (224) diffraction. (a) The
Alp 462100 533As,Sbyy is fully strained. The in-plane lattice constant (g;) is the same
as that of the substrate while the out-of-plane lattice constant is smaller. (b) The
Alp 462100 538 AsySbyy layer is partially relaxed. The in-plane lattice constant is differ-
ent from that of the substrate. The layer peak is strongly broadened in the w direction
which is a sign of a high dislocation density, resulting from the relaxation.

was then reduced to 480°C where a 150 nm InAs buffer layer was grown to enhance the
surface quality after the desorption of the oxide. Next, the T\, was adjusted to the growth
temperature, at which a 150nm thick Alg462In0538As,Sby.y layer and a 5nm InAs cap,

were grown.

All fabricated heterostructures were measured with HRXRD to investigate the crys-
tal quality and composition. Figure 6.8 shows two typical reciprocal space maps of
Al 462Ing 538As,Sby.y layers. Subfigure (a) shows a fully strained sample for which the
in-plane lattice constant is the same as the that of the substrate. Subfigure (b) shows
a relaxed sample for which both the in-plane and the out-of-plane lattice constants are
different from that of the substrate.

The out-of-plane lattice constant is used to calculate an initial guess for the composition.
Using this composition the stiffness coefficients of the alloy are calculated from table 4.1

using Vegard’s law. The native lattice constant of the alloy is the calculated using

Cll

atg= ———
Ci1 +2C2

((ILJ_ — aL”) + CLLH. (6.8)

From this lattice constant again the composition of the alloy is derived and the stiffness
coefficients are calculated. This process is repeated until the a”, converges. AFM was

used to determine the surface roughness of all samples.
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6.5.1 Influence of the Substrate Temperature
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Figure 6.9: (a) As mole fraction (y) in Algse2Ings3sAs,Shy.y layers with respect to
Pgy, at the values for T, and P, shown in (b-d). Lattice-matching (indicated
by the dashed line at y = 0.588) is only achieved at 410°C. high resolution x-
ray diffraction (HRXRD) measurements around the InAs (004) diffraction of samples
grown at (b) 480°C, Pas,=1.5 x 1075 torr (c) 445°C, Pa,,=4.7 x 1075 torr (d) 410°C,
Pas,—3.0 x 107% torr. Fully strained films are found for samples grown at intermediate
Pgp,, values at 410°C and 445°C. Psgp,, in the subfigures (b-d) given in 1 x 1075 torr
starting from the left most peak: (b): mm 2.13 mm 0.99 (c): = 2.57 w= 1.19 = 1.00 ==
0.54 mm 0.00 (d): =m 2.55 1.19 mm 0.58 == 0.39 mm 0.24 mm 0.00 .

To investigate the incorporation of Sb into Alg 462Ing 538As,Sby.y, three series of samples
were grown. For each series Pag, and the T, were kept constant while Pgp,, was varied.
Pas, was chosen such that high crystal quality InAs can be grown under the same condi-
tions [99]. The results are summarized in Figure 6.9a. It shows that with increasing Pgy,,,
the rate of Sb incorporation is lowered and a maximum achievable Sb mole fraction is ap-
proached asymptotically. Only at a T,y of 410 °C can lattice matching with InAs achieved.
An explanation for this behavior may be found in the As-for-Sb exchange reaction found
for other mixed group V materials like GaAs; Sby [100]. Due to its negative enthalpy,
this reaction is favored with respect to the reverse reaction and its rate rises with T, for
experiments using As,, which is in agreement with our observations.

HRXRD measurements, shown in figure 6.9b-d, show high crystal quality for a Pgy,
between 0.5 x 107%torr and 1 x 107%torr at at Tyof 410°C as well as 1 x 107 torr and
2.5 x 1079 torr at 445°C T,. This is indicated by sharp layer peaks and Pendellosung

64



6.5. MBE Growth of A10.4621n0,538AsySb1_y

) (€) Ry=0.222 (d)
tn.li - = ; =i I

(8]
T (0 445

410

0 0.55 1.2 2.55
Pe,,(10° torr)

Figure 6.10: AFM images of samples grown at 445 °C (a-d) 410 °C (e-h) with root mean
square roughness values (Rq). Pgp, is increased left-to-right. Samples grown at low Pgy,,
show crosshatch due to the high lattice mismatch (a,b,e). At intermediate Pgy,,, smooth
films are obtained (c,d,f,g). At high Pgy,,, high surface roughness is observed (h), scale
bar = 2pm. Peak-to-valley values are: (a) 15.9nm; (b) 3.2nm; (¢) 3.9nm; (d) 6.4 nm;
(e) 23.7nm; (f) 1.8 nm; (g) 1.5nm; (h) 44.2nm.

fringes. At lower Pgp,, the layer peaks are broadened due to partial relaxation resulting
from the high lattice mismatch. At 410°C, even higher Pgy,, also leads to peak broad-
ening. The respective (224) reciprocal space map shows partial relaxation. Strong peak
broadening due to partial relaxation was also found for all samples grown at 480 °C
AFM measurements performed on the same heterostructures, shown in Figure 6.10,
confirm these observations. Layers containing very little Sb show crosshatch patterns, a
sign of partial relaxation. When the Pgy, is increased to values between 0.5 x 1076 torr
and 1 x 107%torr for a Ty of 410°C and 1 x 107%torr and 2.5 x 1079 torr at 445°C, the
surface roughness is dramatically reduced and no sign of crosshatch can be found. At
2.55 x 107 % torr and a T, of 410°C, the measurements show an increased surface rough-
ness. Since these conditions cause a 3-D growth mode it is evident that excess Sby has to

be avoided at low T in order to achieve high crystal quality.

6.5.2 Temperature limit for lattice matching

To determine at which substrate temperature lattice matching can be achieved within
the applied growth parameter limits, a series of samples was grown at the maximum
Sby pressure. At each temperature the As, pressure was chosen by first finding the
(2x4)/(4x2) transition of InAs and then increasing the pressure until a stable (2x4)

reconstruction was observed by RHEED. We consider this pressure the absolute minimum
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for the growth of InAs. For high quality InAs layers, however, an even higher Asy pressure
is necessary. The result is given in figure 6.11. It shows the respective As, pressure
for each temperature (Fig. 6.11(a)) as well as the measured As mole fraction in the
grown Alp 462In0 538 As,Sbyy layer (Fig. 6.11(b)). We can see an almost linear increase
in the As mole fraction found in the Alg462Ing538AsySbiy layer with the temperatures.
The restrictions we applied allow for lattice matching of Al 462100 538As,Sby.y, with InAs,

indicated by the dashed line, only at growth temperatures of 445°C and below.
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Figure 6.11: Maximum achievable As mole fraction (y) in Algag2Ings3sAs,Sbyy at
Psp,=2.5x107 torr. The As, pressure was chosen such that InAs changes from a (2x4) to
a (4x2) RHEED reconstruction, this is considered the absolute minimum to grow InAs,
although the As, pressure for optimal InAs quality should be higher. At the constant Shy
pressure used in this experiment, lattice matched Alj 462Ing 538 AsySbi.y can only be grown
at substrate temperatures of 445 °C and below

6.5.3 Influence of Pa,

Although it is convenient to keep Pps, at a value that is optimal for the growth of the
InAs throughout the whole growth, it is possible to change the conditions for each layer,
since modern As cracking cells are equipped with valves that allow for the quick change
of the flux. It could be beneficial to change Pjs, to a lower value for the growth of
AliIn;  AsySbyy in order to achieve a lower As mole fraction in the layer and hereby
circumvent the restrictions imposed by the growth of InAs. To investigate the influence

of Pas, on the composition of Al 462Ing 538 AsySby.y, a series of samples was grown in which
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Figure 6.12: (a) Arsenic mole fraction and (b) root mean square surface roughness (Rq)
of Alj a62Ing 538As,Sby., with respect to Pag,, at two different Pgy,, values and Ty=445°C.
Lattice matching with InAs is indicated by the dashed line in (a). By decreasing Pas,,
the As fraction in the grown layer is decreased. The minimum of the surface roughness
was found around Pyy, = 4 x 1070 torr. Below Pag, = 3 X 10~ torr no epitaxial grown is
possible under these conditions

Pgp, (1 x 107%torr and 2.5 x 107% torr) and the growth temperature (T, = 445°C) were
kept constant while P s, was varied. AFM measurements of these samples are shown in
Figure 6.13. From Figure 6.12a it can be seen that, as expected, decreasing Pus, leads
to a lower As concentration (y) in the layer. Figure 6.12b, shows that the Pag, can only
be adjusted within a very small range since too little As, leads to a dramatic increase in
surface roughness, due a 3-D growth mode (Figure 6.13c). This behavior is even more
pronounced for samples grown at Pg,, of 2.5 x 107¢torr (Figure 6.13a). When Py, is
decreased below ~3 x 1079 torr no epitaxial growth is possible, illustrating that there is a
lower limit to the Pag,. This was determined by both a vanishing RHEED pattern during
growth and the absence of a layer peak in the HRXRD measurement.

6.5.4 SEM and EDX measurements on Alg462Ing 538As,Sb;.y films

To understand its origin, samples showing high roughness but no cross hatch in the AFM
analysis have been inspected by SEM and EDX. The micrographs of these samples are
shown in Figure 6.14. Figure 6.14a shows the effect of low P44, on the surface morphol-
ogy. The too low As flux on the surface leads to a lower surface mobility of the group

ITI adatoms, breaking the layer-by-layer growth mode and resulting in a rough surface.
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Figure 6.13: AFM images of samples grown at 445°C at Pg,, = 1.0 x 1075 torr and
2.5 x 107%torr. P, is increased left-to-right. At both values of Pgp,, smooth films were
obtained at a P, of 4.8 x 1070 torr. When P, is reduced below this value, the roughness
is increased dramatically. This is even more pronounced at the higher value of Pgy,,
indicating that this behavior is not caused by a too low total group V flux. It can be
concluded that in absence of As, high values of Pgy,, are causing the roughening of the
surface. Growing Alp 462110 535 As,Sbyy at Pgp,0f 1 x 107 torr and Pag, of 6.4 x 107 torr
leads to a high lattice mismatch, which is causes crosshatch and an increased surface
roughness. Scale bar = 2um. Peak-to-valley values are: (a) 236.2nm; (b) 6.4nm; (c)
103.6 nm; (d) 6.9nm; (e) 2.9nm; (f) 13.2nm.

EDX measurements at different spots of the sample show that the four atom species
(AlIn,As,Sb) are equally distributed (o < 0.5at.%). Figure 6.14b shows the effect of
high Pgp, at low T,. Similar to Figure 6.14a 3-D growth was found. Since this sample
was grown with excess Pasg,, group V deficiency can be ruled out as the source. As for the
previous sample, the EDX analysis showed that all four atom species are homogeneously
distributed (0 < 0.5at.%). Increasing Psgp,, well beyond lattice-matching seems to limit
the diffusion length of the group III elements and promote a 3-D growth mode. For both
sample (a) and (b) no signs of phase separation due to immiscibility were found and the
3-D morphology seems to be caused by the I11I/V BEP ratios.

High surface roughness was also found for the sample shown in Figure 6.14(c). Unlike
for samples (a) and (b) it seems to be due to crystallites with an octagonal base that are
well ordered to the substrate. The EDX measurement on this sample, shown in figure
6.15, shows that the crystallites are rich in antimony while in the surrounding area the
composition is close to that found in the HRXRD study. Al and In are homogeneously
distributed across the whole sample. This result suggests that Alye2Ing 538 As,Sby.y de-

composes into Al In;_ As and AlIn;,Sb under these conditions.
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Figure 6.14: Samples that exhibited high surface roughness but no cross hatch in the
AFM analysis have been measured by Scanning Electron Microscopy (SEM). (a) corre-
sponds to Figure 6.13c: Ty = 445°C,Pas, = 2.9 x 107%torr, Pgp,, = 1.0 x 10~ % torr. 3-D
island growth, caused by a low Asy coverage of the sample, was found. EDX measurements
show homogeneous distributions of Al, In, As and Sb; (b) corresponds to Figure 6.10h:
Ty = 410°C,Pas, = 3 x 1079 torr, Pgp, = 2.55 x 10 % torr. 3-D island growth, seem to
be caused by a too high Sby flux. Al In, As and Sb are homogeneously distributed
according to the EDX analysis; (c) corresponds to Figure 6.13a: T, = 445°C,Pa,, =
3.3 x 10~%torr, Pgp, = 2.5 x 107 %torr. Octagonally shaped, well order crystallites are
found on this samples. The EDX study shows that the crystallites are rich in Sb with
respect to the surrounding area. Scale bar = (4 pm).

In literature it usually assumed that Sb does not behave like As, which can be assumed
to have a non-zero sticking coefficient only in the presence of group III atoms, and its
sticking coefficient can be assumed to be independent of the group III pressures[101].
As we have seen, however, the rate of incorporation of Sb is lowered at higher Pgyp,. It
is therefore important to understand if the excess Sb leaves the crystal surface or if it
segregates or forms clusters which deteriorate the crystal quality. An EDX study was

carried out in order to determine if excess Sb can be found in the AlIn; (As,Sb.y layers.

Due to their high energy, incident electrons are able to travel great distances in the
sample. At each encounter with an atom in the sample the incident electrons may change
their trajectory which leads to a chaotic path. As shown in figure 6.16 (a), the interaction
volume of the incident electrons with the sample is a pear or spherically shaped region
beneath the focal point of the electron beam. Secondary electrons from a region a few
10nm into the sample can be used for Scanning Electron Microscopy. Due to their low
energy, secondary electrons from regions deeper in the sample will not escape be able to

escape.

Since the size of the interaction volume can extend up to a few pm both the lateral as
well as the depth resolution of EDX is disadvantageous for the characterization of thin

films with thicknesses in the range of a few 10nm since the signal will be a mix of the
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Spectrum Al As In Sb
Spectrum 1 6.20 24.78 41.45 27.57
Spectrum 2 6.91 42.72 43.69 6.67
Spectrum 3 7.17 42.56 43.85 6.42
Spectrum 4 6.94 42.76 44.20 6.09
Spectrum 5 6.82 42.93 44.21 6.04
Spectrum 6 6.36 33.52 41.96 18.16
Spectrum 7 6.53 35.87 41.81 15.78
Spectrum 8 6.81 33.86 41.11 18.23

Figure 6.15: EDX measurements performed on and off of the octagonally shaped crystal-
lites. Measurements performed on the crystallites show a higher concentration of Sb then
those performed in between the crystallites. This measurement lets us conclude that the
Al In; AsySby.y is decomposing into Al In; As and AlAs; Sby under these conditions.

Scale bar = 6.0 pm.
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Figure 6.16: (a) EDX interaction volume and (b) comparison of the composition ac-
quired by EDX and HRXRD. Due to the large interaction penetration depth of the in-
cident electrons the EDX signal is a mix of the compositions of the Al 462100 538As,Sb.y
layer and the InAs substrate. The As content of the Alj4g2Ing 538AsySbyy, layer can be
calculated when the Al to In ratio is know. (b) shows that the compositions obtained
from EDX and HRXRD match sufficiently. It can be concluded that no excess Sb is in
the A10_4621n0_538ASySb1_y layer.

composition of the AliIn; As,Sbyy layer and the InAs substrate.
For AliIn; As,Sby.y, however, the As mole fraction can be calculated if the ratio be-
tween Al and In in the layer is known. Since this ratio is given by the ratio of the growth

rates the As mole fraction (y) can be calculated by

B Sbedx
Aleax (1 + %> ‘

Gral

y=1 (6.9)

Figure 6.16 (b) shows a comparison between the composition obtained by HRXRD and
EDX. Although EDX is not the optimal method to determine the composition of such
thin films, both results are close enough to each other that we can conclude that no excess

Sb remains in the layer.

6.6 Discussion

A summary of all samples used in this study that have been grown at T,=445°C (a) and
410°C (b) is given in Figure 6.17. In both cases, a large Pag,/Psgp, ratio leads to cross
hatch, due to a large lattice mismatch. For a Ty of 445°C, a P, below 3.3 x 107 torr

leads to a rough surface. Roughening was also found for samples grown at a T, of
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410°C for the highest Pgy,, of 2.5 x 107% torr. While partial relaxation was found in the
reciprocal space map around the InAs (224), the roughening seems to be mainly caused by
the high Pgy,, since no sign of cross hatch was found in either EDX or AFM measurements.
Growing at higher Pgy,, at a Ty of 445 °C results in lower film quality, due to the formation
of ordered crystallites with an octagonal base. Since these crystallites were found to be
rich in Sb in the EDXEDX analysis, it appears that decomposition, probably due to the
miscibility gap of the material occurs under these conditions. A first order approximation,
shown as the gray shaded area in Figure 6.17, was used to locate the region of pressures
for which lattice matching can be expected. At a T, of 445°C this region is close, if not
within, the region which leads to decomposition and the formation of Sb rich crystallites.
At a Ty of 410°C the region at which lattice matching is expected is far below the region
for which the roughening due to high Pgy, is observed and the growth of lattice-matched
high quality material is easily achieved.

The data presented in this study suggests that a T, of 445°C is the upper limit for
lattice matched growth of Al 462In¢538As,Sby.y. For a stable growth and high quality
material, however, it is advised to use even lower T,. This is even more critical if the

conditions for high-quality InAs and Al 462110 533 As,Sb1y have to be met simultaneously.
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Figure 6.17: Summary of all samples used in this study that have been grown at

T,=445°C (a) and 410°C (b).

At both Ty, high Pag,/Psp, ratios lead to cross hatch

due to a large lattice mismatch. For a T, of 445°C, Pag, below 3.3 x 10~ % torr leads to a
rough surface. Growth performed at high Pgy,, leads to the formation of crystallites which
suggest that the material is decomposing due to the miscibility gap. At higher values
of Pas, high quality material is grown. At this T, the region in which lattice matching
can be achieved is close to the region for which the formation of crystallites is observed.
Samples grown at a T, of 410°C show roughening of the surface at high Pg,,. At this
T, the region in which lattice matching is possible is far away from the region in which

surface roughening was found.
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CHAPTER [/

GaAsSb as a Model System for Group V mixing

We have seen that the growth of II1/V semiconductors in which As and Sb are mixed
is non trivial in MBE and extensive tuning of the growth parameters is necessary in or-
der to achieve high-quality material. GaAs; Sby is an interesting material to study the
incorporation of As and Sb since only one group III material is present in this alloy an
thus the mixing of the two group V elements can be examined separately. Moreover,
the crystal quality with respect to growth parameters like T, III/V ratio and V/V ra-
tio can be examined without the necessity to also control a III/III ratio. This limits
the room for interpretations and facilitates the collection of reliable data. Furthermore,
Gag.47Ing 53As/GaAsg 51Sbg 49 based structures are interesting for many different fields of
research like MIR-devices[102, 103, 104, 105], THz-QCLs[106, 53, 107], resonant tunneling
diodes|[108, 109, 110] where enhanced crystal quality may lead to higher performance as
well as basic material characterization[111, 112]. Figure 7.1 shows an overview of the InP

family, i.e. III/V semiconductors which can be grown lattice-matched to InP.

7.1 The Gag47Ings53As/GaAsy51Sbg a9 material system

GayIn;_ As and GaAs;_Sby lattice matched to InP form a material system which shows
promising properties for THz-QCLs. The low effective electron mass in the well (Gag 47Ing 53As)
of 0.043m,[113] can provide higher gain in these structures while the low effective electron
mass in the barrier (GaAsgs51Sb.49) of 0.045m,[114] allows the use of thicker barriers for

THz-QCL structures which are easier to control in terms of growth.
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Figure 7.1: Band Gap versus lattice constant of III/V semiconductors. Direct band gap
semiconductors are displayed in blue, indirect band gap semiconductors are shown in red.
Ternary alloys are indicated by the curves connecting the binary components. The ternary
alloys Gay,IniAs, Al In;_As and GaAs;_Sb, which can be grown lattice matched to InP
are highlighted.
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Figure 7.2: Band alignment of the Gag 47Ings3As/GaAsgs1Sbg.49/InP material system.
Gag47Ings3As and GaAsys1Sbgag show a type two band alignment with a conduction
band offset of 360 meV. The large band gap of InP allows for the fabrication of dielectric
waveguides for MIR applications.
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7.2. Crystal Quality of GaAs;_Sb, with Respect to the Substrate Temperature

The materials shows a type II band alignment, i.e. the conduction band maximum is
one material while the valence band minimum is in the other material, and a conduction
band offset of 360 meV, which is high enough to allow for the design of MID-infrared
lasers but also not too high to design excellent THz-QCL structures. InP can be used
to create efficient dielectric waveguides for MID-infrared devices made from this material
system, since it allows for good confinement of the optical modes. The band alignment
of this material system is shown in figure 7.2

In terms of maximum operation temperature, THz-QCLs made from this material are
on par with the much more mature Gag 47Ing 53As/Alg 48Ing 50As material system, and it
can be expected that enhanced growth methods will enable it to outperform this ma-
terial system in the future. Table 7.1 shows a comparison of the maximum operation

temperatures of THz-QCLs made from different material systems.

Material Conduction Band Thinnest T hax
System Offset Layer (THz QCL)
GaAs/Aly15GaggsAs 120 meV 2nm 199.5 K (Waterloo|43])
IHO.53Ga0.47AS/GaASO_518b0_4g 360 meV 1nm 142 K (TU—WIGH[54])
IHO.53 Gao.47AS/IH0.53A10A47AS 520 meV 0.3nm 145K (TU—WIGH)

Table 7.1: Comparison of maximum operation temperatures of different THz-QCLs
materials. In terms of maximum operation temperature, THz-QCLs produced from
the Gag47Ings3As/GaAsgs1Sbg.49 material system is on par with devices produced from
Gag.47Ing 53As/ Al 4sIng s0As. Due to the lower effective mass in the barrier material and
the lower conduction band offset, much thicker barrier layers can be grown for similar
structures which is a clear advantage in terms of growth control.

7.2 Crystal Quality of GaAs; ,Sb, with Respect to the

Substrate Temperature

We have seen in section 6 that the substrate temperature has a strong influence on the
crystal quality of AliIn; As,Sbyy. Since in GaAs;Sby the same group V metals are
mixed we can expect a similar behavior for this material.

To evaluate the influence of the growth temperature on the quality of the grown ma-
terial, a set of samples has been grown at substrate temperatures of 480°C to 400°C
and examined by HRXRD. Figure 7.3 (a~d) show reciprocal space maps around the InAs
(004) diffraction peak. The scans are aligned on the InAs peak and the peaks originating
from the GaAs;_Sby layers are highlighted by the red box. The third peak in each scan
originates from the GayIn;_,As buffer layer. The shifting of the position of this layer in
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Figure 7.3: Rocking curve broadening of the GaAs;_,Sby layer peak versus tempera-
ture. The full width at half maximum (FWHM) of the GaAs;_(Sh, peak drop from over
300 arcsec to a few 10 arcsec when the T is lowered from 480 °C to 400 °C. This indicated
a strong increase in the layer quality at lower growth temperatures.

the different samples can be explained by a slow depletion of the Ga cell throughout the
experiment. However, relaxation of this layer can be ruled out, since the composition
of the buffer layer is close enough to the lattice matched composition at the given layer
thickness. Although it is evident that the Ga flux changed during the experiment, the
change is on the order of 10 % and can be neglected.

It can clearly be seen that temperatures of 430°C and above lead to significant peak
broadening in the w-direction which shows the presence of a high density of dislocations
and mosaic spread which are clear indications of inaccurate growth conditions. Figure
7.3(e) supports this observation. Here we see the direct comparison of coupled w /20 scans
performed on the same samples. The peak broadening, for samples grown at 430 °C and
above, can also be clearly seen in these scans. Moreover, we find a two orders of magnitude
higher peak intensity for the low temperature sample and the onset of Pendel6sung fringes
which both indicates high crystal quality. These findings are summarized in figure 7.3(f)
which shows the FWHM of the GaAs;_,Sb, peak in omega direction. We can see a
clear trend to a lower peak width, and hence, higher crystal quality at lower substrate
temperatures.

An interesting side effect of a low substrate temperature can be seen when we look at
the homogeneity of the composition of the GaAs;_,Shy layer between the center and the

edge of the sample. Figures 7.4(a-d) show the coupled w/26 scans of samples grown at
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substrate temperatures from 480 °C to 400 °C. For the sample grown at 480 °C we find a
peak shift of almost 250 arcsec which corresponds to a shift in composition from 46.7 % to
43.1% over a distance of about 16 mm. Between 460°C and 430°C the peak shift drops

down to ~50arcsec and it vanishes at a T, of 400°C.

The observed shift in the GaAs;_Sb, composition can not be related to the geometry
of the MBE system since, 1) all cells in the MBE system have the same distance and
are under the same angle to the substrate, and 2) a composition shift would have to
be found for the GayIn;. As layers as well. Consequently, the shift is attributed to the
temperature distribution on the wafer and the temperature dependent incorporation of
Sb into GaAs;_Sby.

It is evident that such a strong shift in composition is a drawback for reliable production
of GaAs;_,Shy based devices and hence, also from the perspective of homogeneity low-

temperature growth of this material is favorable.
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Figure 7.4: Distribution of the composition across a quarter wafer. The composition of
the GaAs;_Sb, layer is measured in six steps from the center to the edge of the wafer. At
a Ty of 480°C layer peak shifts ~250 arcsec over a distance of ~16 mm. This corresponds
to a change in the As mole fraction from 46.7 % to 43.1%. The peak shift is greatly
reduced when the T, is lowered and is negligible at T, below 430 °C.
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7.3 Incorporation of Sb into GaAs;_,Sb,

This section is based on Ref [115].

The search for concepts which allow for higher performance of these devices shifts the
focus of the research towards low effective electron mass well materials like GayIn;_,As[53,
103] and InAs|116, 117, 118, 119|, and thus compounds containing Sb, like GaAs;_Sby or
Al In;  As,Sb; [89], become more and more interesting as barrier materials. The growth
of high quality layers of these materials, however, is still challenging since the presence
of two group V species creates a non-trivial growth environment. GaAs;Sb, is an ideal
material to study the interaction between As and Sb, since the presence of only one
group III material limits the space for interpretations of the experimental results. MBE
growth of GaAs;,Sby was first demonstrated by Chang et. al. in 1977[120]. Nakata
and coworkers[121] have grown high quality layers of GaAs;Sb, using Ass and Sby at
substrate temperatures between 470 °C and 490 °C and a growth rate of 1.3pmh~!. Since
then, numerous publications were devoted to understanding the incorporation of As and
Sb into this alloy.

The inverse relation between the growth temperature (Ty) and the incorporation of
Sb into GaAs;_,Sby was first demonstrated by Klem et. al.[122] and is generally agreed
on in literature. The role of the growth rate, however, is still subject to debate. Al-
muneau et. al. reported on the incorporation of Sb into GaAs;_Sby, AlAs;,Sb, and
Al,Gay  AsySby([123]. For all three alloys, a linear relation between the Sb flux, normal-
ized by the total flux of the group III elements, and the Sb mole fraction in the layer was
found. From these results, it was concluded that the incorporation of Sb has to be close to
unity. Similarly, Semenov et. al. found an increasing As mole fraction in GaAs;.,Sby and
Al,Gay  AsySby_y alloys for increasing group III fluxes and constant group V fluxes[124].
This is attributed to the fact that higher growth rates will lead to a shortage of Sb and

unoccupied lattice sites will be filled by excess As.

On the other hand, the reverse has also been stated by other authors. An inverse
relation between the As mole fraction in GaAs;_Shy layers and the arrival rate of Ga
atoms was first reported by Klem et. al. in 1987[125|, i.e. higher Pg, results in higher
Sb incorporation. The same effect has been observed by Bosacchi and coworkers|126] for
GaAs;_Sby layers grown on GaAs substrates. The authors concluded that the incorpora-
tion of Sb into GaAs;_Shy is more effective at higher growth rates since the availability
of Ga sites on the growing surface promotes the dissociation of the Sb species. Sun and
coworkers[127] grew layers of GaAs;,Sb, on GaAs at growth rates between 0.2 MLs™!
and 0.9MLs™!. At growth rates above 0.8 MLs™! the authors find a saturation of the
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7.3. Incorporation of Sb into GaAs;_,Sby

Sb mole fraction, and hence, conclude that the growth rate dependence of the compo-
sition can be eliminated if the growth is performed at the higher growth rates. The
authors assume that high growth rates, and hence, availability of Ga sites, prevents the
desorption of Sb which leads to an increase in the incorporation efficiency. Selvig et. al.
analyzed GaAs;.Sby and Al,Ga; «As,Sbyy layers with Sb mole fractions up to 0.2, grown
on GaSb substrates[128]. It was found that the incorporation of Sb is decreased at the
lower growth rate. The authors conclude that the lower Sb composition which is found if
the GaAs;_.Shy layer is grown at the lower growth rate is due to an As-for-Sb exchange
reaction which happens at the growing surface.

We can see that the reports on the growth of GaAs; Sby by MBE strongly disagree
on the incorporation behavior of Sb. While some authors find an increase in the Sb mole
fraction with the growth rate, others find the opposite behavior. Moreover, the authors
reporting to find an increase of the Sb mole fraction with the growth rate present very
different explanations for this effect. Hence, an in depth study of the effect of the growth
rate on the composition of GaAs;_,Sb, is necessary in order to understand the mechanisms
that define the final layer composition.

In order to investigate the incorporation of Sb into GaAs;.Shy, a set of samples was
grown in a Riber Compact 21 MBE system on free-standing n-+ InP (001) wafers. Within
this set, the growth rate (Rgqassp) was varied between 0.195 MLs™! and 1.56 MLs™!. The
range of Pgy,, was between 5 x 1077 torr and 1.0 x 107 torr, a P, between 2.8 x 1076 torr
and 1.1 x 107° torr was used, and the T, was varied from 400 °C to 460 °C. All pressures in
this work are given as absolute values without correction for the specific molecular species.
For the group V materials, valved cracking cells were used with the cracking zone tem-
peratures set to 850 °C and 1000 °C to produce As, and Sby respectively. For all samples,
first the oxide was thermally desorbed under P,q, of 1.1 x 107° torr at 520°C. The tem-
perature was then reduced to the growth temperature were a 50 nm thick Gag47Ings3As
buffer layer and a 400 nm thick GaAs;_Sby layer were grown. All samples were measured

with HRXRD to determine their crystal quality and composition.

7.3.1 Growth rate dependence of the Sb incorporation

To understand the influence of the growth rate on the composition of GaAs;_,Sb,, four
sets of samples have been grown at a Ty of 400 °C and 460 °C. For each set, Ty, Pas, and
Pgp, were kept constant, while the Rgaassp was varied. The results are given in figure
7.5. All samples show a decrease in the As mole fraction with increasing Rgaassp on
the low growth rate side (Rgaassp between 0 MLs™ and 0.5 x 107® MLs™!), which is in
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Figure 7.5: (a) Composition of GaAs; ,Sby over the growth rate Rgaassp at different Pa,,

Pgp, and T,. On the high growth rate side the As mole fraction rises with the growth

Pgp,, . )
PSb2 is decreasing. The
Ga

rate since for each curve the Pgy,, is constant and hence the ratio

dashed lines indicate a fit to 1 — C' 1;:2’2 via C'. On the low growth rate side the As mole

fraction is rising with the falling growth rate. Supplying less Sby (b) leads to a higher As
mole fraction. Supplying less As, (c) leads to a lower As mole fraction in the GaAs;_,Sbhy
layer. On the high growth rate side, samples grown at a T, of 400 °C and 460 °C (d) show
an almost identical behavior. On the low growth rate side, the incorporation of Sb into
GaAs_Sby is strongly decreased at the higher temperature.

agreement with refs. [125, 126, 127, 128]. On the high growth rate side, however, the As
mole fraction is increasing with rising Rgaassy as reported in refs. [123, 124|. Depending
on the actual set of parameters chosen in each of these publications, the authors only
saw either the low or the high growth rate side which resulted in the discrepancy in their

reports.

In order to gain further insight, samples were grown at different values for Ty, Pas,
and Pgp,,. We find that a decrease of Pgy,, under otherwise identical conditions, leads to
a shift of the measured compositions in the GaAs; Sb, layers towards higher As mole
fractions (figure 7.5 (b)). While this seams to be an obvious result, is should be noted
that the effect is much more dramatic on the high growth rate side of the experiment,

than on the low growth rate side.
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Figure 7.6: As mole fraction with respect to the ratio at different growth rates. At

the lowest growth rate a PSGb2 ratio of 6 is necessary to achieve lattice matching with InP.

For the higher growth rates the incorporation efficiency is greatly enhanced and only a

Sbg
Pga

ratio of ~1.5 is necessary.

If we assume a temperature dependent but otherwise constant incorporation coefficient

for Sb, as described in refs. [123, 124], the arsenic mole fraction should be given by

Dgy,

—1-C
x Sb Dy

(7.1)

for CSb(I)gb < @Ga, and
x=0 (7.2)

for Cp®gp > Py Since P, X Pga, for fixed Pag, and Pgp,, the arsenic mole fraction
should be a monotonically rising function

Pgy,,

=1-C
v PGa’

(7.3)

with C' being constant for a given T,. On the high growth rate side, the compositions of
the GaAs;_,Sby layers approach this trend, as indicated by the dashed lines in figure 7.5

(a).
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We can conclude that the composition at high growth rates is strongly dependent on
the arrival rate of Sby molecules, while a different effect limits the incorporation of Sb
into the GaAs;_Sb, layer at the low growth rates.

A drastic decrease of the Pug, shifts the curve even further towards lower As mole
fractions. Especially on the low growth rate side we see that competition between As and
Sb strongly influence the final composition of the GaAs; Sby layers.

The change in the incorporation efficiency of Sb into GaAs;.Sb, with respect to the

Pgb,
Pga

growth rate can clearly be observed if we plot the composition over the ratio for fixed
growth rates. Figure 7.6 shows the as mole fraction for growth rates between 0.195 ML s™!

and 0.585 MLs™!. We can see that, at a growth rate of 0.195MLs™ !, a PSbe ratio of just

Pga

over 6 is required to achieve lattice matching with InP. At growth rates of 0.390 ML s~}
and 0.585MLs™! a };S—:j ratio of roughly 1.5 is sufficient. Moreover, the highest growth
rate shows the steepest decrease in the As mole fraction with rising Pgy,.

The fourfold increase in the incorporation efficiency clearly shows the importance of

the growth rate as a growth parameter for the growth of GaAs; Shy.

7.3.2 Temperature dependence of the Sb incorporation

In the previous sections we have seen that the crystal quality of GaAs;Sb, as well as
the incorporation of Sb into GaAs;_,Shy are strongly temperature dependent. Numerous
authors studied the influence of the T;. We have seen how the growth rate and the fluxes
of the source materials influence the incorporation of Sb into GaAs;_.Sby. In the following
experiment we will see the influence of the T, on the incorporation. The samples were
grown at growth rates between 0.195 MLs™! and 0.780 ML s~ at T, of 400 °C and 460 °C,
Pas, of 1.1 x 107 torr and Pgy,, of 1.0 x 1075 torr. The results are shown in figure 7.5(d).
We can see that there is an almost perfect overlap with the samples grown at T, of 400 °C
on the high growth rate side. This indicates that the sticking of Sb does not depend on
T, in this temperature range, and that this slope is solely dependent on the I;S—(:’: fraction.
On the low growth rate side, however, we see a strong increase in the As mole fraction at
the higher T,,. The experiment, however, shows a rise in the As mole fraction with rising
T,. This indicates that the lower incorporation efficiency of Sb is due to a process which

happens at an increasing rate at elevated temperatures.

7.3.3 Crystal quality with respect to the growth rate

In addition to the composition of the GaAs;Sby layers, their crystal quality might give

a hint on the incorporation of Sb. In order to understand the influence of the growth rate
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on the crystal quality, samples grown at different growth rates but similar compositions
were examined by HRXRD.

A comparison of the crystal quality of GaAs;_Sby layers grown at 0.227 MLs~! and at
0.870 MLs™!

layers. The sample grown at the lower growth rate shows a FWHM of 258 arcsec while

is shown in figure 7.7. Subfigure (a) shows the rocking curve scans of the two

the peak corresponding to the layer grown at the high growth rate shows a FWHM of
only 36 arcsec. HRXRD Reciprocal Space Maps (RSMs) around the InP (224) diffraction
peaks of the two layers are shown in subfigures (b) and (¢). The in-plane lattice constant
measured for the layer grown at the low growth rate deviates from that of the InP sub-
strate, indicating partial relaxation. Using the measured in-plane and out-of-plane lattice
constants and using the stiffness components given in ref [31], a relaxation of 25 % was
calculated. The layer, grown at the higher growth rate (subfigure (c)) shows no deviation

in the in-plane lattice constant and hence can be assumed to be fully strained.
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Figure 7.7: Rockingcurve (a) and RSM(b,c) scans of GaAs; Sby layers grown at different
growth rates. The sample grown at the lower growth rate of 0.195 MLs™! shows FWHM
of 250 arcsec, while the layer grown at 0.585 ML s™! shows a FWHM of only 8 arcsec. The
RSMs around the InAs (224) diffraction peak show a relaxation of 25 % for the GaAs;_Sby
layer grown at the low growth rate and a fully strained layer for the sample grown at the
high growth rate.
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The effect of early relaxation can also be seen by comparing the crystal quality of highly
lattice mismatched layers. The two samples shown in figure 7.5 (b) which have been grown
at the lower Py, and at a Rgaassp of ~0.45 ML s™! and 0.88 ML s™! have almost identical
compositions. However, the layer grown at the higher growth rate shows a rocking curve
peak FWHM of 1140 arcsec while the layer grown at the lower growth rate shows a peak
with of 1710 arcsec which is an increase of about 50 %. This observation indicates that
the mechanism, controlling the Sb incorporation at low growth rates, facilitates the strain
relaxation in the GaAs;_Shy layers.

From these results we can conclude that the crystal quality of GaAs;_,Sb, layers is not
solely defined by the relaxation due to lattice mismatch. Layers grown at low growth
rates already show partial relaxation at compositions which yield a fully strained layer

when a high growth rate is used.

7.4 Discussion

Different mechanisms for the incorporation of Sb into GaAs;_,Shy layers were proposed
in literature. Semenov and coworkers found an increase in the As mole fraction with
increasing growth rates and attributed this to a shortage of Sb. These observations can
be confirmed for the high growth rate side of the experiment. Three independent studies
found a decrease in the As mole fraction with an increasing growth rate and provided
different theories to explain their observations. Sun et. al. suggested that this increase in
the Sb mole fraction is related to the availability of Ga sites which prevent the desorption
of Sb species, and hence, increase the incorporation of Sb into the GaAs;_Sby layers.
Under this assumption, the sticking coefficient of Sb would have to increase super linearly
with the availability of Ga sites since the 5—2’; fraction is decreasing when the Rgaassp
is raised. Furthermore, the Sb sticking coefficient should be independent of the Pgp,.
Hence, increasing Pgp,, would have a similar effect on the high and on the low growth
rate side of the experiment. In figure 7.5, however, we see that increasing the Pgp, has
a much stronger effect on the high growth rate side. Moreover, the incorporation of As
would have to be independent of the Rgaassh, since it would counteract the increase in
the Sb mole fraction. Bosacchi et. al. suggested that the dissociation of Sby into Shs
is enhanced when a higher density of Ga sites is available. The arguments which speak
against this mechanism proposed, by Sun et. al., can also be applied to this theory.
Moreover, an enhanced incorporation of Sb at higher growth rates was also found when
Sb, is cracked into Sbhy by using a cracker cell. This indicates that dissociation of Shy is

not the predominant mechanism in this experiment.
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In figure 7.5 we also see that the growth temperature has a stronger influence on the
composition of the GaAs;_Sby layer at low growth rates. The fact that the high growth
rate side for both curves overlap shows that the desorption of Sb is only slightly depen-
dent of the T, in this temperature range. This agrees with line-of-sight quatropole mass
spectrometry (QMS) measurements by Kaspi and coworkers[129, 130]. Since the desorp-
tion of Ga can be neglected at these temperatures|131] and, hence, the availability of Ga
sites is temperature independent, the difference between the GaAs; Sb, layers grown at
different temperatures has to be explained by a different effect. Both mechanisms can-
not provide an explanation for 1) the lower Sb incorporation at elevated T, and 2) the

enhanced tendency for relaxation of GaAs;_Sb, layers grown at low growth rates.

Selvig and coworkers conclude that the increase in the Sb mole fraction with higher
growth rates is related to an As-for-Sb exchange reaction which takes place at the growth
surface[128]. According to this mechanism, the Sb mole fraction increases with the growth
rate since the time an Sb site is exposed to As flux decreases, and hence, the rate at which
this event takes place is reduced. The As-for-Sb exchange reaction was previously studied
by Losurdo and coworkers[100] by exposing steady GaAs and GaSb surfaces to Sb and As
flux respectively. The authors found a transformation of the GaSbh into GaAs while the
reverse reaction is not found and conclude that the As for Sb exchange is favored due to

the difference in the enthalpy of formation of the two reactions
2GaSb + Asy — 2GaAs + Sby, AH® = —47.6 kJmol ™! (7.4)

and
GaSb + Asy — GaAs + AsSby, AH® = —33.9 kJmol ™! (7.5)

with respect to the reverse reactions
2GaAs + Sby — 2GaSb + Asy, AH® = 47.6 kJmol ™" (7.6)

and
GaAs + Sby — GaSb + AsSby, AH® = 13.7 kJmol ™. (7.7)

Transmission electron microscopy (TEM) analysis of GaAs layers exposed to Shy flux
show relatively smooth interfaces while GaSb layers exposed to As, flux show As-Sb
clusters. This mechanism provides a good explanation for all the phenomena which have
been found regarding the incorporation of Sb into GaAs;_Sb, layers. Since the exchange

reaction takes place at the growing surface, the chance for an Sb atom to be replaced by
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an As atom is larger at the lower the growth rate. At higher T, the reaction happens
more frequently since the energy barrier for this reaction is more easily overcome. Since
the imperfections such as particulates and impurities strongly influence the relaxation
of strain in epitaxial layers [132, 133], the early relaxation of GaAs;,Shy layers grown
at low growth rates can be linked to the presence of AsSb clusters originating from the
As-for-Sh exchange reaction. Of the three mechanisms proposed in literature to describe
the incorporation of Sb into GaAs;_Sby layers the As-for-Sb exchange reaction is the only
one which can describe all aspects found in the experiments.

In conclusion, the incorporation of Sb into GaAs;_Sb, layers grown on InP by MBE
was studied, and the results were compared to studies on this topic found in literature.

It was found that the incorporation of Sb is strongly dependent on the Rgaassy,. At high

Pgb,
Paa

As-for-Sb exchange reaction inhibits the incorporation of Sb and leads early relaxation of

growth rates, the Sb mole fraction is limited by the ratio. At low growth rates the

lattice mismatched layers. It is evident that the growth rate is an important parameter

for both composition and crystal quality of mixed As-Sb compounds.
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CHAPTER 8

Low Temperature Grown InAs Based Intersubband Devices

The experimental data presented in this work show that low T, is necessary in order to
achieve high crystal quality for both, InAs and Alg 462Ing 538 As,Sbyy. Growth performed
at very low T, however, can lead to low device performance due to a deterioration of the
optical properties and interface quality of the grown materials[134, 135]. To ensure that
the requirement to grow at low a T, does not prevent the realization of inter-subband
devices, InAs-based devices using AlAs; «Sby barriers were designed and grown at a T,
of 400 °C.

Due to it’s high conduction band offset of approximately 2.1eV InAs/AlAs; Shy is
an interesting material for short-wavelength intersubband devices. Moreover, it’s low
effective electron mass of m, = 0.021mg in the well should provide an advantage over other
material systems. For THz structures, however, the high conduction band offset requires
the growth of very thin layers which are challenging to control by MBE. Nevertheless, a
THz-structure was grown since the low electron effective mass of InAs is expected to be

very advantageous for this type of structure.

8.1 InAs/AlAs; «Sby Quantum Cascade Detector

This section is based on Ref [117]. A QCD is an intersubband device which generates
a photo current due to inter subband absorption [136, 137]. The structure consists of a
doped active well in which electrons can be excited from the lower to the upper detector

level. The excited electrons can then escape into the extractor which transfers the electron
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Figure 8.1: Conduction band diagram of the Quantum Cascade Detec-
tor (QCD) structure. The device consists of 30 repetitions of the layers
2.0/8.0/3.0|3.4]|2.0|3.5|2.0|3.6]|2.0|3.8|2.2|4.0|2.4|4.2|2.6|4.4| 2.8/4.6/3.0|4.8|2.2|5.0
where InAs is indicated by normal font, AlAs;_.Sb, by bold font and underlined layers
have intentional n-type doping of n = 4 x 10" e¢m~3. In this structure, an electron which
is exited in the blue shaded active well from the lower (dark red) to the upper (dark
orange) state, can escape into the extractor in which it relaxes down from the leftmost
to the rightmost well and ends up in the active well of the next cascade.

into the active well of the next cascade. The asymmetry of the structure leads to a
preferred path for the exited electrons and hence to a net photocurrent under illumination

of the device.

In order to evaluate the usability of low-temperature grown InAs based structures for
inter subband devices, a QCD structure with a vertical transition was designed using a
semi-classical Monte-Carlo approach using the Vienna Schrodinger Poissong Solver (VSP)
framework [138]. The structure consists of an active well which forms the upper and lower
detector level and a series of ten quantum wells which form the extractor. The structure

is shown in figure 8.1.

The sample has been grown in a Riber C21 Compact MBE system on a free-standing n-
InAs (001) substrate. The substrate temperature was monitored using a calibrated 1.6 pm
pyrometer. Before deposition the oxide was thermally desorbed at 510 °C for 20 minutes
under As, flux. After desorption of the oxide a 50 nm InAs buffer layer was deposited at
480 °C. The temperature was then lowered to 400 °C to deposit the heterostructure. For

the group III materials standard Knudsen cells where used. For the group V materials
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8.1. InAs/AlAs; (Sby Quantum Cascade Detector

Wavelength (um)
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Figure 8.2: Representative spectral response of the QCD device. Mesa devices were
illuminated by a Glowbar light source through a 45° wedge facet and the spectral response
was measured by a Fourier-transform infrared spectrometer. The device showed a center
detection wavelength of 4.84 um and a responsivity of 1.9 mA W~ at room temperature.

valved cracking cells using 850 °C and 1000 °C cracking zone temperatures, to produce As,
and Shs, respectively, where used. The growth rates of InAs and AlAs;_Sb, where set to
0.5pmh~! and 0.18 pm h~! respectively. To ensure high crystal quality the As, pressure
was calibrated using the technique described in [99]. The quality of both, the InAs and
the AlAs; Sby layers was examined by AFM on bulk samples prior to the growth of the
heterostructure. The grown heterostructure was examined with double and triple axis
HRXRD.

When mixing group V elements in MBE growth, special care has to be take with respect
to controlling the interfaces between two layers. Similar structures reported in literature
often employ special shutter sequences at each interface to minimize the cross incorpora-
tion of the group V materials and thereby enhance the quality of said interface[118, 79,
81]. These growth interrupts, however, significantly prolong the growth time of a sample.
For this study such growth interrupts have been omitted in order to reduce the total
growth time, e.g. with respect to the sequence described in[139] by 30%. No evidence
of degradation, resulting from this method, could be found in both, AFM and HRXRD
examination of the sample.

The device was processed into a mesa structure by wet-chemical etching with H3 PO, :
Hy05 : HO =3 :4:40. Ti/Au was deposited to form top and bottom contacts.

The devices where then illuminated through a 45° polished wedge faced by a Glowbar
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8.2. InAs/AlAs; ,Sb, THz-QCL
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Figure 8.3: Conduction band diagram of the THz-QCL structure. The device consists of
121 repetitions of the layers 0.9/19.5/0.3|19.8|0.8|33.3 where InAs is indicated by normal

font, AlAs;_,Sby by bold font and the central 3nm of the underlined layer are intentional

n-type with a density of n = 6.7 x 106 em=3.

light source and the spectral response was measured via an Fourier-transform infrared
spectrometer. It showed a peak specific detectivity 2.7 x 10" cm vHz W~ and a respon-
sivity of 1.9mA W1 at 300K at a center detection wavelength of 4.84 pm.

8.2 InAs/AlAs; «Sby THz-QCL

This section is based on[116]. To evaluate the capabilities of low temperature grown InAs-
based structure for THz devices a THz-QCL structure, shown in figure 8.3, based on a
3-well resonant phonon depletion design|[140] was grown.

The THz QCL structure was grown in a Riber C21 Compact MBE system on a free-
standing n+ InAs (001) substrate under the same conditions described for the QCD
structure above. An HRXRD measurement of the sample is showed relatively high in-
tensity of the satellite peaks, which indicates strain in the structure. Broadening of the
satellite peaks can be found for higher orders which is an indication for fluctuations in
the superlattice period. This can either be the result of actual growth rate fluctuations
or random conditions at the InAs/AlAs; (Sb, interfaces due to the omission of growth
interrupts.

Double metal ridge resonator devices where processed via Au-Au wafer bonding and
measurements where performed in an liquid He cryostat. The emitted light was collected

using a p-doped Ge:Ga detector and a magnetic field was applied perpendicular to the
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8.3. Discussion

layer structure of the laser device. Figure 8.4 shows the voltage versus current density (IV)
(a) and emitted light intensity versus current density (LI) (b) characteristics for different
applied magnetic field strength of a 2mm x 90 pm large device. For increasing field
strength we see a reduction of the current density in the IV curve. This is attributed to
the suppression of parasitic current paths and magnetoresistance. The LI characteristic
shows no laser emission up until a magnetic filed strength of 4.3T. For higher field
strengths, light emission, and a decreasing threshold current density with increasing field
strengths is found. As shown in the inset of figure 8.4(a) the first and second Landau
levels of the upper laser state cross the second and third Landau levels of the lower laser
state around a field strength of ~3T. This leads to an enhanced elastic depopulation of
the upper laser state and hence laser emission is not possible.

The spectral response from a 1 mm x 120 pm large device was measured using a mag-
netic field tunable InSb detector and is shown in figure 8.5. The broad spectral response
of ~0.5'THz of the detector prevents the resolution of individual laser modes, however a
clear peak emission at ~3.8 THz was observed.

This is the first report of laser operation in the THz-regime for an InAs based device.
Although laser operation could only be shown at liquid He temperature in the presence
of high magnetic filed strength, improvements in both, design of the laser structure and
the quality of the grown material may lead to a significant enhancement in the operation
of THz-QCLs in the future.

8.3 Discussion

In order to evaluate the influence of a low Ty, a QCD and a THz-QCL structure where
grown by MBE. The QCD structure was processed into mesa devices and the spectral
response of the devices was measured. A center detection wavelength of 4.84 ym and a
responsivity of 1.9mA W~ was measured. The THz-QCL structure was processed into
ridge devices and measured at liquid He temperature. By applying a magnetic field above
4.4'T laser emission was found at a center frequency of 3.8 THz. This is the first report
of laser emission in the THz regime from an InAs base device.

The results show that the low T, does not prevent the use of InAs based structures for
the production of intersubband devices. In both, the MIR and the THz regime, excellent
results where obtained and it can be expected that even higher performance can be reached

by improving growth techniques and device structures.
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8.3. Discussion
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Figure 8.5: Spectral response of a laser device with the dimensions 1 mm x 120 pm.
The device was measured in a liquid He cryostat under a magnetic field of 5T applied
perpendicular to the layers and at a current density of 1kA cm—2.
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CHAPTER 9

Discussion and Outlook

InAs based devices are excellent candidates for next generation THz devices. Due to
the low effective electron mass in the well, high intersubband gain can be expected.
AliIn;  AsySby.y is a well suited barrier material to be used for InAs based devices since
it allows for precise tailoring of the required band offset. Due to its novelty, however
the growth of this material by MBE is not very well established. In order to determine
the optimal growth parameters for the production of high quality semiconductor het-
erostructures featuring Al,In; «As,Sb;, layers, the growth of Alj4e2Ing s538AsySbyy lat-
tice matched to InAs was investigated. It was shown that the incorporation of Sb into
Al 462100 538 AsySby.y is strongly temperature dependent and that this is determining the
upper limit of the T, for which lattice matching can be achieved. Moreover, it was
found that the quality of the grown material is very sensitive to the used P,s,, and that
low pressures, which are necessary to achieve lattice matching, dramatically increase the
roughness of the grown layer. It was furthermore found that the growth of compositions
close to lattice matching at a T, of 445°C leads to decomposition of AliIn; As,Sby.y
into Al,In;_As and Al.In;,Sb and the formation of crystallites which significantly de-
creases in crystal quality. Below this limit, the requirements for the growth of high
quality Alp462Ing 538As,Sby., and lattice matched growth can be met simultaneously. At
a growth temperature of 410°C, high quality Alj462Ing538As,Sby.y layers, confirmed by
both HRXRD and AFM measurements, were grown. Using the information gathered in
this study, two samples were grown on a Riber C21 MBE system on freestanding n+ InAs
(001) wafers at a Ty of 410°C. Al mole fractions of 0.25 and 0.53 were chosen and the
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Asy BEP was adjusted for high quality InAs. Pgp,, was then adjusted in order to achieve
lattice matching with InAs. For both compositions high-quality material, confirmed by
HRXRD and AFM measurements was obtained.

Since it was found that the mixing of As and Sb is the primary cause of low crystal
quality in MBE grown Al,In; «As,Sb;.y, the mechanisms which determine the composition
and quality of a ITI-AsSb layer have to be investigated in detail. GaAs;_,Sb, was chosen
as the model system for the mixing of As and Sb since the presence of only on group
IIT material reduces the room for interpretation and facilitates the collection of reliable
data. The quality of GaAs;Sby layers grown at different substrate temperatures was
investigated by HRXRD. It was found that the peak width in w direction is drastically
reduced if the growth temperature is lowered. Moreover, also the homogeneity across
the wafer was found to depend substantially on the growth temperature. At a growth
temperature of 480 °C a shift in the composition of the GaAs;_,Sb, layers by more than
3.5 % was found over a distance of 16 mm. This shift could be eliminated by reducing the
growth temperature below 430 °C.

The mechanisms which govern the composition of layers in which As and Sb are mixed
where investigated by growing GaAs;Sb, layers at different Ga fluxes. While other
publications either found a monotonic increase or a monotonic decrease in the As mole
fraction in GaAs;_Sby layers with rising Ga fluxes, a U-shaped profile of the composition
was found. It was concluded that the authors did only measure one of the effects that
determine the composition of the GaAs;_,Sb, layers depending of the specific conditions
that where chosen. The rise in the As mole fraction at high Ga fluxes i.e. high growth
rates was concluded to originate from a shortage of Sb. On the low growth rate side, the
increase in As mole fraction was found to be related to an As-for-Sb exchange reaction
which happens more efficiently at low growth rates. This observation was corroborated
by an experiment which showed a strong temperature dependence of the As mole fraction
at low growth rates, while the composition is insensitive to the growth temperature on
the high growth rate side.

Moreover, a strong influence of the growth rate on the crystal quality of the GaAs;_Sby
layers was found. At low growth rates, strained GaAs;_,Sb, layers show a stronger degree
of relaxation and hence lower crystal quality than at high growth rates. It was concluded
that the As-for-Sb exchange reaction leads to the formation of AsSb clusters which act
as seed for the formation of dislocations and hence promote the relaxation of the strain
in the layers. The experiments show that the growth rate plays an important role for the
quality of these layers. Delicate tuning of growth rates, growth temperature as well as As

and Sb fluxes is necessary in order to obtain high crystal quality material.
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Since the As-for-Sb exchange reaction happens at an increased rate at elevated temper-
atures, lower substrate temperatures facilitate the production high crystal quality layers.
Low substrate temperatures, however, may also lead to the deterioration of the optical
properties and the interface quality of the grown layers.

In order to determine the influence of the low growth temperature on the performance
of intersubband devices, a THz-QCL and a QCD structure were grown. Both heterostruc-
tures where first examined by HRXRD and AFM and later processed into devices. For the
QCD structure, a center detection wavelength of 4.84 pm and a responsivity of 1.9mA W1
were measured. Light emission from the THz-QCL structure was measured by applying
a magnetic field above 4.4 T within a liquid He cryostat. This result is the first record of
coherent light emission in the THz-regime from an InAs based device. Both results show
that the necessity to grow InAs based heterostructures employing mixed group V com-
pounds at low substrate temperatures does not hinder the application of these materials
intersubband devices.

Further improvement and understanding of the growth process and the properties of
these materials will allow to exploit the low effective electron mass of InAs for high perfor-
mance intersubband devices in the future. To enable the broad use of AliIn; As,Sb;., as
a barrier material for intersubband devices, the properties of this material, like effective
electron mass and conduction band offset has to be determined for various compositions.

Since semi-insulating InAs substrates are no available[141]|, multi pass intersubband
absorption measurements|29| will suffer from high absorption in the substrate and hence
cannot be performed straightforwardly for this material system. New developments in
direct wafer bonding|50], however, would allow for the transfer of the heterostructure
onto a semi-insulating substrate and hence, excessive absorption in the substrate could be
avoided. Determination of the conduction band offset can also be achieved by performing
ballistic carrier emission experiments[142, 143]. Moreover, Shubnikov-de Haas oscillations
may be used to measure the effective electron mass in Al In; ,As,Sby [144, 145, 146].

Precise knowledge of the electronic and optical properties of AlIn; As,Sb;., and
InAs/AlIn; «As,Sbyy heterostructures will allow the production of high-performance in-
tersubband devices. In the long run InAs/AlIn; (AsySbyy based devices may be able to
surpass the performance of devices based on the much more mature GaAs/Al,Gaj,As
and GayIn; (As/AliIn; (As material systems in terms of both, output power and maxi-
mum operation temperature and thus enable the further advancement of THz technology

into real world applications.
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