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Abstract

The heteroepitaxial growth of lattice mismatched films is crucial for mod-
ern semiconductor device fabrication, but it is a significant challenge in epi-
taxy. Growth of lattice mismatched materials creates strain in the epitaxial
layer, which is usually relaxed by introducing crystal defects deteriorating
the device performance. Remote epitaxy on graphene covered substrates was
recently proposed to offer a different relaxation pathway for the strained
films.

In this thesis, remote heteroepitaxy growth by molecular beam epitaxy
of In,Gay_,As films (0 < 2 < 0.5) on transfer graphene covered GaAs-(001)
substrates is investigated for the first time.

First of all, the wet transfer of CVD-monolayer-graphene onto freshly
oxide stripped GaAs-(001) oriented substrates is investigated. XPS-
measurements reveal, that the GaAs substrate re-oxidises during wet
graphene transfer in agreement with reports from literature. A careful optim-
ised short and mild H+Ar-plasma treatment followed by thermal annealing
in UHV removes the oxide layer. Raman-spectroscopy reveals a mainly intact
graphene monolayer after this treatment.

Secondly, molecular beam epitaxy of In,Ga;_,As was performed on the
graphene-covered GaAs-(001) substrates. Detailed studies on the nucleation
of the In,Ga;_,As layers (0 < z < 1.0) reveal remote epitaxial island growth
on the graphene-covered GaAs substrate. The coalescence of the nuclei is
observed at a nominal coverage of about 5 nm and indium fractions x < 0.50.

200 nm thick In,Ga;_,As films (0 < z < 0.5) are grown by an one-
step and a two-step process on graphene-covered GaAs substrates and also

on bare GaAs substrates for comparison. HRXRD and TEM measurements



IT

show crystalline growth on large areas with the same crystal orientation as
the substrate. Detailed studies on the strain relaxation of 200 nm thick films
on graphene covered GaAs and for comparison on bare GaAs are presented.
Films grown on graphene show homogeneous and stronger relaxation, while
films grown on bare GaAs show stronger relaxation along the [110]-direction.
These films also exhibit a well known tilt, in contrast to films grown on

graphene-covered GaAs.

Dissertation Tobias Henksmeier



Kurzfassung

Das heteroepitaktische Wachstum von gitterfehlangepassten Schichten ist fiir
die Herstellung moderner Halbleiterbauelemente von entscheidender Bedeu-
tung, stellt jedoch eine grofie Herausforderung fiir die Epitaxie dar. Das
Wachstum gitterfehlangepassten Materialien fithrt zu Spannungen in der
Epitaxieschicht, die in der Regel durch die Einfithrung von Kristalldefekten
abgebaut werden, was die Leistung der Bauelemente beeintrachtigt. Kiirzlich
wurde die Remote-Epitaxie auf mit Graphen bedeckten Substraten vorgesch-
lagen, um einen anderen Entspannungsweg fiir die verspannte Schichten zu
bieten.

In dieser Arbeit wird zum ersten Mal die Remote-Heteroepitaxie von
In,Ga;_,As-Filmen (0 < z < 0,5) auf mit Graphen bedeckten GaAs-(001)-
Substraten durch Molekularstrahlepitaxie untersucht.

Zunéchst wird der Nasstransfer von CVD-Monolagen-Graphen auf frisch
gedtzten GaAs-(001) orientierten Substraten untersucht. XPS-Messungen
zeigen, dass das GaAs-Substrat wahrend des Graphen-Transfers korrodiert,
was mit Berichten aus der Literatur iibereinstimmt. Eine sorgfiltig opti-
mierte, kurze und milde H+Ar-Plasmabehandlung, gefolgt von einem Aus-
heizschritt im UHV, entfernt die Oxidschicht. Die Raman-Spektroskopie
zeigt, dass das Graphen nach dieser Behandlung weitgehend intakt ist.

Danach wurde die Molekularstrahlepitaxie von In,Ga;_,As auf den mit
Graphen bedeckten GaAs-(001)-Substraten durchgefiihrt. Detaillierte Unter-
suchungen zur Keimbildung der In,Ga;_,As-Schichten (0 < = < 1.0) zei-
gen ein remote-epitaktisches Inselwachstum auf dem mit Graphen bedeckten
GaAs-Substrat. Das Zusammenwachsen der Keime wird bei einer nominalen

Bedeckung von etwa 5 nm und Indiumanteilen z < 0, 50 beobachtet.
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200 nm dicke In,Ga;_,As-Filme (0 < z < 0,5) werden in einem einstufi-
gen und einem zweistufigen Verfahren auf mit Graphen bedeckten GaAs-
Substraten und zum Vergleich auch auf blanken GaAs-Substraten geziichtet.
HRXRD- und TEM-Messungen zeigen ein kristallines Wachstum auf grofien
Flachen in gleicher Kristallorientierung wie das Substrat. Detaillierte Un-
tersuchungen zur Verspannungsrelaxation von 200 nm dicken Schichten auf
mit Graphen bedecktem GaAs und zum Vergleich auf blankem GaAs wer-
den vorgestellt. Auf Graphen gewachsene Schichten zeigen eine homogene
und stirkere Relaxation von bis zu etwa 44%, wahrend auf blankem GaAs
gewachsene Schichten eine starkere Relaxation entlang der [110]-Richtung
zeigen. Diese Filme weisen auch eine wohl bekannten Verkippung auf, im

Gegensatz zu Filmen, die auf mit Graphen bedeckten GaAs gewachsen sind.
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Chapter 1
Introduction

Nowadays, semiconductor heterostructures play a major role in many opto-
electronic devices. The integration of different materials has always been of
great interest to combine their individual intrinsic electronic and optical prop-
erties and create new device functionalities. However, heteroepitaxy suffers
from the lattice mismatch of different semiconductors, especially between film
and substrate, causing a strained film. This strain is plastically relaxed above
a critical thickness, by the formation of dislocations in the epitaxial film de-
teriorating the optical and electrical performance. Thick metamorphic buffers
with various grading schemes have been employed to reduce the dislocation
density in the active region of a layer stack [1-3]. In contrast, nearly com-
plete decoupling of layer and film is achieved in van-der-Waals epitaxy [4-9]
However, high quality growth of III-As van-der-Waals semiconductor het-
erostructures such as gallium arsenide (GaAs) or indium gallium arsenide
(In,Ga,_,As) was not possible so far, due to the low substrate surface poten-
tial [8,9]. The low wettability of the surface and the missing crystal stability
without an interacting substrate caused problems.

Recently, remote epitaxy was proposed as a promising approach to
weaken the substrate-layer binding by a graphene (mono-)layer placed on
the substrate, while still transferring the crystal orientation to the growing
layer [10-17]. Layers grown on this graphene covered surface can be peeled-off

allowing the fabrication of free-standing semiconductor films and substrate



reuse [10-17]. In the more delicate way of remote heteroepitaxy, a layer slip
on the graphene as an alternative strain-relaxation mechanism apart from
dislocation introduction was observed [12, 17]. Exceeding a critical strain
energy, the layer starts to relax by slipping over the graphene surface in-
stead of forming dislocations [17]. Remote epitaxy by metalorganic chem-
ical vapor deposition (MOCVD) of several semiconductor material combin-
ations has been demonstrated, e. g., GaAs on GaAs [10, 11], gallium nitride
(GaN) on GaN or on silicon carbide (SiC) [13,17], indium gallium phosphide
(InGaP) and gallium phosphide (GaP) on GaAs [17]. Often, a dry trans-
fer method was employed to transfer monolayer graphene to the substrates
rather than the simpler wet transfer method of chemical vapour deposition
(CVD)-graphene [18]. During wet transfer, the freshly oxide striped GaAs
substrate re-oxidises and thus prevents remote epitaxy [18]. However, com-
mercially available CVD transfer graphene is arguably the simplest way to
cover large substrate areas, even entire wafers, with graphene.

In this dissertation, a study of remote heteroepitaxy by solid-source
molecular beam epitaxy (MBE) of In,Ga;_,As-films on CVD-monolayer-
graphene covered GaAs-(001) substrates is presented. A plasma assisted
preparation method to remove surface oxides from the GaAs after graphene
transfer and polymer residuals from the graphene is elaborated. The
nucleation of In,Ga;_,As-films (0 < z < 1.0) on graphene covered GaAs is
investigated as well as growth of 200 nm thick In,Ga; ,As (0 < = < 0.5)
films. An one-step growth approach is compared to a two-step growth

approach.

All necessary fundamental properties to understand this thesis are elab-
orated in the chapter Fundamentals. The crystallographic structure of GaAs
and In,Ga;_,As is derived. Then, the basic properties of heteroepitaxial
growth are elaborated. Thermodynamic and atomistic-kinetic considerations
are presented and the strain relaxation mechanism by the introduction of
crystal defects in mismatched systems is discussed. Further, the basic prin-

ciple and the necessary conditions for successful remote epitaxy are described.
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CHAPTER 1. INTRODUCTION 3

Lastly, the reciprocal space is employed with a focus on its application in
high-resolution X-ray diffraction (HRXRD) and reflection high-energy elec-
tron diffraction (RHEED).

In chapter Ezperimental set-up, an in-depth description of the used meas-
urement techniques MBE, reactive-ion etching (RIE), atomic force micro-
scopy (AFM), HRXRD, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and
Raman-spectroscopy is presented.

In the fourth chapter, Graphene transfer and sample preparation, the
graphene transfer to freshly oxide striped GaAs substrates is elaborated. The
methods and parameters for cleaning the graphene from polymer residuals
and the GaAs from surface oxides are described.

The major part of this thesis is chapter 5, Results. Within the first sec-
tion, the GaAs-graphene surface cleaning by thermal annealing and mild
plasma cleaning is discussed. A method to prepare wet transferred graphene
for remote epitaxy is derived. In the second part, the nucleation behaviour
of In,Ga;_,As (0 < z < 1.0) on graphene covered GaAs is discussed. SEM
images of the sample surface and TEM images of individual nuclei are ana-
lysed. Finally, the growth of thicker In,Ga;_,As films (0 < x < 0.5) by a one-
and a two-step process are investigated. Their crystallographic properties
and surface morphologies are analysed by HRXRD measurements, Raman-
spectroscopy and AFM measurements, respectively.

Lastly, the results are concluded and an outlook for future investigations

is given in the Conclusion and Outlook.






Chapter 2
Fundamentals

In the following chapter, the fundamental physical properties and charac-
teristics that are necessary to understand this thesis are elaborated. Firstly,
the fundamental physical properties of GaAs and In,Ga;_,As are described
and a brief overview of their crystallographic structure is given. Secondly,
the basic principles of heteroepitaxy are discussed. Atomistic-kinetic and
thermodynamic aspects of layer nucleation and growth are derived. The
strain relaxation mechanism in lattice-mismatched systems with a focus on
GaAs/In,Ga;_,As is presented, followed by an overview on defects and dis-
locations. Then, the basic principles of remote epitaxy are described. The
layer-substrate separation by a monolayer graphene is highlighted. Lastly, the
reciprocal space is introduced. Its application to investigate crystal structures

by X-ray diffraction and electron diffraction is described.

2.1 Properties of GaAs and In,Ga;_,As

In the following section, the basic properties of I1I-As semiconductors with a
focus on GaAs and In,Ga;_,As are discussed. The crystallographic structure
and the band structure are described.

ITI-V semiconductors and especially I1I-As semiconductor heterostruc-
tures are decent building blocks for the fabrication of modern optoelectronic

devices. Widely spread examples are laser diodes and detectors, but also
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Figure 2.1: a) Unit cell structure in a zinc blende crystal. b) The important
(111) and (110) planes are sketched within the crystal lattice in blue and
grey, respectively.

In,Ga;_,As quantum dot heterostructures may be used as single photon
sources in future applications [19-24]. In,Ga;_,As containing heterostruc-
tures operating in the telecommunication bandwidth offer a wide application
range [20-22]. Investigation on In,Ga;_,As began in the early 1970s with
the development of light-emitting diode sources on GaAs substrates and a
few years later on InP substrates [24]. Later, laser structures and high-speed
field-effect transistors were manufactured [24]. Most structures are grown on
InP and GaAs substrates. While Ings3Gag7As is lattice matched to InP,
all other compositions exhibit a lattice-mismatch with respect to the sub-
strates and are strained [24]. The strain is mostly relaxed by the introduc-
tion of dislocations. Thick In,Ga;_,As buffer layers are required to relax
the strain in a controlled way and to separate the active region from the
dislocations [20-22,24].

The thermodynamically stable phase of GaAs and In,Ga;_,As is the
zincblende structure with a diatomic base, as exemplarily shown in figure
2.1 for a GaAs crystal. There are two face-centred-cubic (fcc) lattices, one
shifted by a quarter of the lattice constant along the space diagonal. One
lattice is occupied by Ga cations, the other by As anions [20-22]. The atoms
are tetrahedrally coordinated, i.e. a Ga atom is bonded to four As atoms
and vice versa. This results in an AaBbCc layer stacking sequence of the two

sub-lattices where the cations and anions exhibit the ABC and abc stacking,
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CHAPTER 2. FUNDAMENTALS 7

respectively. The {110} crystal facets are of special interest, as they consist of
the same number of anions and cations. They are non-polar and exhibit the
weakest bond [20-22]. The crystal can be easily cleaved along these planes.
The {111} planes play an important role in layer strain relaxation, which is
described later in more detail [20-22]. In figure 2.1, a sketch of the (111) and
(110) surface in a zincblende crystal is shown.

The length of the unit cell depicted in figure 2.1 is the lattice constant.
GaAs exhibits a lattice constant of around a = 5.6533 A and InAs of a =
6.0584 A at room temperature, respectively 25,26]. An In,Ga;_,As alloy
adopts an intermediate lattice constant, depending on the indium fraction z,
which is calculated by a linear interpolation referred to as Vegard’s rule [27].
It describes the behaviour of an alloy crystal lattice constant concerning the
concentrations of the constituent elements. The lattice constant of an alloy
formed by two different materials A and B with the same crystal structure
and lattice the constants a4 and apg, respectively, is hence given by equation

(2.1) and especially in the case of In,Ga;_,As by equation (2.2).

Qalloy = Ao + ap(1 — ) (2.1)
AInGads = AInAsT + a/GaAs(1 - 1;) (22)

Besides the lattice constant, the direct band gap of a crystal at the I'-
point, is an important parameter dictating the optical and electrical char-
acteristics of a material, for example, the light absorption and emission
wavelength. The usability of a usual semiconductor as GaAs (E,3pox =
1.424 eV [25]) or InAs (E, 300k = 0.354 €V [26]) is thus very limited, because
their band gap cannot be tuned. However, combining both semiconductors
opens a rather large band gap window. The band gap E,, of the alloy lies
between the band gap of the individual semiconductors and is calculated by
the empirical quadratic relation from equation (2.3) [20-22]. Especially for
In,Ga;_,As, equation (2.4) is obtained with the bowing factor b = 0.477 [21].
The band gap is tuned, by choosing the composition x of both materials.

Eg,alloy = Eg,Ax + Eg,B(]- - :E) - bl’(l - [L’) (23)
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Eg,InGaAs = E[nASJJ + EGaAs<1 — ;C) — 047737(1 — J}) (24)

The technologically important value of £, = 0.8 eV =X = 1.55 pm is
calculated to approximately 47% indium by equation (2.4) [24]. A semicon-
ductor’s band gap energy usually decreases with increasing temperature, as
the atomic vibrations amplitude increases. The band gap temperature de-
pendence is described by the Varshni-equation (2.5) [28]. Here, the coeffi-

cients a and [ are material-related constants determined experimentally.

oT?
T+ 5

E, = Eyokx + (2.5)

2.2 Properties of Heteroepitaxy

The manufacturing of tailored heterostructures requires a highly controllable
method. Thin film growth of a crystalline film on a crystalline substrate,
where the orientation of the substrate is transferred to the film is known as
epitaxy. Heteroepitaxy refers to the case, when layer and substrate material
differ and homoepitaxy refers to the case, when film and substrate are the
same material [21]. There are several epitaxy methods, the most prominent
ones are probably MOCVD, liquid phase epitaxy (LPE), and MBE. A proper
overview of these methods is given in [21,29]. The following description is
related to these books. All samples discussed in this dissertation are grown
via MBE. MBE is performed by evaporating materials from individual solid
sources to generate a molecular beam towards the heated substrate. Growth
is performed in ultra-high vaccum (UHV), to reduce the incorporation of
parasitic atoms in the film [21]. A more detailed description is presented in
chapter 3.

The driving force of crystallisation is the difference in the chemical po-
tential of the gaseous and the solid (crystalline) phase. Crystal growth occurs
if the potential is lower in the solid phase [21,29,30]. It is controlled by sev-
eral process parameters, like the substrate temperature, the molecular beam
flux, and strongly depends on the materials properties. Some general trends of

epitaxial crystal growth are drawn by thermodynamic and atomistic-kinetic
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models. Usually, thermodynamics describe collective motions of particles in
terms of macroscopic growth affinity [21]; for example, the nucleation and
formation of islands on the substrate or the description of layer-by-layer
growth. However, growth conditions are sometimes far from equilibrium and
are more better described by atomic-kinetic considerations, especially on a
short time scale and at atomic distances [21,29,30]. Exemplarily is the sur-
face reconstruction during growth or the molecule migration on the sample
surface.

In the following part, some general kinetic considerations are discussed
[21,29, 30]. Molecules adsorbed on the crystal substrate surface, where they
diffuse. After a certain migration time, they may meet other migrating atoms
to nucleate, or they re-evaporate, or they are incorporated in the crystal
lattice at kinks and etches, or they are captured by nuclei. Figure 2.2 gives
an overview of the various processes. For layer growth, the nucleation and
incorporation of adatoms is important. Small nuclei will either loose atoms,
or acquire more atoms and grow above a critical thickness, where they are
stable at normal growth conditions [21,29,30]. The probability p of process
occurrences is well described by a temperature activated Arrhenius term
from equation (2.6); with the temperature 7', the probability constant py,
the Boltzman-constant kg and the activation energy of the process AF.

Impinging atoms diffuse in a random walk process consisting of a jump
series to respective adjacent substrate sites on the sample surface. Their
diffusion length A\ exhibits an Arrhenius like behaviour and is calculated by
equation (2.7) [21,29,30].

s (20) oo
MT) = Ao exp (Jm) (2.7)

Therefore, the surface diffusion length A\ of an adsorbed atom only de-
pends on the temperature T and the difference between the adsorption ac-
tivation energies F, and the diffusion barrier E;. At high temperatures, the

surface diffusion length A decreases exponentially with 7" as the adsorption
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a) : b)
Adsoption Diffusion

Re-e\%poration I

vapour phase

YHS
substrate

Incorporation Nucleation

Figure 2.2: a) Sketch of the kinetic processes on a sample surface. b) Sketch
of a nucleus on a substrate. The surface tension determines the nuclei shape
and the surface wettability.

time is short and thus adatomes are likely to evaporate before being incor-
porated in the crystal. For low temperatures, the re-evaporation becomes
negligible, and the atoms stay longer on the surface before they are incor-
porated. However, the diffusion length also decreases for too low temperat-
ures. The smoothest films are obtained for temperatures, where the diffusion
length is large and the temperature is slightly below the temperature for
which significant re-evaporation occurs [21,30].

From the perspective of macroscopic layer growth affinity, layer growth
starts with the nucleation on the substrate in the initial stage of growth,
followed by continuous layer growth. Some energy is released by the par-
tial destruction of the pre-existing substrate surface through heterogeneous
nucleation of small nuclei [21,29]. If a potential nucleus is too small, the
energy that would be released by forming its volume is not enough to create
its surface, and nucleation does not proceed [21]. Thus, nucleation is ener-
getically unfavourable below a critical nucleus size, due to the unfavourable
creation of the boundary to the initial phase [21]. Only large enough nuc-
lei are stable. The nuclei shape strongly depends on the substrate nucleus
interface, i.e. on the material wettability on a substrate surface. Regarding
Young’s relation, the absolute values of surface tension amongst nucleus (n),
substrate (s) and ambient phase (a) in balance determine the wetting angle
© bY Yas = Vns + Yan cos© [31]. A schematic sketch is presented in figure
2.2b). Usually, it is aimed for the growth of smooth films in epitaxy and thus

a high wettability and a low wetting angle is favourable, respectively. In this
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case, a large area of the substrate is covered by the deposited material and
growth occurs in a layer-by-layer fashion also referred to as Frank-van der
Merve growth mode [30]. In contrast, if the deposited atoms are stronger at-
tracted to each other than to the substrate, the substrate wettability is small
and separate nuclei are grown on the substrate [21]. This three-dimensional
island growth is referred to as Volmer-Weber growth mode [30]. The sur-
face energy of the layer plus substrate is minimised, if a maximum of the
substrate surface is not covered by the deposited material [30]. A special
case is the Stranski-Krastanow growth mode, which is famous for the growth
of defect-free InAs quantum dots on GaAs [21,30]. Here, the growth starts
in the Frank-van der Merve growth and after exceeding a critical coverage
thickness, the mode changes to the three-dimensional Volmer-Weber mode.
Due to the high lattice mismatch, strain is accumulated in the wetting layer,
which is then released by the three-dimensional growth [21,29].

Once the film growth has started, there is an adoption of the film lattice
to the substrate lattice. Heteroepitaxial film growth of a material with a
lattice constant a; on a substrate with a lattice constant as, results in a
strained film. The relative difference between the substrate and film lattice
constant is called misfit fy and is calculated by equation (2.8) [20,21].

Asup — a1

fo= (2.8)

ap

IRRERERRRR LR RERE R
SRR IR IR R R SRS
GRR0ARRRRRRAR
0.00000000000000

2RO ORODRA
0/0/0,0/0/0/0/0/00/0/0/0,0/0 00’0

QK
e/0/0/0/0/0'0

0,90, /0,060,000,
e/0}0/0/0/0/0)e/0/00/00/0)00}0'e
GO

00,000
OO0
SO0

Frank-van der Merve Volmer-Weber Stranski-Krastanov

Figure 2.3: Different layer growth modes are presented. A low substrate
wettability of the deposited material results in island growth (Volmer-
Weber growth mode), whereas a high wettability results in layer-by-layer
growth (Frank-van der Merve growth mode). A special case is the Stranski-
Krastanow growth mode. Here, the growth starts in the layer-by-layer growth
and at some point changes to the island growth mode.
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."I.

dislocation

Figure 2.4: a) Schematic sketch of a pseudomorphic film grown on a substrate
with a different lattice constant. b) Above a critical thickness, dislocations
are formed to relax the build-up strain and the film is relaxed.

1
EJ/A = 2Ge|21J_rV (2.9)

Considering an In,Ga; ,As film grown on GaAs as depicted in figure
2.3. In the beginning, the In,Ga;_,As layer will adopt the in-plane lattice
constant of the GaAs and is compressively strained in the in-plane direction,
while being stretched along the growth direction according to Poisson’s ra-
tio [20,21]. The resulting strain energy per area is calculated by equation
(2.9). It depends on the in-plane strain ¢, the shear modulus G, the Pois-
son’ ratio v and the material related quantities [20,21]. During growth the
strain energy increases and at a critical thickness the built-up energy is large
enough, to introduce plastic relaxation by a distortion of the film lattice [21].
Dislocations are formed. Dislocations not only influence the crystal structure,
but also the electrical and optical characteristics of semiconductor devices.
Heteroepitaxial In,Ga;_,As film growth on GaAs is known to exhibit dis-

locations above a certain critical thickness. However, the conditions during

Dissertation Tobias Henksmeier



CHAPTER 2. FUNDAMENTALS 13

MBE growth are often far from equilibrium, so that the critical thickness
is more an estimation for the onset of dislocations than a fixed value. The
growth rate and the substrate temperature play an important role in layer

relaxation as shown in [32-34].

2.3 Defects in III-As films

In general, there is a variety of defects such as dislocations, stacking faults,
grain and twin boundaries that may occur in heteroepitaxial grown films.
Here, a brief description of the important defects in zinc blende In,Ga;_,As
and GaAs is presented. For an in-depth discussion, please refer to [35].
Dislocation can be introduced in a crystal, when the build-up strain en-
ergy in lattice mismatched films becomes too large and is plastically relaxed.
Dislocations are line defects along which the crystal is shifted by a certain
amount [20,35]. The line vector [ lies along the dislocation line and the differ-
ence of a closed path around the dislocation with respect to an ideal crystal
is the Burger’s vector b. Most prominent in the zincblende system are the
edge (b L 1), screw (b || 1) (schematically sketched in figure 2.5) and 60°
mixed type dislocation. All exhibit a Burger’s vector of §x < 110 >, so the
Burger’s vector is a primitive translation of the fcc structure [20]. In con-
trast, dislocations with other Burger’s vectors leading from a lattice site to
a crystallographic not equivalent site are referred to as partial dislocations.
These lead to a change in the AaBbCc layer stacking order of the {111}
planes and thus they introduce stacking faults [21,35]. The regular stacking
is changed by the introduction or omission of one lattice plane, for example
in the case of an AaBb|AaBbCc layer stacking. In the zincblende structure,
the dislocations may either lie on a row of As anions or Ga, In cations. They
are termed o if [ || [=110] and S if I || [110] [20]. It was reported that this
different atomic configuration can cause inhomogeneous relaxation behaviour
for {111} slip planes [36]. In an ideal crystal, the formation of a dislocation
requires energy, as the atom’s position is distorted in a small area. The en-
ergy of a dislocation is derived from the atom’s displacement and the related

cost of elastic energy required to form the dislocation. Considering the 60°
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Figure 2.5: Schematic sketch of an edge and a screw dislocation in a film. a)
The Burger’s vector b is collinear to the line vector [ for a screw dislocation.
b) Both vectors are orthogonal for an edge dislocation.

dislocations in the In,Ga;_,As/GaAs system, a general relation of the dis-
location energy of a film containing dislocations is given by equation (2.10)
with b = § x [110], o = 60° and 3 = 54.7° [21]. G is the layer shear modulus,
v the Poisson’s ratio, fy the mismatch, e the film’s strain and R is the radius

of the dislocation.

(2.10)

Ep  Gb (|e+ fol(1 — vcos®a) 4R
A on ( (1 —v)sinacosf ) i (b)
Stacking faults, grain and twin boundaries are also often found in films.
A Grain boundary is the interface of two crystallites and often occurs, when
individual crystallites grow on a substrate and at some point match [20, 21,
35]. They are usually observed in polycrystalline films. Twin boundaries occur
when two crystallites grown with a slight misorientation merge [20, 21, 35].
As a consequence, the crystal stacking order changes. In stacking faults,
the local layer’s stacking sequence is changed [20, 21, 35]. Stacking faults
may origin from defective film nucleation on steps, defects or due to local

strain [20,21,35].
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2.4 Remote Epitaxy

It becomes clear, that defects like dislocations alter the crystal structure
and therefore also influence a device performance. State-of-the-art attempts
to overcome large lattice mismatches with reduced dislocation densities are
metamorphic buffers with various grating schemes or compliant substrates,
to reduce the dislocation density in the active region of a film [1-3, 37, 38].
In contrast, nearly complete decoupling of layer and film is achieved in van-
der-Waals epitaxy [6-9]. However, due to the low substrate surface potential,
successful high quality van-der-Waals epitaxy of I1I-As semiconductors has
not been achieved so far [8,9]. The low wettability of the substrate surface and
the missing crystal stability without an interacting substrate poses problems.
Recently, remote epitaxy was proposed as a promising approach to weaken
the substrate-film binding, but still transferring the crystal orientation to
the growing layer [5,7,10-13,17,18]. A monolayer graphene placed on the
substrate introduces a substrate-film-interaction gap as exemplarily shown
in figure 2.6a). An In,Ga,_,As(001) film is separated from the GaAs(001)
substrate. A top view image in b) shows the graphene layer on top of the
GaAs substrate. There is no alignment between the GaAs lattice and the
graphene lattice. A monolayer graphene is non-polar and exhibit barely any
out-of-plane binding-potential, so it influence on the penetrating substrate
potential is low.

Density-functional theory calculations reveal, that the substrate-film
binding strength drops significantly with increasing interaction gaps [10,11].
Figure 2.7 shows the substrate potential fluctuations through 1 and 2 mono-
layer graphene on GaAs and GaN. The maximum substrate-film separation
depends strongly on the material bond ionisities [10,11]. GaAs exhibits an
ionisity of 31%), while GaN and InAs exhibit an ionisity of 50% [10,11,39].The
GaAs potential fluctuation amplitude through 1 and 2 monolayer graphene
is around 15 meV and 5 meV, respectively. It drops significantly for more
than a monolayer graphene and thus remote epitaxy is only possible for 1
monolayer graphene on GaAs, see figure 2.7. In contrast, the potential fluctu-

ation amplitude of GaN through 2 monolayer graphene is even large enough
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Figure 2.6: a) Schematic sketch of a GaAs substrate-graphene-InGaAs layer
stack with the characteristic interaction gap generated by the graphene layer.
b) Top view on the graphene covered GaAs surface.

to allow remote epitaxy.

The reduced layer-substrate interaction allows the layer peel-off and thus
the fabrication of free-standing semiconductor films. It also provides the sub-
strate reuse [5-7,10-13,15-18]. In the more delicate way of remote heteroep-
itaxy, a layer slip on the graphene as an alternative strain-relaxation mech-
anism rather than the introduction of dislocations was observed [12,16]. Ex-
ceeding the critical strain energy, the layer starts to relax by slipping over the
graphene surface instead of forming dislocations [12,16]. The energy required
for a layer slip is significantly smaller compared to the energy to introduce
a dislocation. So far, remote epitaxy of several semiconductor material com-
binations was demonstrated, for example GaAs on GaAs [10, 11], GaN on
GaN or on SiC [10,13,17], InGaP and GaP on GaAs [12].

In most cases, the growth was performed by MOCVD and a dry trans-
fer method was used to transfer a monolayer graphene to the substrates,
rather than the simple wet transfer method. It has been shown, that during
wet transfer, the freshly oxide striped GaAs substrate re-oxidises and thus

prevents remote epitaxy [18]. However, commercially available CVD transfer
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1 ML on GaAs 2 ML on GaAs 2 ML on GaN

Figure 2.7: DFT simulations of a potential fluctuation (meV) map at the
epitaxial surface of monolayer and bilayer graphene covered GaAs and GaN
[11].

graphene was tested in [10] and is arguably the easiest way to cover large

substrate areas, even entire wafers, with graphene.

2.5 Diffraction phenomena

The reciprocal lattice of a crystal is crucial for the description of diffraction
phenomena on periodic crystal structures [20,21,29,40,41]. Popular examples
are HRXRD, where X-rays are diffracted by a crystal lattice and RHEED,
where electrons are diffracted on the quasi-two-dimensional surface. The re-
ciprocal lattice is the quasi-Fourier transformation of the crystal Bravais
lattices. The reciprocal lattice base vectors b; are defined by equation (2.11),

where d; represents the corresponding Bravais lattice base vectors [20,40,41].

bid; = 20 (2.11)

The individual reciprocal crystal lattice vectors b; are calculated by equa-
tion (2.12) for three dimensions [20,40,41].

o (BXE) e (@xd) g,
3

—

Qa
S = 2.12
al(ag X CL3) al( 9 X ( )

Considering the fcc lattice of GaAs or InGaAs, the reciprocal lattice is
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the body-centred cubic (bcc) lattice. An arbitrary reciprocal lattice vector
G is calculated by equation (2.13). The indices h, k, [ denote the family
of planes orthogonal to G. In real space they indicate the crossing point of
the plane with integer multiples of the unit cell vectors. While the notation
(hkl) indicates a certain plane, {hkl} denotes the set of all equivalent lattice
planes [20,21,40].

G = by + kb + Ibs (2.13)

In the two-dimensional case, a3 becomes the unit vector €, perpendicular
to the surface plane and b3 is no longer defined. Then, the 2D reciprocal lattice
is defined by equation (2.14). A reciprocal lattice of a two-dimensional lattice
contains periodically aligned infinite long rods rather than lattice points [40].

- (a3 x €2) - (e x ay)

by = 2 (2.14)

ai(az X €,)

In the following, the diffraction of incident waves on a crystal lattice
is derived. Diffraction can be described by an oscillator model, where in-
cident plane waves with wave vector l;/:m are scattered by the atom’s shell
electrons [40,41]. Considering X-ray diffraction on a crystal, the electromag-
netic field wave is scattered and due to the penetration of the X-ray in the
crystal, all three dimensions are considered. In contrast, diffraction of an elec-
tron wave function in RHEED appears only on the crystal surface, due to
the grazing electron incident. A two-dimensional description of the surface
is sufficient. In the following, the scattering mechanism of electromagnetic
waves on a three-dimensional crystal is considered, but the general findings
are also valid for the diffraction of electron beams. Considering an electro-
magnetic wave with a wave vector Em incident on a crystal surface. This
incoming wave periodically excites the atom’s shell electrons which re-emit
an electromagnetic signal with amplitude E,.y and wave vector Eout [40,41].
In the Born-approximation, this amplitude depends on the electron distribu-
tion in the crystal as described in equation (2.15) [41]. The diffraction vector
qg= k:o_;t — k:;n is defined by the difference of the incoming wave vector Em

and the diffracted wave vector oy [41].
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Erefl oc/ n(F)e_i(Ei”_E"“t)FdVoc/ n(F)e TV (2.15)
v 1%

In a periodic crystal, the shell electron density is related to the crys-
tal symmetry and thus the periodicity allows a Fourier expansion n(r) =
> nGeiéF. Inserting this into equation (2.15) and calculating the intensity
Lesi = |Erept|? leads to equation (2.16) [41].

Liepr o Zné/‘/ei(é_@FdV (2.16)
G

The Laue-condition follows from these considerations, as .5 7 0 only
holds for G = q= k:o_;t —k;n. All other contributions cancel out for integration
over the entire crystal volume. The Laue-condition is valid for scattering on
both, quasi-two-dimensional-lattices (for example observed in RHEED) as
well as for three-dimensional lattices (for example observed in HRXRD).
Only if the scattering vector is equal to the reciprocal lattice vector, the in-
coming waves interfere constructively along the directions of the scattered
wave vector. This is schematically visualised in figure 2.8a). X-rays diffrac-
ted on the sample surface exhibit strong reflections, if the Laue-equation is
fulfilled. Here, this is shown exemplarily for the (224)-reflex of a fcc crystal.
Due to the geometric limitations 20 < w and w < 0°, the grey filled areas
are not accessible in experiments. Basically, the wave vector of the incident
wave determines the scattering process. In RHEED only the quasi-2D-surface
lattice diffracts the incident beam, so in the reciprocal space, there are recip-
rocal rods rather than reciprocal lattice points. It yields the same as before, if
G= ¢ the scattering vector hits a rod and intense spots are observed [40,41].
This is exemplarily sketched in figure 2.8b) for the (01)-rod. The spots are
elongated as there is some overlap of the Ewald sphere and reciprocal rod
due to the finite beam size and non-perfect lattice.

An intuitive way to find the reciprocal lattice reflexes related to ex-
perimental conditions is derived from the Laue-equation by introducing
2ksinw = |k:0_7;t — k?n\ where w is the incident wave angle with respect to

2

the sample surface and |G| = 4> which is given by the definition of the
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Figure 2.8: a) Schematic sketch of X-ray diffraction on a crystal. If the Laue-
condition is fulfilled and the scattering vector equals the reciprocal space
vector, decent reflexes are observed [40,41]. b) Schematic sketch of electron
beam diffraction on a crystal surface lattice under shallow beam incidence.
Decent spots are observed if the reciprocal lattice vector G hits the reciprocal
lattice rods. The observed spots exhibit a certain elongation on the screen
(blue marker) due to a finite lattice size and slightly varying electron wave
vectors [40,41]. ¢) A visualisation of the Bragg-equation is shown. Construct-
ive interference is observed when path differences djy; sinw (blue lines) equal
integers of %)\.
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reciprocal lattice vector in equation (2.13) [20,21,41]. Each G is normal to
a lattice plane of the real lattice which exhibits the Miller indices (hkl) [21].
Note that due to the lattice periodicity G = nGpy. The Bragg equation

(2.17) is derived by combining both considerations from above [42].

2

L 2k sin w

dhii

S n\ = 2y sinw (2.17)

Constructive interference of diffracted beams is observed for specific in-
cident wave angles w concerning the sample surface; the path difference
dpp sinw of two X-ray beams must equal integers of %)\ [21,41,42]. A schem-
atic sketch is shown in figure 2.8c).

The appearance of certain reflexes was thoroughly described so far. How-
ever, to have an impression of the intensity of certain reflexes, equation (2.16)
is reconsidered [41]. First, note the quadratic dependence of the scattered
intensity on the excited volume. For small samples and thin films, the in-
tensity drops significantly. Further, I,.s depends on the electron distribution
Naq; also known as the structure factor F' [41]. Its absolute value determ-
ines the amplitude of the diffracted wave scattered by all electrons of a unit
cell [21,41]. F is expanded in a Fourier expansion given in equation (2.18)
and is a function of the atomic scattering factor f which expresses the scat-
tering intensity of a certain atoms electron distribution [21,41].The electron
distribution is generally stretched around the individual crystal atoms. It also
depends on the atom’s and electron’s position in the unit cell. The structural
factor differs for different crystal planes [21]. In a fcc lattice of a zinc blende
crystal such as GaAs or In,Ga;_,As, there are 2 kinds of atoms, e.g. Ga and
As. F is calculated for different planes (hkl) by equation (2.18) with the unit
cell vectors in units of the the lattice constant: (u,v,w) = (0,0,0) for Ga
and (u,v,w) = (1/4,1/4,1/4) for As [21].
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N
Fhkl — Z fnezQﬂ'(hqukarlw) (218)
n=1

The largest value F' is obtained for h + k + [ = 4n with h,k,l are all
even; This is for example the case for the (224) or (004) plane. Reflection
on these planes show bright spots. Less intense reflection occurs for example
on the (002) plane. Destructive interference (/' = 0) is observed, if the (hkl)
values are mixed even and odd, so for example for the (003) plane. Note that
the structure factor can also be derived for the 2D-case similarly. Details are
presented in [40]. The RHEED spot intensity along the rods is modulated [40].
However, the used set-up only allows to observe the spots on the first Laue-
ring.

In general, there are plenty of additional factors determining the diffrac-
ted waves intensity. On the one hand, limits imposed by the beam incident
angle play a role, for example in the Lorentz or Debye-Waller factor. De-
tailed information is provided in [41]. On the other hand, in real crystals, the
perfect crystal structure is perturbed by strain fields or defects resulting in
lower reflected peak intensities and reflex peak broadening by slightly distor-
ted, tilted or twisted diffraction planes. This makes diffracted waves suitable

for analysing crystal properties [20,21,40].
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Chapter 3
Experimental set-up

In the following chapter, the experimental set-up and the measurement tech-
niques used to grow and analyse In,Ga;_,As films on graphene covered GaAs
substrates are described. Firstly, the MBE system and the growth process
is explained. Then, the RIE set-up used to clean the graphene layer from
polymer residuals is described. In the second part, the devices used to ana-
lysed the grown In,Ga;_,As films are presented. The surface quality of thin
In,Ga;_,As films is investigated by AFM and SEM, to understand the nuc-
leation behaviour and to find proper epitaxial growth conditions of thicker
films. The intensively used HRXRD set-up is presented as a powerful tool, to
provide information on the In,Ga;_,As film crystal structure. Lastly, TEM,
XPS and Raman-spectroscopy are briefly explained. These three measure-
ment techniques were performed by collaboration partners. XPS reveals the
surface quality of the graphene layer and the GaAs substrate surface after
graphene transfer and cleaning. TEM measurements provide crystal structure
information on an atomic scale. The graphene quality and the In,Ga;_,As

crystal structure were analysed by means of Raman-spectroscopy.

3.1 Molecular beam epitaxy

In this work, In,Ga;_,As heteroepitaxial growth on graphene covered GaAs

substrates was performed by an MBE apparatus. MBE has continuously

23
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played a pivotal role in the research of modern semiconductor devices since
the beginning of MBE-GaAs growth in the late 1960s and later the fab-
rication of the first semiconductor quantum-well reported by Arthur [43],
LePore [44] and Cho [45] at the Bell Laboratories [19,46]. Operated in UHV
conditions, MBE provides precise control of layer thickness, composition and
dopant incorporation up to the atomic scale. It enables high-quality structure
fabrication with a low parasitic molecule concentration due to the ultra high
vacuum conditions. These abilities allow the preparation of tailored novel

heterostructures with sharp interfaces [19,46,47].

Transferline

Figure 3.1: Schematic sketch of the operated MBE system from Dr. Eberl
MBE-Komponenten GmbH [48].

The film growth is performed in a MBE chamber from Dr. Eberl MBE-
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Komponenten GmbH, enrolled to perform III-As and III-Sb semiconductor
growth. A sketch is shown in figure 3.1 [48]. The entire set-up is divided into
four individual chambers. In the load lock, wafers mounted on molybdenum
platen are introduced into the MBE-system and taken out after growth. A
turbo molecular pump achieves a vacuum of < 1 x 10~7 mbar within a few
hours. When loading samples, the platens are exposed to air, so moisture,
carbon, oxygen, etc. are trapped on the platen, the porous unintentionally
deposited I1I-As layer on the platen and on the wafer surface. To preserve the
vacuum integrity of the other chambers, the platen and the wafer are baked
for 8 h at 120°C, prior to further transfer, to evaporate the contaminants.
The second chamber, the transfer line, is used to transfer the wafers from
the load lock to the preparation chamber, where they are stored in an 8-way
magazine. The preparation chamber is equipped with a heating station and
an atomic hydrogen source. Each wafer is placed on the heating station and
baked again for 1 h at 200°C to degas any contaminants trapped on the
wafer or platen prior to transfer into the growth chamber. Atomic hydro-
gen cleaning was not utilised. For a detailed description refer to [47]. The
transfer, preparation and growth chamber are all individually pumped by a
ion-getter pump armed with titanium supplementation filaments (TSP-IGP)
to a background pressure of < 107° mbar. In addition, the growth cham-
ber is pumped by a closed-cycle cryopump and cooling shrouds filled with
liquid nitrogen during MBE operation, to reduce the desorption of parasitic
atoms from the chamber walls. A schematic sketch of a ITI-V growth chamber
during operation is depicted in figure 3.2.

The wafer is mounted on a rotating and heated substrate manipulator,
usually operated at 10 rpm to ensure homogeneous material deposition all
over the wafer. The sample backside is heated radiatively by a tantalum heat-
ing filament located behind a pyrolytic boron nitride diffuser plate for optim-
ised temperature homogeneity. The substrate temperature during growth is
a critical parameter and must be controlled precisely due to the exponential
temperature influence on the growth kinetics, as described in chapter 2. The
temperature is measured by a type-C thermocouple mounted located behind

the manipulator heater and in parallel by a kSA-BandiT system measuring
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Figure 3.2: Schematic sketch of the III-As MBE growth chamber. [49].

the samples temperature depending optical absorption edge shift (the band
gap-temperature dependence related to the Varshni-equation (2.5) is ana-
lysed) [50]. Because the thermocouple is located behind the heater, there is
always an offset in the measured temperature and the real sample temper-
ature, e.g. the thermocouple temperature shifts for different platen and dif-
ferent mounted 1/4 3" wafer flats. In contrast, the BandiT system calculates
the temperature directly from the wafer’s optical absorption, so the influ-
ence of the platen and the wafer form or size is cancelled out. The detected
spectrum is fitted to the band edge absorption by the BandiT-system. The
kSA-generated calibration files are used to determine the temperature [50].
All temperatures in the following were measured by the Bandit system; the
uncertainty is +2°C.

There are several effusion cells filled with high purity materials (> 5N),

each may be individually heated and used. A total of seven different materials
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(Al, As, C, Ga, In, Si, Sb) are available in the present MBE system. However,
all following structures only utilises gallium (Ga), indium (In) and arsenic
(As). While gallium and indium are evaporated from effusion cells, arsenic is
evaporated from a valved cracker source with a motorised valve control unit.
This allows a fast switch in the arsenic-flux, without a need to change the
cell’s temperature. At low cracker temperature of around 450°C, As, is evap-
orated. This configuration is used for the entire growth discussed in the fol-
lowing. The molecular beams evaporated from the cells can be blocked either
by individual cell shutters or by the substrate shutter. This allows precise
monolayer film deposition. Prior to growth, the molecular beam fluxes arriv-
ing at the sample are measured by a Bayard-Alpert type ionization-gauge,
also known as beam-flux-monitor. It can be moved directly underneath the
substrate manipulator. The measured ion-current is translated to a beam-
equivalent-pressure (BEP), so the III-V ratio can be calculated [48]. In this
work, In,Ga;_,As growth is performed in As, overpressure within the com-
monly used III-V ratio range between 10 and 100; Detailed ratios used in
this work are presented in chapter 5. I1I-As growth is self-regulated above
~ 300°C as long as there is excess As, because the As sticking coefficient is

zero above 300°C when no metal atoms are present [19,21].

3.1.1 Reflection high-energy electron diffraction

A very important tool in MBE systems is RHEED. It is employed to monitor
the growth process in-situ and delivers information on the surface crystallo-
graphy and surface kinetics [21,29,51]. Here a Staib-RHEED set-up is used,
operated at 10 kV and 1.5 A. The electron gun and the phosphorescence
RHEED-screen is mounted at a shallow angle with respect to the substrate
manipulator, as shown in figure 3.2. The generated and finely collimated
electron beam is directed towards the substrate surface at a grazing angle
of around 1° — 3°. The penetration depth of the electrons is only a few ang-
stroms, due to the shallow angle, making this method extremely surface sens-
itive [21,29,51]. The scattered electron diffraction pattern reveals the crystals

surface reconstruction if the electron beam is in alignment with the low miller
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indices crystal directions. On the surface, dangling bonds re-arrange to min-
imise their energy [21,29,46,51]. Figure 3.3 shows different RHEED patterns
and the corresponding surface structures; for example, spots on the Laue-
ring confirm a smooth single crystalline surface. The surface reconstruction
changes with temperature. Various reconstructions of GaAs can be found
in [52]. The GaAs surface reconstruction changes from c(4x4) to (2x4) for
example, when the sample is heated above the thermal de-oxidation temper-
ature of around 590°C in arsenic-rich conditions [53,54]. Relaxed In,Ga;_,As
exhibits the (2x4) or (4x2) reconstruction, while for strained In,Ga;_,As
films on GaAs the (4x3) reconstruction is observed [24,55]. However, due
to the lattice mismatch of 0% to 7% in the In,Ga;_,As/GaAs system, the
surface may becomes too rough to observe any surface reconstruction during
growth.

Another useful RHEED-feature is monitoring the change in spot intensity
during growth, to determine the growth rate. A closed smooth layer exhibits
a higher intensity compared to a partially closed one. During layer-by-layer
growth, material is deposited on the sample. This causes the formation of
nuclei on the flat surface. The detected RHEED-intensity on this rougher
surface drops. When growth is continuous, the layer coalescences again and
the RHEED-intensity increases. Layer-by-layer growth results in an oscillat-
ing RHEED-intensity. One period corresponds to a monolayer. Thus the time
interval between two maxima give the growth rate [51]. Here, the growth rates
of GaAs on GaAs substrates and of InAs on InAs substrates were measured.
The measurement uncertainty is approximately +5%. However, to determ-
ine the indium to gallium ratio in the grown layer, the preciser HRXRD

measurements were performed.

3.1.2 Growth preparation

Usually a growth run is divided into several steps. In the following section,
the basic growth procedure is discussed. The growth parameters like
temperature, arsenic pressure, nucleation layer thickness etc. were tuned

and optimised to obtain smooth and defect-free In,Ga;_,As films. This is
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Figure 3.3: Different RHEED-pattern and the corresponding surfaces in real
and reciprocal space [51]. A flat and single crystalline surface exhibits spot
on the Laue-ring.

explained in more detail in chapter 5.

« First, a full 3" semi-insulating GaAs(001) wafer from Wafer Technology

Ltd. is cleaved into 4 quarters.

e The surface oxide is removed by dipping the quarter wafer 1 min
in 10% HCI, followed by DI-water rinse and immediate monolayer
graphene transfer. Details on the graphene transfer are discussed in

the next chapter 4.
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The 1/4 wafer is mounted on a molybdenum plate and loaded into the
load lock. The load lock is baked for 8 h at 120°C.

Platen and wafer are transferred onto the heating station in the
preparation chamber and degassed again at 200°C until the chamber

pressure drops below 5 x 10~ mbar, but for at least 1 h.

The sample is introduced into the main growth chamber, i.e. onto the

sample manipulator. Its temperature is approximately 300°C.

The temperature is increased in arsenic overpressure. The start of
the sample de-oxidation is observed at approximately 590°C by an
increase in the RHEED-spot intensity [47]. The sample temperature
is increased to roughly 620° C and the sample is annealed for 5 min.
The two main reasons for this step are: Residuals on the graphene
are evaporated at high temperature and the bare GaAs wafer is
de-oxidised and annealed. In this way, In,Ga;_,As films can be grown

on a monolayer graphene and on the bare GaAs in parallel.

The temperature is decreased to roughly 425°C, before the arsenic
valve and shutter are closed. The temperature is low enough to keep the
GaAs surface stable, but high enough to allow arsenic re-evaporation

from the graphene surface.

The temperature is ramped to the In,Ga;_,As "nucleation tem-
perature", which usually is 300°C. After waiting a few minutes for
temperature stabilisation, the indium shutter, the gallium shutter and
the arsenic shutter and valve are opened simultaneously. The arsenic
beam flux increases slower compared to the gallium and indium flux.
There is a time delay, because the indium valve opens slower compared
to the shutters of the gallium and indium cell. Due to this time delay,
the remote epitaxial growth of small nuclei on the graphene covered

GaAs is initialised by gallium and indium atoms. This is reported to be
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indispensable due to the stronger binding of an arsenic-graphene-metal

stack compared to an arsenic-graphene-arsenic stack [10].

e The metal shutters are closed and the substrate temperature is ramped
to the selected overgrowth temperature in As,; overpressure to keep

the nucleation layer surface stable.

o Thicker In,Ga;_,As films are grown. The chosen As; flux depends on
the indium fraction and substrate temperature. Details are provided
in chapter 5. The film thickness uncertainty is +10% and the As,
flux uncertainty is £0.1 x 107 mbar for all samples grown in this

dissertation

o Finally, the substrate temperature is decreased to 300°C in Asy

overpressure and the sample is removed from the MBE.

3.2 Reactive Ion Etching

In semiconductor fabrication, RIE is a typical method to dry etch substrates
or films to create tailored nano-structures and devices. The basic principle
is the reaction of a sample with reactive ions and radicals generated in a
plasma by high frequency electromagnetic fields [56-58]. In this thesis, an
advanced dry etching method based on inductively coupled plasma (ICP) is
used to clean Poly(methyl methacrylate) (PMMA) residuals from monolayer
graphene surfaces [56,58,59]. A schematic set-up of a PlasmaLab 100 reaction
chamber from Oxford Instruments plc used for ICP-RIE in this work is shown
in figure 3.4. The sample is mounted on a host silicon wafer lying on a
table. The chamber is pumped continuously to a background pressure of
< 5 x 1077 mbar to minimise the residual gas, to enable the plasma ignition
and to remove the reaction products during an etching process. A gas inlet
provides the reaction gases. A coil is mounted around the chamber. Both, the

sample table and the coil may be biased individually by a radio frequency
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Figure 3.4: Schematic sketch of the used ICP-RIE machine [59] and visu-
alisation of different etching techniques. The plasma is generated above the
sample. The table bias is tunable and governs the etching type. A low applied
bias causes mainly isotropic etching and a higher bias anisotropic etching,
respectively.

(RF)-signal. Applied to the coil, the RF-signal creates an electromagnetic
field in the chamber and accelerates the molecule’s electrons from side to side
during every oscillation period, while the heavier ions cannot follow the field.
Above a certain threshold power, the electrons are ripped off the molecules
and the plasma ignites spontaneously [57,58,60]. Note, in this set-up, the
plasma is generated above the sample [59]. Mainly, thermal radicals escape
the plasma and reach the sample surface, where they interact by isotropic
chemical reaction with the sample surface. The radicals energy is too low to
sputter the sample [56,59].

A RF-signal applied to the sample platen may also generate a plasma.
However, some accelerated electrons collide with the platen and charge it, so
a potential between the slightly positively charged plasma and the slightly
negatively charged platen builds up. The positive ions are accelerated toward
the platen and collide with the sample. Apart from the chemical reaction of
ions and sample, the ions also sputter the sample, as they exhibit a sufficient

energy and momentum. This process is quite anisotropic. With this process,
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sharp etch profiles may be achieved [57,58]. A wide process window is found
by managing the power applied to the coil and the platen, ranging from
mainly isotropic and mild etching conditions to anisotropic/directional etch-
ing. This is schematically shown in figure 3.4. The coil is biased to create the
plasma, while the platen is biased to control the ion energy [57-59]. The etch-
ing process may be tuned and tailored by several process parameters: the gas
pressure and flux, the applied RF powers, the etching time, the sample tem-
perature, the background pressure and of course the chamber itself. Tailoring
the process parameters to clean graphene surfaces from polymer residuals is

described in the next chapter 4 in more detail.

3.3 Atomic force microscopy

AFM is a technique to determine a sample’s surface in detail. Deviation in a
sample surface height are measured with sub-nanometre precision. AFM im-
ages reveal a sample’s surface morphology and the surface roughness. There-
fore, AFM is often conducted after graphene cleaning or after In,Ga;_,As
film growth.

Here, a Nanosurf Mobile S atomic force microscope with ppp-zycontr-
cantilevers from NanoAndMore GmbH is used. A sketch is presented in fig-
ure 3.5 [61]. A sharp tip with a diameter of roughly < 7 nm on a cantilever
interacts with the sample surface through a raster scanning motion [61,62].
The up and down and side to side motion applied by piezo crystals is mon-
itored by a laser beam reflected from the backside of the aluminium coated
cantilever, as the tip scans along the surface. This reflected laser beam is
traced by a position-sensitive photo-detector, that picks up the vertical and
lateral motion of the tip [61,62]. Measurements were performed in the so-
called static or contact mode. The cantilever raster scans the surface, while
the tip is in continuous close contact to the sample surface, where it is re-
pulsed due to the Lennard-Jones-potential. The static mode is operated with
constant force; the force applied to the tip/cantilever is kept constant at
18 nN during the scanning process. The output raw data consists of the

height (z topography) and its deflection for each surface in-plane coordin-
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Figure 3.5: Schematic sketch of the AFM set-up. The laser diode beam is
reflected by the tip’s backside and detected during raster-scanning the sample
surface [61]. a) shows an AFM image of the raw-data and b) shows the drift
corrected AFM image.

ate. The measurement planar resolution is 256 x 256 pixels for image sizes
between 1 x 1 yum? and 10 x 10 pm?.

A typical raw data topography image exhibiting a considerable drift in
the z-direction is shown in figure 3.5a). This drift makes it hard to analyses
the sample surface. However, the Nanosurf software offers different kinds
of fitting algorithms for data correction. Here, the line fit algorithm is used,
which calculates the mean height and slope value for every line and subtracts
it from the raw data. The so corrected image is exemplarily shown in figure
3.5b) [61].

A quantity to compare sample surfaces is the root-mean-square (RMS)
roughness o, which is calculated by equation (3.1); z; — z is the height dif-
ference of each pixel ¢ from the calculated mean height z and n is the total

pixel number. The RMS roughness uncertainty is +0.1 nm.
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o= J IS (-2 (3.1)

3.4 High-resolution X-ray diffraction

While AFM is used to analyse the sample surface, HRXRD is a powerful non-
invasive method commonly used to analyse the crystallographic structure of
an epitaxial layer [21,41]. Here, a Malvern Panalytical X’ Pert MRD triple-
axis diffractometer is used to perform HRXRD measurements. A schematic
sketch is presented in figure 3.6. A copper cathode operated at 45 kV and
40 mA generates an X-ray beam. The beam is parallelized by a parabolic
mirror and monochromised by (220)-channel-cut germanium crystals. X-rays
with a wavelength of A = 1.54056 A (Cuga1 line) pass through the mono-
chromator, while the broad Bremsstrahlung background and other emission
lines, e.g. the Cug,e line, are filtered [63]. The filtered X-ray beam size is
defined by an incident slit, before the beam hits the sample at an angle w. The
diffracted beam is then detected at an angle 20 by an Analytical X’ Celerator
detector [63]. The angular resolution of the reflected beam is tuned by a
programmable receiving slit. Note, the inevitable trade-off between resolu-

tion and intensity; a narrow incident or receiving slit only lets X-rays with a

a) detector ' b) y

(220) Ge-crystals

Cu-anode

Figure 3.6: a) Schematic sketch of the high-resolution X-ray diffractometer.
b) Sketch of a mounted sample and the corresponding symmetry axes. The
samples can be moved in z-, y-, z-direction and rotated by ¢,¥, w.
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Figure 3.7: RSM showing the important (004)- and (224)-reciprocal-lattice
reflex of an In,Ga;_,As layer (red dots) grown on a GaAs substrate (black
dots). The scan direction of w-scans and w-26-scans are depicted. A map
around the (224-reciprocal lattice reflex is indicated by the grey area. Higher
indexed reflexes exhibit a large separation A, an A, between layer and
substrate peak.

small angle distribution pass, so a high angular resolution is achieved, result-
ing in a rather low intensity, as most of the beam is blocked, leading to a low
signal-to-noise ratio [63]. A sample is mounted on a sample holder, which is
fixed at an Euler-cradle allowing motion and rotation on 6 axes independ-
ently. The sample may be moved in x-,y-,2-direction and rotated by v, ¢ and
w. See figure 3.6 for a schematic sketch.

The analysed samples analysed in this work have a size of ~ 5 x 5 mm.
To avoid a parasitic scattered signal from the cradle and sample holder, the
samples are fixed on a silicon wafer with double-sided tape before mount-
ing them onto the Euler-cradle. Mounting a sample always applies a twist
and tilt of the sample with respect to the incident plane, thus reducing the
detected intensity. Therefore, prior to every measurement, the sample posi-
tion is calibrated by individually measuring each parameter. The best value
is obtained for the maximum GaAs substrate intensities reached within a

scan. This value is used as the new calibrated value. Of course, changing one
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parameter will affect the other ones, so an iterative optimisation procedure
is carried out. Once calibrated, the measurement is started.

As already described in chapter 2, perfect crystals exhibit intense re-
flection for incident X-rays fulfilling the Bragg-equation. However, in real
crystals, deviation from the perfect conditions appears and this deviation
is observed in HRXRD measurements. Commonly used scans are the w-26-
scan and the w-scan visualised in the reciprocal space map given in figure
3.7. Black and red dots represent the reciprocal lattice points of GaAs and
In,Ga,_,As, respectively.

In an w-260-scan, both w and € are moved simultaneously. In this mode,
w = 20. These measurements are performed for symmetric reflexes, because
then, only the ¢, coordinate is probed, while ¢,, = 0. This scan probes the
single crystalline phase of a film as the appearance of non-(001)-peaks in the
measured spectrum would indicate structural disorder and polymorphism
[41]. In an w-scan, also called rocking curve, only w is moved. As depicted in
figure 3.7, an w-scan entails a variation of the scattering vector on a circular
path in the reciprocal space [41]. Regarding the Bragg-equation, a perfect
crystal exhibits reflections only for a certain angle. However, real crystals
may consists of slightly tilted or twisted mosaic blocks or contain dislocations
and thus exhibit reflection of a broader angle range. For fcc-lattice crystals,
the full width at half maximum (FWHM) of an w-scan of the (004)-reciprocal
lattice reflex is related to a layer’s dislocation density ngs by equation (3.2);

b~ 4A is the dislocations burger vector [64].

FW HM?

T (3.2)

Ndis =
A powerful method to investigate layers, is to map the area around certain
reciprocal lattice reflexes. This is done by performing several w-scans for cer-
tain values of 260 around a reflex as schematically depicted by the grey area in
figure 3.7. Figure 3.8 shows a typical w-260 map measured of an Ing 15GaggsAs
layer grown on GaAs. To analyse the data, this map is converted into the re-

ciprocal space by equation (3.3) and (3.4). Plus and minus represent positive
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Figure 3.8: a) A typical w-20 map of the (-2-24)-reciprocal lattice reflex of

an Ing 30Gag 70As film grown on a GaAs substrate and b) the corresponding
RSM calculated by equation (3.3) and (3.3).
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values (hkl) and negative values (-h-kl), respectively. The in-plane reciprocal
coordinate ¢, lies in the plane parallel to the sample surface, while ¢, is

orthogonal to the sample surface.

Quy = j:2)7\r(cos(29 — w) — cos(w)) (3.3)
q. = 2;\T(Sin(29 —w) —sin(w)) (3.4)

The GaAs substrate reciprocal lattice reflex is clearly observed. It exhibits
the strongest intensity. However, its coordinates differ from the theoretically
calculated ones, as only the relative angles within a measurement are precise
but not the absolute angles [63]. The theoretical reciprocal lattice coordinates
of the GaAs substrate and of pseudomorphic and relaxed InAs are calculated
by equations (3.5) and (3.6).

2
Goy = — VB2 + 12 (3.5)

a
2
gz = —~VI? (3.6)
The values are plotted in figure 3.9 as grey squares. They are used to fig-
ure out the layer’s strain and indium composition. All values are then shifted
by the vector A7 = Giheo — Gexp, calculated by the reciprocal lattice difference
of the measured GaAs substrate peak ¢.,, and the theoretically calculated
one Giheo- An example is shown in figure 3.9. The red arrow visualises Ag.
An In,Ga;_,As film grown on GaAs exhibits a peak somewhere in this
triangle and the relative distance to the GaAs peak and the strained and re-
laxed InAs peaks is used to calculate the degree of relaxation and the indium
concentration. Therefore, equation (3.7) and (3.8) are used. The values ay,
ag, by and by are shown in figure 3.9. The measurement error of the relaxation
degree and the indium concentration is approximately +2% and +1.5% for

all samples analysed in the following, respectively.

aq
as + aq

indium concentration =

(3.7)



40 3.4. HIGH-RESOLUTION X-RAY DIFFRACTION

4.4

InAs relaxed]

intensity [a.u.]

4.0

L InAs pseudomorph

3.1 3.0 2.9
Ay (A

Figure 3.9: RSM of an Ing30GagroAs film on a GaAs substrate. The offset
correction between measured and calculated reciprocal lattice points is in-
dicated by the red arrows. The indium concentration and the film relaxation
degree are derived from the proportion of a1, as and of b; and by, respectively.

by
by + by
To obtain precise values, a reflex with a high resolution in ¢,, and ¢, but
also with a high reflected intensity should be chosen. Typically the (004)- and

the (224)- or (-2-24)-reciprocal lattice reflexes are used for symmetric and

relaxation degree = (3.8)

asymmetric measurements within the In,Ga;_,As/GaAs system, respect-
ively. On one hand, these reflexes exhibit a large fine structure constant and
thus reflection on these lattice planes results in bright spots, on the other
hand, the resolution (A, and A, ) of the (224)- and (-2-24)-reciprocal lat-
tice reflex is high. Figure 3.7 shows this. The best trade-off in resolution and
intensity is observed for the (-2-24)- and (224)-reciprocal lattice reflex [41,63].
Another factor is the measurement geometry. While the (224)-reciprocal lat-

tice reflex is analysed under a shallow beam incident, the so-called grazing
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incident geometry, the (-2-24)-reciprocal lattice reflex is analysed under a
shallow diffracted beam, so-called grazing exit geometry. A higher intens-
ity is detected in the first configuration, as the beam penetrates a rather
large crystal volume, but the lateral resolution is smaller. In the latter con-
figuration, the beam hits the sample under nearly 90°, hence the diffracted
beam contains signal from a significant smaller sample volume. The resolu-
tion is better. The indium concentration and the degree of film relaxation is
determined more accurate. However, the diffracted beam intensity and there-
fore the signal-to-noise ratio is smaller. The (-2-24)-reciprocal lattice reflex
was measured for 200 nm thick In,Ga;_,As films. Thinner In,Ga;_,As films

were measured in the (224) geometry.

3.5 Scanning electron microscopy

In this section, SEM is described. This technique is based on the electron de-
flection on a sample surface [65]. The used system here is a RAITH150-TWO
from RAITH GmbH able to perform both, electron beam lithography and
scanning electron microscopy. Here SEM is used as a competitive method to
AFM. All measurements were performed with the help of Dennis Deutsch.
Wet transferred graphene on GaAs and In,Ga;_,As nuclei on graphene
covered GaAs were imaged. The resolution was up to 100k.

When operating in the imaging mode, an electron beam is generated by
an electron gun and shaped by electromagnetic lenses [65,66]. For enhanced
resolution, an accelerator voltage of 15 kV was used. The focused beam hits
the sample surface, where the electrons interact with the sample. Backs-
cattered electrons, secondary electrons and X-ray photons are re-emitted.
The backscattered electrons origin lies deeper within the sample. They are
emitted by elastic scattering of the impinging electrons, thus giving material
information up to a certain thickness. The secondary electrons are ejected
from the samples conduction or valence band by inelastic electron-sample-
scattering interactions [65]. Due to their low energy, these electrons originate
within a few nanometres below the sample surface and reveal topological in-

formation only from the topmost layers [65,66]. The latter method is mainly
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used in this thesis. Secondary electrons are detected by an in-lens detector,
that images lateral differences in the material work function [66]. The ac-
tual resolution observed in the images not only depends on the SEM-system,
but also on the operator and their ability to focus the electron beam pre-
cisely. Here, a lateral resolution of roughly 10 nm was achieved. The in-lens
detector enables the distinction amongst different materials, like GaAs and

In,Ga;y_,As. It can be distinguished amongst multi- and monolayer graphene.

3.6 TEM, XPS, Raman

In this last section, the characterisation methods performed by the collabor-
ation partners are briefly presented.

Raman-spectroscopy was performed by AG Goldhahn of the Otto-von-
Guericke University in Magdeburg. It relies upon inelastic photon scattering
in a material. Detailed overviews may be found in [67-69]. Raman-spectra
were recorded by using a TriVista777 (S&I GmbH) equipped with a 532 nm
laser source within a Raman microscope. The laser beam was focused on
the sample by a microscope objective where the photons interact with the
crystal [70, 71]. The resolution is 0.2 cm™!. Apart from the typical elastic
Rayleigh-scattering, inelastic scattering of photons with low energy excita-
tions in the crystal occurs as well, for example, defect or vibrational states.
The re-emitted photon energy is slightly shifted. A shift to lower photon en-
ergies occurs if the photon transfers energy by creating a vibration or phonon
in the crystal (Stokes scattering), whereas a shift to higher energies occurs if
a vibration or phonon in an excited state (called Anti-Stokes scattering) is
relaxed and energy is transferred to the photon [67-69]. These energy-shifts
are rather small and weak in comparison to the intense laser beam, so the
laser light is filtered, before the spectrum is resolved by a spectrometer and
detected [70,71]. In the used set-up, the resolution is +0.2 cm™! [70, 71].
The Raman-shift is specific to a material and allows detailed material ana-
lysis [67]. The hexagonal grid of monolayer graphene exhibits characteristic
peaks, the so-called (2D and G peaks). Defects and impurities are easily de-

termined by analysing the spectrum [68]. In crystalline In,Ga;_,As films,
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dislocations will activate phonon features [70, 71]. The indium fraction can
be derived from the phonon’s wave number shift [70,71].

XPS measurements were performed by the AG Grundmeier from Pader-
born University. An Omicron ESCA+ system at a base pressure of <
1 x 1078 Pa and a XM1000 source with monochromatic Al K,-radiation
(1486.7 eV) is used. The angle between source and analyser is 102°. The
take-off angle with respect to the surface plane was 60°. Measurements were
performed without neutralisation at a constant pass energy of 100 eV for a
survey and 20 eV for element spectra. The resolution is 0.07 eV. Data evalu-
ation was performed using CasaXPS Version 2.3.23PR1.0. A proper overview
of the basic principles and the measurement technique is presented in [72,73].
XPS is used to investigate the surface properties. Transferred graphene was
analysed before and after cleaning. The basic XPS-principle is the photoelec-
tric effect. The technique can be described by a three-step process: In the
first step, the photo-ionisation takes place, then the excited electron travels
through the crystal to the surface and escapes the crystal into the vacuum
where it is detected [72]. The kinetic energy of the emitted electrons is meas-
ured and passes information of the analysed material, as it is directly related
to the characteristic electron binding energy. The chemical state of a sample
is analysed by the photo-ionisation energy fo the material core levels. Usu-
ally, XPS is a quite surface sensitive technology, as the mean free path of the
emitted electrons within a material is quite low [72,73].

TEM measurements were performed by the Prof. Sanchez group from
Warwick University and by Thomas Riedl from AG Lindner from Paderborn
University. A detailed survey on TEM is presented in [74]. In TEM, a high
energy beam of electrons is shone through a very thin sample [74,75]. The
electrons interact with the atoms when the beam passes through the sample.
The detected electrons reveal characteristic sample features like the crystal
structure, chemical composition, crystal defects or grain boundaries on an
atomic scale. Prior to measurement, the sample is thinned to a few nano-
metres to allow electron transmission [76]. The electrons are emitted from a
hairpin or single-crystal filament [74,75]. Then, the electrons are focused into

a small, thin, coherent beam by condenser lenses. The beam hits the sample
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and electrons are scattered by the samples electrostatic potential [74,75]. The
transmitted electrons are then detected and the intensity distribution reveals
the atomic arrangement. By scanning the electron beam above the sample,
high resolution images are taken [75]. Further, the chemical composition on
the atomic scale is resolved by measuring the electron energy loss during the

electron-sample-interaction [75].
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Chapter 4

Graphene transfer and sample

preparation

In this chapter, the graphene transfer onto oxide stripped GaAs substrates
is explained. The PMMA handling stack removal from the graphene is dis-
cussed. Wet chemical cleaning and plasma treatment of the GaAs-graphene
surface is described. The corresponding process parameters are given. Remote
epitaxy of In,Ga;_,As on graphene covered GaAs is only possible for a single
monolayer graphene on the GaAs substrate as elaborated in chapter 2. There-
fore, the GaAs surface must be oxide-free and there must not be any residuals
on the graphene surface. Here, GaAs wafers from Wafer Technology Ltd. and
transfer graphene from ACS materials are used. In general, there are several
methods to fabricate monolayer graphene, i.e. the Nobelprized scotch-tape
method, graphene grown by CVD growth on copper foil or by graphitisation
of SiC. The scotch-tape method is often used to obtain monolayer graphene
flakes with a high structural quality for research applications. The experi-
mental procedure is rather simple. However, the output is low and the flake
size is limited a few pm?. Larger graphene pieces are required to analyse the
grown films employing HRXRD. SiC wafers form a monolayer graphene on
the wafer surface, when exposed to high temperatures in an inert atmosphere.
This method is scalable to entire wafers and a high quality graphene layer
is achieved, but the graphene has to be peeled-off the SiC wafer. Although
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Figure 4.1: Process-flow scheme of the graphene transfer to the GaAs sub-
strate and the further treatments to clean the graphene from polymere re-
siduals.
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this process might supply graphene with low defect densities, the fabrication
and transfer process requires significant experimental know-how [10,11,17].
Monolayer transfer graphene is grown on copper foil by a CVD process and is
commercially available on a wafer scale [77]. The graphene layer is covered by
a 500 nm thick PMMA layer to stabilise the graphene during transport and
transfer [77]. The copper is removed by etching. The graphene-PMMA stack
can be transferred to any substrate and allows a high sample output. How-
ever, the PMMA film has to be removed prior to In,Ga;_,As overgrowth, but
PMMA removal is reported to be rather difficult. Strongly adhering carbon
chains, the so-called PMMA-G, sticks to the graphene layer [78,79]. It was
proposed to remove these PMMA residuals by thermal annealing at elevated
temperatures from 300°C to 900°C in UHV, or inert gas [80-85], or by mild
plasma cleaning [78,79,86-93|. Certain care has to be taken during sample
cleaning, as a too harsh treatment damages the graphene layer.

The graphene transfer process to the GaAs substrates and the graphene
treatment prior to overgrowth is shown schematically in figure 4.1. The
graphene is wet transferred to the GaAs wafer, then the PMMA polymer is
removed by acetone, IPA and DI-water rinse and finally, an in-depth plasma

cleaning is done. A detailed description of each step follows:

(1-3) The as-delivered graphene is covered by PMMA. The graphene-PMMA
stack lies on a sponge. Once placed in water, the sponge is soaked with
water and the graphene is released. The graphene-PMMA stack floats
on the water, due to the water’s surface tension. The graphene-PMMA
stack is picked up by a common filter-paper and a 4 x 4 mm piece is cut
from the stack. The remaining graphene-PMMA stack is transferred
back onto the sponged and stored in a fridge. The 4 x 4 mm piece floats
roughly 20 min on the water. Within this period, graphene wrinkles
and bulbs are relaxed [77]. During relaxation, a 10% HCI solution is
mixed in a Petri dish. A GaAs quarter wafer is etched by the 10%
HCI solution for 1 min under slight agitation, to remove the surface
oxide, followed by DI-water rinse for a few seconds [94-96]. Then,

the quarter is immersed into the water-filled beaker with the floating
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(4)

(5-8)

(9)

graphene-PMMA stack. The graphene-PMMA stack is scooped by
the GaAs substrate. The graphene-PMMA transfer should be done
as fast as possible to avoid any GaAs wafer contamination. A GaAs
oxide layer forms immediately in air [94,96]. An oxide layer between
graphene and GaAs substrate reduces the substrate-layer-interaction

and might deny successful remote epitaxy.

After graphene transfer, the GaAs wafer is held upright for 1 min to
let excess water flow of the wafer. The sample is dried for 10 min at
ambient conditions and then baked on a hot plate for 20 min at 100° C
to increase the adhesion of the graphene to the GaAs wafer and to
flatten the graphene [77].

The next step is the PMMA removal. The sample is immersed in 50°C
pre-heated acetone for 20 min [77]. Then, the sample is rinsed with
IPA and DI-water and finally re-baked for 20 min at 100° C to remove
any trapped water on the graphene and between graphene and GaAs

substrate.

The final step is an in-depth cleaning. Several methods were invest-
igated. Their ability to prepare a proper GaAs-graphene surface for
remote epitaxy is discussed in the next chapter 5 in further detail.
As it turned out, a H-Ar-plasma cleaning step, performed in an ICP-
RIE chamber suits best. The H-Ar-plasma removes PMMA polymer
residuals adhering on a graphene surface and also any GaAs surface
oxides. The process is divided into three steps with the detailed pro-
cess parameters given in table 4.1. Firstly, the sample is treated with a
hydrogen plasma. The RF-power applied to the platen is low, so that
mainly hydrogen radicals interact with the sample surface. Secondly,
the sample is treated by a H-Ar-plasma operated at low RF-powers
and for short times referred to as mild plasma conditions. Thirdly, step
one is repeated. The first and the third step are not required to ef-
ficiently remove the PMMA-residuals on the graphene, but they help
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to achieve a clean graphene surface with fewer particles. The reason
for this is unclear. Maybe, the first step removes contaminations in
the chamber prior to sample etching and thus suppresses contaminants
(re-)deposition. The last step may achieve a hydrogen saturated sample

surface. A similar effect was reported in [86].

Prr | Picp | time | H-flux | Ar-flux | pressure
(W) | (W) (s) (sccm) | (scem) | (Torr)

1% - 100 300 10 - 42.5
2 [3-51 100 | 15-30 10 5 42.5
3rd - 100 300 10 - 42.5

Table 4.1: Process parameters of the plasma cleaning process.






Chapter 5

Results

In the following chapter, the results of the sample preparation, the sample
cleaning, the remote heteroepitaxial In,Ga;_,As growth and the ex-situ char-
acterisation are discussed. The chapter is divided into three parts. Firstly, the
results of different sample cleaning procedures are presented. A way to pre-
pare commercially available transfer graphene for remote epitaxy is shown.
Then, the initial stage of In,Ga;_,As film growth, the In,Ga;_,As nucle-
ation on graphene covered GaAs substrates, is discussed. Various indium
concentrations and substrate temperatures were tested. Lastly, remote het-
eroepitaxy of thicker In,Ga;_,As films with indium concentrations up to
x = 0.70 is presented. The strain relaxation mechanism, the degree of strain
relaxation and the dislocation density is analysed by HRXRD-, TEM- and

Raman-spectroscopy-measurements.

5.1 Sample preparation towards remote epi-

taxy

In this section, several cleaning procedures and their ability to prepare the
GaAs-graphene sample surface for remote epitaxy are investigated. The key
for remote epitaxy is to ensure, there is exactly one monolayer graphene
on the substrate. Any additional atoms or molecules, for example, PMMA-

polymer residuals adhering to the graphene or a GaAs oxide layer between

ol
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7.5 nm
2.5nm

Figure 5.1: a) AFM image of the transferred graphene layer after cleaning
with solvents. The surface roughness is ¢ = (1.6 + 0.1) nm. b) AFM image
of a 1 min etched GaAs substrate in 10%-HCI. The roughness is around
o =(0.3£0.1) nm.

graphene and GaAs substrate, increase the substrate-layer interaction gap
and prevent remote epitaxy on the graphene layer. In the following section,
thermal annealing in inert gas, in UHV and plasma cleaning are discussed
as potential preparation methods. It is shown, that a mild plasma process
followed by UHV thermal annealing properly prepares the sample surface for
remote epitaxy.

First, the GaAs-graphene sample surface is analysed after the graphene
wet transfer and wet chemical PMMA removal described in the last chapter
4. An exemplary AFM image is shown in figure 5.1a). For comparison, also
the oxide stripped GaAs substrate is depicted in figure 5.1b). These images
provide a reference data set used to compare different cleaning schemes.
While the bare GaAs substrate exhibits a rather smooth surface with a RMS-
roughness of ¢ = (0.3 & 0.1) nm, the substrate covered with a graphene
layer exhibit a roughness of ¢ = (1.6 & 0.1) nm. A structure is observed on
the sample surface resulting from graphene wrinkles and bulbs [97]. Some
elevated islands indicate Cu or SiO, nanoparticles incorporated during the
graphene fabrication process [81,97]. This image clearly shows the existence
of remaining polymer residuals on the graphene surface and agrees with other
reports [80,81,83,84,97]. In,Ga;_,As remote epitaxy is not possible on such
samples. A monolayer graphene mounted properly on an oxide stripped GaAs

substrate, should exhibit a similar surface roughness as the bare substrate
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Figure 5.2: Raman-spectra of a graphene monolayer after wet transfer to the
GaAs substrate and wet chemical cleaning.

in figure 5.1b), because in principle there is just one atom more in height on
the substrate. The Raman-spectrum of the GaAs-graphene sample measured
by the collaboration partners from the AG Goldhahn from the Otto-von-
Guericke University Magdeburg is shown in figure 5.2. It reveals an intact
graphene monolayer similar to other monolayer transfer graphene spectra
reported in literature [13,86]. The intensity of the defect related D-peak at
(1354+1) em™! is weak compared to the characteristic 2D- and G-graphene-
peak at (1593 £ 1) cm™! and (2694 4= 1) ecm™!, respectively. The Lorentzian
shaped 2D-peak with a FWHM of 21 &1 cm ™! reveals monolayer graphene
[71]. The graphene is intact after the transfer to the GaAs substrates.
Further analysis of the GaAs-graphene interface was performed by XPS-
measurements done by AG Grundmeier from the Paderborn University. Fig-
ure 5.3a) shows the carbon related binding energy spectrum, which is quite
similar to other XPS-spectra of intact graphene or to highly ordered pyro-
lytic graphene spectra [73]. The binding energy spectra of the in GaAs bound
As and Ga atoms are presented in figure 5.3b) and c), respectively. The As
and Ga related spectra clearly show a peak attributed to the presence of
Asy03 and GagOg [18,73]. This verifies a surface oxide in-between the GaAs

substrate and the monolayer graphene [73]. The oxide layer forms after the
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oxide stripe, during wet graphene transfer, when the GaAs is in contact with
water and thus corrodes, until the water is evaporated [18].
To sum up, three key points can be addressed by an in-depth cleaning

method to ensure a substrate-graphene surface is suitable for remote epitaxy:

1. The graphene layer surface must be free of any residuals

2. The GaAs surface underneath the graphene needs to be oxide free to
minimise the substrate-layer-interaction gap.

3. The graphene must not be damaged during cleaning. The graphene
monolayer should exhibit a similar Raman- and XPS-spectrum as after

transfer and wet chemical cleaning.

The first point is addressed by a suitable graphene cleaning technique
with a high selectivity. PMMA residuals need to be removed from the sur-
face while keeping the graphene intact. There are several reports on cleaning
graphene from polymer residuals, some focusing on the wet chemical cleaning
and baking in UHV or inert gas, while others employ plasma etching. A com-
prehensive overview of a variety of cleaning approaches is presented in [85].
Although the cleaning approaches were mainly tested for transfer monolayer
graphene on Si or SiOq, they should be adaptable to monolayer graphene on
GaAs.

Tackling the second point is rather difficult; removing any oxide in-
between graphene and GaAs once the graphene is placed onto the GaAs
substrate is challenging. However, heating the sample above the GaAs deox-
idation point at roughly 590°C in the MBE system possibly deoxidates the
GaAs substrate, even with a graphene layer on top. The sample annealing
in hydrogen gas or sample treatment by hydrogen plasma may be another
promising approach as hydrogen atoms exhibiting a sufficient energy can tun-
nel through a monolayer graphene layer, and then react with the substrate
oxide [78,98,99]. The etch products, i.e. the oxygen atoms, may also tunnel
through the graphene, or escape the interface by pinholes in the graphene
layer.

The comparison of different cleaning approaches is difficult, because of
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Figure 5.3: XPS-spectra of the GaAs-graphene sample surface after wet
graphene transfer and wet chemical cleaning. The a) carbon, b) gallium and
¢) arsenic related binding energies are shown. A peak attributed to the pres-

ence of As,O3 and GayOs5 is observed. This verifies a surface oxide in-between
the GaAs substrate and the monolayer graphene [73].
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researcher’s definition of the term clean. A clean graphene surface is often
associated with a smoother surface after treatment, or no degradation in
Raman- or XPS-spectra, sometimes even with an enhancement of carrier
mobility in transport measurements. So far, there is no report on "clean"
transfer graphene suitable for remote epitaxy. In [18] it is proposed, that
transfer graphene is not suitable for remote epitaxy. In contrast, in [10, 13]
annealing in UHV and inert gas was performed before successful remote
homoepitaxy on transfer graphene.

In this work, several promising cleaning processes, related to those men-
tioned in literature were tested. A suitable process, which removes residuals
is preselected by AFM measurements of the sample surface. Analysing the
surface properties in more detail, i.e. the graphene quality in terms of defects
and the presence of surface oxide, is done by Raman- and XPS-measurements.
Finally, remote epitaxial growth of single crystalline In,Ga,_,As films verifies

a proper surface preparation.

5.1.1 Thermal annealing of graphene covered GaAs

There are several approaches in literature on cleaning graphene from polymer
residuals by thermal annealing in air, inert atmosphere or UHV. Thermal an-
nealing is rather simple and is reported to remove most polymer residuals
from the graphene surface [80-83,85]. Following these approaches, annealing
in inert gas, in air or in UHV was tested at temperatures > 300°C. Figure
5.4 shows the AFM image of the sample surface after 1 h long treatments
in inert Ho-gas, in air and in UHV. The surface morphology changed com-
pared to the only wet chemically cleaned sample shown in figure 5.1a). But,
the surface morphology is still significantly rougher compared to the smooth
surface depicted in figure 5.1b). The surface roughness of all three samples is
o = (2.0 £ 0.5) nm and varies for different measured surface areas. Thermal
annealing removes only some part of the PMMA residuals. Wrinkles, bulbs
and Cu or SiO, nanoparticles become more prominent. This is in agreement
with other reports [81,85,97]. Several black or white lines appear in the AFM

images arising from the cantilever dragging over nanoparticles and graphene
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wrinkles. However, in-between the wrinkled graphene, the graphene surface
seems to become cleaner. Neither an increase of the annealing time of up to
5 h and temperatures of up to 620°C nor combining different thermal an-
nealing steps, for example, 1 h annealing in air plus 1 h annealing in UHV,
did improve the surface quality. In [78,79] it is reported, that thick PMMA
handling stacks mounted on graphene are composed of several phases. While
most of the PMMA is PMMA-B and PMMA-A with randomly ordered hy-
drocarbon chains, a thinner PMMA-G layer exists on top of the graphene.
In the PMMA-G, the hydrocarbon chains are aligned and strongly adhere to
the graphene [78,79]. PMMA-B is simply removed by an acetone bath and
PMMA-A by thermal annealing. In contrast, TEM investigation on a mono-

Figure 5.4: AFM images of transferred graphene layers after wet chemical
cleaning and thermal annealing above 300°C following the approaches pro-
posed in [80-83,85]. a) 1 h in Hy, b) 1 h in air, ¢) 1 h in Hy followed by 1 h
in UHV. Some black and white lines are caused by the cantilever drag above
nanoparticles and wrinkles.
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layer CVD-graphene cleaned in air/Hy/Ar at up to 300° C show remaining
PMMA-G residuals, Cu and SiO, nanoparticles adhering on the sample sur-
face [80,81,85,97]. Probably, most of the residuals observed on the sample
surface in figure 5.4 are PMMA-G and nanoparticles. Higher annealing tem-
peratures of up to 900°C in UHV [84,85] are reported to clean the graphene
surface with higher efficiency, but also damage the graphene lattice, as at
some point the carbon bonds in the graphene layer are also cracked. This
approach lacks also from a non-stable GaAs surfaces without the supply of
excess As at such high temperatures. Cleaning would only be possible in the
MBE growth chamber in an As flux. The MBE system is usually only oper-
ated up to roughly 620°C. The background pressure increases exponentially
with temperature, so the risk of contamination of the growth chamber be-
comes larger. The maximum annealing temperature tested here, was roughly
620°C. This temperature is above the GaAs thermal deoxidation temperat-
ure of 590°C, so in principle the thermal annealing can also remove the oxide
in-between the GaAs substrate and the graphene. The sample morphology
looks similar to the AFM images shown in figure 5.4.

Without any further in-depth analysis, In,Ga;_,As MBE was performed
at low temperatures of 300°C on all samples as described above. Details on
the growth procedure were already reported in chapter 3. A 200 nm thick
film was grown. The growth rate was 1 As~ and the As, pressure was 0.9 x
1075 mbar. Unfortunately, the In,Ga;_,As film grown on graphene exhibits
an extremely large surface roughness with individual large polycrystalline
islands. In contrast, the In,Ga;_,As film grown on the bare GaAs substrate
simultaneously was rather smooth with a 10 x 10 pum surface roughness of
o = (0.6 £0.1) nm. In conclusion, In,Ga;_,As remote heteroepitaxy on
thermal annealed GaAs-graphene samples is not possible. Probably, thermal
annealing whether performed in inert Ho-gas, in air or in UHV is not suitable
to clean the GaAs-graphene surface. There are still residuals remaining on
the surface and probably the oxide layer in-between the GaAs substrate and

the graphene layer is also not removed.
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5.1.2 Plasma etching of graphene covered GaAs

As an alternative approach, plasma etching was tested to clean graphene from
polymer residuals and GaAs oxides. Plasma etching is a well-known process in
semiconductor research and is accessible for mainly every device fabrication
lab, so graphene cleaning benefits from the high quality standards and re-
producibility. Several publications claim clean graphene surfaces after plasma
exposure by Ar [90], O [91,92], H [79,86-89], H+CH, [93] or H+CF, [78].
The basic principle is always the same: The plasma conditions are tailored,
so only the polymer residuals on the graphene surface are removed, while
ensuring graphene monolayer integrity. In Ar-ICP, the polymer residuals on
the graphene surface are affected by the ion bombardment energy. The ion-
electron-recombination causes an excitation of the polymer oxygen atoms.
The residuals are oxidised [85,90]. In a two-step process, oxygen and hydro-
gen remote plasmas are used. The polymer residuals are directly bombarded
by the oxygen atoms and although the cleaning is effective, a degradation of
the graphene layer is observed in Raman-spectra [91,92]. In H-, H+CH,- and
H+CF4-plasma operated at high densities in the isotropic/remote etching re-
gime, the sample surface reacts mainly with thermal radicals. However, the
H-atoms and -ions can tunnel through the graphene at sufficient energy. This
may offers an elegant way, to remove the GaAs oxide layer in-between GaAs
and graphene by H-atoms or -ions [98,99]. In advanced etching processes,
small amounts of CH, and CFy4 are used to etch Si-nanoparticles or to heal
defects in the graphene layer [78,93].

In this thesis, the focused is on mild H-plasma and mild H4+Ar-plasma
etching of the GaAs-graphene surface related to the approaches reported in
[79,86-89]. First, the effect of a pure inductive-coupled-hydrogen-plasma was
tested. The plasma is generated above the sample as described in chapter 3, so
the sample surface interacts mainly with H-radials. The process parameters
were tuned to achieve a high density plasma. The maximum pressure for a
stable H-plasma is 42.5 mTorr at a Ho-flux of 10 sccm and an ICP-power of
100 W. Figure 5.5a) shows an AFM images of a 1 min long cleaned GaAs-

graphene sample surface. The overall roughness of o = (0.7 £ 0.1) nm is
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Figure 5.5: AFM images of transferred graphene layers after cleaning with
solvents and plasma treatment. a) only ICP, b) ICP plus Prr = 5 W for 20s,
¢) ICP plus Prr =5 W for 60s

lower, in comparison to any thermal annealing process. A distinct pattern of
wrinkles is visible and amongst the wrinkles, the surface is rather smooth.
Increasing the etching time to several minutes did not change the surface
morphology. This agrees with theoretical molecular dynamics simulations
which predict a process frame (H-atom’s energies up to < 10 eV) where
most of the H-atoms are reflected or adsorbed on the graphene lattice. The
graphene lattice remains protected from any chemical attack, due to the de-
localized m-electrons in the sp*-hybridised state [98,99]. In these conditions,
the penetration probability of H-atoms through the graphene lattice is low
and a rather high etch selectivity is obtained. The drawback is, that the
oxide layer underneath the graphene is neither attacked. Ing 15GaggsAs MBE

growth results in polycrystalline film growth.
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In consequence, a RF-signal is added to the sample platen in a second
etching step, leading to the bombardment of the sample by H*-ions, which
exhibit a higher kinetic energy. The H*-ion probability to penetrate and to
adsorb on the graphene lattice increases [98,99]. The ion-dose and of course
the ion-energy is tuned by the applied RF-platen-signal. Within this process
frame the oxide layer on the GaAs substrate is exposed to penetrating H-ions,
while the graphene lattice itself is hydrogenated. Hydrogenated graphene is
protected from the adsorption of residuals during sample transport in air and
Dehydrogenation is achieved by thermal annealing in UHV [78]. Certain care
has to be taken by adjusting the RF-power and etching time, as too harsh
conditions cause a reaction of the H*-ion and the C-atoms of the graphene
lattice. A low RF-power of 3—5 W applied to the platen for 15—30 s suits best.
Note, due to heavy machine usage, a slight drift of the process parameters
was observed. Typically, the H-plasma needs a few seconds to ignite and
become stable. This strongly impacts the etch process reproducibility as it
only takes a few seconds duration. Adding 5 ssecm Ar-gas during this etching
step, stabilises the plasma generation and increases process reproducible.

The GaAs-graphene surface of a sample cleaned by both steps, an
inductive-coupled-H-plasma step (Prcp = 100 W, 1 min) followed by an
H+Ar-plasma with an added RF signal to the platen (Picp = 100 W,
Paten = 5 W, 20 s), is depicted in the AFM image in figure 5.5b). The
overall surface roughness is o = (0.8 £ 0.1) nm. There is barely any differ-
ence in the surface morphology and roughness compared to the sample only
treated 1 min by the inductive-coupled-H-plasma. Both AFM images display
some graphene wrinkles and an otherwise smooth surface.

Too long exposure during the second step, causes graphene etching. Fig-
ure 5.5¢) shows a GaAs-graphene sample surface after 60 s H+Ar-plasma
treatment with an applied RF-power to the platen of 5 W. Obviously, the
wrinkled graphene is etched.

The necessity of the second plasma step is revealed by XPS-measurement
of the plasma treated GaAs-graphene interface. Figure 5.6 shows the XPS-
spectrum of the Ga, As and C related binding energies after plasma cleaning,
and after additional thermal annealing in UHV for 5 min at 620°C. The As,O3
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and the GayO3 peak successively decease after H4+-Ar-plasma treatment and
after additional UHV thermal annealing in comparison to the only transferred
and wet chemical cleaned GaAs-graphene surface shown already in figure 5.3.
Note, that the spectra in figure 5.6 also reveal, that the GaAs does not re-
oxidate during sample transfer from the RIE-chamber or MBE-chamber to
the XPS-set-up in air. This proves, that the monolayer graphene protects the
GaAs surface. The graphene remains on the sample surface and withstands
the plasma treatment and UHV thermal annealing. The XPS-spectra of the
graphene related carbon peak in figure 5.6a) and d) reveals an intact graphene
film [73]. The FWHM of the sp*hybridised carbon peak after thermal an-
nealing is 0.9+ 0.1 eV and in the same order of magnitude as values reported
in literature for highly oriented pyrolytic graphite and monolayer transfer
graphene [73,79]. A slight C-related binding energy shift of (0.34+0.1) eV to-
wards lower binding energies indicates hydrogenation of the graphene layer,
and the shift back of (0.6 £ 0.1) eV towards larger bindings energies after
UHV thermal annealing, indicates graphene dehydrogenation [73].

Figure 5.7 shows the Raman-spectrum of a monolayer graphene after
plasma cleaning and UHV thermal annealing. The Lorentzian shaped 2D-
peak intensity decreases and the FWHM= 26 4 1 cm™! slightly increases
compared to the peak intensity of the only wet chemically cleaned graphene.
The intensity of the defect related D-peak is still low. However, there appears
the disorder related D’-peak [71]. In [78] a similar behaviour was observed.
Most of the graphene layer is probably intact, but contaminated by adatoms
during transfer or cleaning suppressing the sp-hybridisation.

After thermal annealing in UHV for 5 min at 620° the H+Ar-plasma
treated sample Ing15Gag g5 As MBE growth was performed at 300°. A 200 nm
thick film was grown at a growth rate 1 As™! and an As, pressure of
0.9 x 1075 mbar. Indeed, single crystalline growth was revealed by HRXRD
measurements. Details are described in the following section.

To summarise this section, several cleaning approaches to remove PMMA
residuals from the graphene surface and native GaAs oxides between the
GaAs substrate and the graphene monolayer were discussed. It was shown,

that thermal annealing in air, in inert Hy-gas and in UHV up to 620°C is
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Figure 5.6: XPS-spectra of the GaAs-graphene sample surface after a)-c)

H+Ar-plasma treatment and d)-f) after additional UHV thermal annealing.

The carbon, gallium and arsenic related binding energies are shown. The

peaks attributed to the presence of Asy;O3 and GasO3 vanish after complete
cleaning. The graphene peak indicates an intact graphene layer.
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Figure 5.7: Raman-spectra of a monolayer graphene after carefully optimised
H+Ar-plasma treatment followed by UHV thermal annealing.

not sufficient to remove all polymer residuals and GaAs oxides from the
graphene surface and from the GaAs surface, respectively. A suitable plasma
process was developed to prepare wet transferred monolayer graphene on
GaAs substrates for In,Ga;_,As remote heteroepitaxy. XPS- and Raman-
spectra reveal the PMMA polymer and GaAs oxide removal, with almost

intact graphene.
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5.2 In,Ga;_,As nucleation on graphene
covered GaAs

After successful sample cleaning, In,Ga;_,As nucleation layers were grown
on the graphene covered GaAs substrates. Only small material amounts were
deposited to investigate the initial nuclei formation on the graphene covered
GaAs. The bare GaAs was investigated for comparison. Growth was per-
formed as described in chapter 3.

For a first test, Ing15GaggsAs was deposited on the graphene covered

GaAs for 5 s at a growth rate of 1 As™', an Asy pressure of 0.9 x 10~ mbar

and a temperature of 300°C. This equals a nominal coverage of n.c. = 0.5 nm.
Figure 5.8 shows an SEM image of the sample surface after deposition. The
graphene covered sample area (1) is on the left side of the image. Randomly
distributed small islands on the surface can be identified. In contrast, on
the bare GaAs on the right side (3), typical GaAs deoxidation pits, result-
ing from the sample thermal annealing at 620°C above the GaAs deoxida-
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Figure 5.8: SEM image of the edge of a graphene piece covering the GaAs
substrate. The image was taken after plasma cleaning, UHV thermal anneal-
ing and deposition of 0.5 nm Ing15GaggsAs. Small nucleation islands on the
graphene indicate a reduced substrate influence. Typical deoxidation pits are

observed on the bare GaAs surface.
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tion temperature, are observed. Amongst these pits, the surface seems to be
smooth and the Ing15GaggsAs growth started in layer-by-layer growth mode,
as commonly observed. The H+Ar-plasma treated sample is transferred in
ambient air to the MBE set-up. During transfer, the bare GaAs re-oxidises,
whereas the monolayer graphene protects the GaAs surface from re-oxidation.
Thermal deoxidation in UHV removes the oxide of the bare GaAs sample area
and creates the typical deoxidation pits. The graphene covered substrate area
does not display any visible pits. Re-oxidation is prevented, even if the sample
is transferred within air. This agrees with the measured XPS-spectra of a
plasma treated and UHV thermal annealed sample shown in figure 5.6b), so
in conclusion, there is an intact graphene surface on the GaAs substrate.
Another aspect is the size of the nuclei. The graphene edge area (area 2)
exhibits elevated Ing15GaggsAs islands (brighter spots) and a darker back-
ground, compared to area 1. Here, the graphene layer is maybe folded. This
possibly happens during wet graphene transfer, so there is a bilayer graphene
observed in area 2 rather than a monolayer. It is reported, that the leaking
GaAs substrate potential nearly vanishes for more than a monolayer graphene
and growth happens in elevated, randomly oriented islands [10, 11], so the
SEM image shown in figure 5.8 reveals: Ing15GaggsAs is grown on the bare
GaAs (area 3) by a strong substrate-layer interaction. Large Ing15GaggsAs
islands are grown on the edge area (area 2), due to barely any layer-substrate
interaction. Smaller Ing 15Gag g5 As islands are grown on the graphene covered
GaAs substrate (area 1). This is a clear indication, that the islands on the
monolayer graphene covered GaAs substrate are grown under the influence

of the leaking GaAs substrate potential.

5.2.1 Dependence of nuclei distribution and size on
temperature and indium concentration

After the first trial, the nucleation process was investigated more quantitat-

ively. Figure 5.9a)-c) shows three different samples with different amounts

of Ing15GaggsAs deposited on the graphene surface. The nominal cover-

ages are n.c. = 0.5 nm, n.c. = 2 nm and n.c. = 5 nm. All samples
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Figure 5.9: SEM images of several Ingi5GaggsAs nucleation layers grown
on graphene covered GaAs: a) 0.5 nm, b) 2 nm and ¢) 5 nm deposited at
T = 300°C and 5 nm deposited at d) 7" = 300°C, e) T" = 385°C, f) T' = 485°C.

L and As, pressure of

were overgrown at 300°C at a growth rate of 1 As~
(0.9 x 107° — 1.2 x 107°) mbar, see chapter A for the individual As, pres-
sures. In figure 5.9a), small randomly distributed nuclei are observed on the
graphene surface. Increasing the deposited material amount to 2 nm and
5 nm, first leads to growing nuclei and then to their coalescence. The wet-
tability of the Ing15GaggsAs on the graphene covered GaAs is low and there
is no wetting layer observed on the graphene, so the growth happens in the
Volmer-Weber growth mode.

Next, the nucleation temperature influence on the nuclei size and distri-

bution is investigated. Figure 5.9d)-f) shows Ing15GaggsAs layers grown on
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Figure 5.10: SEM images of several In,Ga;_,As nucleation layers with a
nominal coverage of 5 nm grown at 7" = 300°C: a) x = 0.15, b) = = 0.30,
¢) z =0.50,d) z =0.75, ¢) x = 1.0.

a graphene covered GaAs substrate with a nominal coverage of n.c. = 5 nm.
The substrate temperature is 300°C, 385°C and 485°C. A clear trend is re-
vealed: Higher substrate temperatures lead to larger islands and incomplete
surface coverage. A few large islands are observed in figure 5.9¢) and f) and
probably they are formed due to a ripening process. The larger island size

may be related to a higher adatom mobility at higher temperatures, due to
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an Arrhenius-like temperature dependence of the adatom mobility. At higher
temperatures, the adatoms exhibit a longer diffusion length, so they migrate
longer on the surface before incorporation. Thus larger islands are formed.
Adsorbed adatoms are incorporated in larger nuclei rather than forming new
nuclei on the graphene. Similar behaviour is observed at high indium con-
centrations. Figure 5.10 shows several In,Ga;_,As samples with a nominal
coverage of n.c. = 5 nm grown at 300°C. The individual island size increases
and becomes more inhomogeneous at higher indium contents. At x > 0.75
the graphene surface is only partially covered. Probably the more mobile In
atoms exhibit a larger diffusion length on the graphene compared to the Ga
atoms, and thus favour the growth of larger nuclei. In summary, nucleation
layer growth is most successful at low temperatures up to indium concentra-
tions of x < 0.75.

In,Ga;_,As growth below 300°C was not tested, because the growth
mechanism changes: The As sticking coefficient becomes non-zero and growth
in As overpressure leads to the deposition of amorphous As on the surface;
below 300°C only stoichiometric growth is possible.

The In,Gay_,As nuclei temperature stability is checked by ramping the
substrate temperature in constant As, overpressure up to 485°C after nuc-
leation. Once 485°C is reached, the temperature is ramped back to 300°C.
Then, the sample surface is analysed in SEM. Neither a change in the nuc-
lei size nor in surface coverage was observed. Ripening can be neglected. At
high temperature the nuclei are stable. This is an important result consid-
ering the fabrication of thicker layers or heterostructures grown a elevated
temperatures. The substrate-graphene-layer interaction stabilises them. In
contrast, in [8] it is reported, that without any layer-substrate interaction, a
thin GaAs film deposited on graphene covered Si becomes rough and forms

a polycrystalline film at elevated temperatures.

5.2.2 TEM investigation of individual nuclei

To gain further insight into the nucleation process, cross section TEM meas-

urements were performed by the collaboration partners of AG Lindner from
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Figure 5.11: TEM image of an Ing;5GagssAs nucleation layer grown on
graphene covered GaAs substrate: a) nominal coverage = 2 nm, b) nominal
coverage = 5 nim.

Paderborn University. Figure 5.11a) and figure 5.11b) show the cross sec-
tion TEM image of two samples with a nominal Ing;15GaggsAs coverage of
n.c. = 2 nm and n.c. = 5 nm, grown at 300°C. The SEM image (fig.:5.9b)-c))
of both samples was already discussed above. In figure 5.11a), three separ-
ated nuclei are observed. The height is (64 1) nm and the width (1342) nm.
A high magnification image of a single nucleus is shown in figure 5.12a).

The Ing15GaggsAs nucleus and the GaAs substrate exhibit the same crystal
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Figure 5.12: High magnification TEM image of a single island of an
Ing.15GaggsAs nucleation layer grown on graphene covered GaAs: a) nom-
inal coverage = 2 nm, b) nominal coverage = 5 nm.

structure and orientation. No crystal defects are observed in this nucleus [76].
Other investigated nuclei confirm this result. In contrast, in figure 5.11b) a
coalescent film is observed. The height is in a range between 5 nm to 9 nm.
Stacking fault defects are observed at higher magnification; see figure 5.11b).
Unfortunately, the graphene layer cannot be observed here. The cross-section
interface is contaminated by the deposition of residuals during sample pre-
paration, thus limiting the maximum resolution at the interface [76].

The defect formation mechanism in these nuclei grown on the graphene
surface in not clear. Commonly, crystal defects are introduced to relax the
build-up compressive strain in an Ing15GaggsAs film grown on GaAs above a
critical thickness. However, the critical Ing 15Gag g5 As film thickness on GaAs
is roughly 100 nm.

The stacking fault defects may originate from islands nucleation at or in
graphene layer pinholes [12,100]. A small pinhole in the graphene layer intro-
duces a small step, sketched in figure 5.13. The crystal lattice is slightly dis-
torted around the step and stacking fault defects may be generated. However,
this would not explain the absence of stacking fault defects in the nucleation

layer before coalescence and their introduction immediately after coalescence.
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InGaAs film

graphene

substrate

Figure 5.13: Schematic sketch of an In,Ga;_,As film grown on a defective
graphene layer. The graphene pinhole introduces a step, where stacking fault
defects may be generated.

island zipping and

defect formatlon
|mp|ngement point gl|d|n

i . s

Figure 5.14: Schematic model of island zipping. First, the islands coalescent
at the impingement points. Then, they zip together. The new formed island
is strained. The strain is relaxed by the introduction of defects.

Defects may be also introduced at the nuclei impingement points when
nuclei exhibiting slightly different fronts match [12].

Another possible mechanism is the nuclei zipping [101-103]). The two
nuclei in close contact can reduce the surface energy by zipping and forming
one nuclei [101-103]. Zipping is driven by the reduction in the overall surface
energy and is accomplished by elastic deformation of the nuclei, thereby im-
posing a cost of increased strain energy [100-102]. It is commonly discussed
for polycrystalline film growth [101,102], but was also observed for AIN is-
lands deposited on Si [103]. The stacking faults in the coalescent In,Ga;_,As
films may be introduced by island zipping, refer to figure 5.14 for a zipping
mechanism scheme. After zipping, the newly formed In,Ga;_,As island is
strained. The strain may not be relaxed by a film slip over the graphene

surface due to the island’s surface tension, but by introducing crystal de-
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fects [101,102]. The defect formation energy is smaller than the surface energy
gained by island zipping. A more detailed analysis of the grown nuclei may
be possible with STEM measurements and subsequent strain investigations
in the future.

To sum up, the In,Ga;_,As nucleation on graphene covered GaAs was
discussed in this section. An intact graphene layer after sample cleaning is
confirmed by the nucleation of small In,Ga;_,As islands on the graphene
surface. No re-oxidation of the underlying GaAs substrate is observed, in
accordance with the results presented in the last section. The influence of
the temperature and the indium concentration on the nucleation behaviour,
i.e. nuclei size and surface coverage, was discussed. Homogeneous surface
coverage was observed at 300°C and low indium concentrations. TEM in-
vestigations were performed on selected Ing15Gag g5 As nuclei. The nuclei are

defect free before coalescence, but afterwards, defects are observed.
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5.3 In,Ga;_,As film growth on graphene

covered GaAs

In this section, the overgrowth of the In,Ga;_,As nucleation layer is dis-
cussed. Thicker In,Ga;_,As films (0 < x < 0.7) of up to 200 nm suitable
for heterostructure fabrication, were grown at different temperatures and on
different nucleation layers to find an optimal growth parameter window for
smooth In,Ga;_,As film growth on graphene covered GaAs with low defect
densities. In the first subsection, growth of In,Ga;_,As films by a one-step
process is discussed, and the surface morphology and crystallographic prop-
erties are investigated by AFM, HRXRD and Raman-spectroscopy. In the
second section, growth by a two-step approach is employed and the samples
are again characterised by AFM, HRXRD and Raman-spectroscopy. Lastly,
growth and characterisation of thinner In,Ga;_,As films is performed, so
the thin film relaxation behaviour immediately after island coalescence is

analysed.

5.3.1 One-step In,Ga;_,As film growth

After In,Ga;_,As layer nucleation, it is tested, if remote heteroepitaxy also
works for entire films grown on graphene covered GaAs. Although the TEM
measurements show individual well oriented nucleation islands in respect to
the substrate crystal orientation, only rather small sample cross-sections were
analysed. A more general investigation of the crystalline properties is possible
by HRXRD measurements averaging over a large In,Ga;_,As film volume.
HRXRD measurements performed on the In,Ga;_,As nucleation layer ex-
hibit a too low diffracted beam intensity of the In,Ga;_,As reciprocal lat-
tice reflex, due to the small probed In,Ga;_,As volume. Therefore, thicker
In,Ga;_,As films were grown and investigated. Similar growth parameters
were used for layer nucleation. The growth rate was 1 As™', the substrate
temperature was 300°C and the As; beam-equivalent pressure was adjus-
ted from 0.9 x 10~® mbar for Ing13GaggrAs films to 2.2 x 10~° mbar for

Ing 70Gag.30As films. For individual detailed growth parameters, please refer
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to the growth sheets in the appendix.

Figure 5.15 shows the 1 x 1 pm?

surface morphology of 5 nm, 25 nm
and 200 nm thick Ing;3Gagg7As films grown on graphene covered GaAs.
A rough surface morphology with many islands and a surface roughness of
o = (1.14+0.1) nm confirms the island growth mode on the graphene. The
film roughness after deposition of 25 nm Ing;3GaggrAs results in an even
rougher film with a roughness of o = (2.0 £ 0.1) nm, see 5.15b). Hills and
valleys become even larger and some islands are merged together. In contrast,
the sample surface of a 200 nm thick Ing13GaggrAs film shown in figure
5.15¢) is smoother. The films roughness decreases to ¢ = (0.9 £ 0.1) nm.
Increasing the amount of deposited material leads to the coalescence of the
islands. The smoothest film is observed for the 200 nm thick Ing13GagsrAs
film. The surface quality seems to improve for thick layers. This promising
result indicate suitable growth conditions for thick Ing;3Gagg7As films on
wet transferred, plasma cleaned and UHV annealed transfer graphene on a
GaAs substrate.

In the next step, the film’s indium concentration is increased. Figure
5.15d)-f) shows the surface morphology of 200 nm thick In,Ga;_,As films
with different indium concentrations. The indium concentrations and the

corresponding surface roughnesses are shown in table 5.1.

indium concentration | surface roughness
r=0.13 (0.9£0.1) nm
r=0.25 (0.8£0.1) nm
x = 0.50 (1.9+£0.1) nm

Table 5.1: Surface roughness obtained from the evaluation of the AFM meas-
urements of 200 nm thick In,Ga;_,As films grown at 300°C.

The surface is smooth for the samples with indium concentrations of
x < 0.25. Figure 5.15¢) reveals, there are large islands on the Ing50Gag s0As
film surface, indicating distinct island growth. The surface smootheness may
be tailored by enhanced growth parameter optimisation. For example, in
[10,13] a two step growth process is suggested. The layer nucleation is per-

formed at low temperature and overgrowth is done at elevated temperature.
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Figure 5.16: w-20-scans of 200 nm thick Ing13Gagg7As grown at 300°C and
a SAED image of the film, revealing single crystalline phase.

A similar approach was also tested here and is discussed in the next subsec-
tion. In, Gay_,As film growth was also done with larger indium concentration
of x < 0.70. The surface was dull and partially milky after growth. Large
hills of up to a hundred nanometres in height were observed, confirming
that more indium causes growth of samples with a rougher surface. Prob-
ably the formation of larger islands is due a higher fraction of indium atoms
exhibiting a larger mobility. Similar behaviour was already discussed for the
Ing 15Gag gsAs film nucleation, see section 5.2.

The In,Ga;_,As film crystal structure is analysed by HRXRD measure-
ments. Figure 5.16 shows w-20-scans along the (001) direction. These were ac-
quired in a wide angular range to determine the In,Ga;_,As (z < 0.70+0.02)
film orientation. Following the Bragg equation (2.17), individual intense re-
flexes only occur for certain crystal planes within the In,Ga;_,As film and
GaAs substrate. The (004)- and (002)-GaAs-reciprocal lattice reflex is ob-
served for w ~ 32° and w =~ 16°, respectively. These values belong to the
intense reflexes in the spectrum depicted in figure 5.16 and serve as reference
values. There is a slight angular shift of the GaAs substrate peak positions
in comparison to the theoretical values, which is due to the apparatus un-
certainty in the measurement of absolute angles, as described in chapter 3.

Next to the GaAs substrate peaks, a second peak at smaller angles is visible
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in each scan. These two peaks correspond to the In,Ga;_,As film. Their an-
gular shift with respect to the GaAs peak, indicates a larger lattice constant
orthogonal to the surface. Larger indium concentrations cause larger separa-
tion to the GaAs substrate peak. The In,Ga;_,As film peaks are less intense,
which is due to the limited In,Ga;_,As film thickness and due to inhomo-
geneous broadening by crystal defects within the film. The most important
observation here is, there are no other peaks in the w-26-spectra revealing
the single crystalline film phase and (001)-film orientation. No polycrystal-
line grains with different crystalline orientations are present in the film. This
result is confirmed by the selected area electron diffraction (SAED) pat-
tern of the 200 nm thick Ing13GaggrAs film, shown in figure 5.16. The dif-
fraction pattern of a single crystalline film is clearly shown. [8,9] report on
GaAs-(111) films grown on graphene covered Si, due to the low Si-graphene-
GaAs interaction. In contrast, the samples grown here exhibit a sufficient
GaAs-graphene-In, Ga; _, As interaction so the substrate’s (001)-orientations
governs the In,Ga;_,As-(001) film orientation. One the one hand, film and
substrate orientation equals, on the other hand the substrate potential is so
weak, that the In,Ga;_,As nucleates in islands as revealed in the last sec-
tion 5.2. This proofs remote heteroepitaxial In,Ga;_,As growth of a single
crystalline film. Note, the vicinity around the GaAs (111)-reciprocal lattice
reflex was separately checked for the appearance of any peak, to neglect any
In,Ga;_,As-(111) film growth.

RSMs of the GaAs and In,Ga;_,As (004)- and (-2-24)-reciprocal lattice
reflex were measured, to gain more detailed information on the In,Ga;_,As
film crystalline structure, on the strain relaxation behaviour and on the dis-
location density in the film grown on the graphene covered GaAs. For com-
parison, In,Ga;_,As growth is also investigated on bare GaAs. RSMs are
examplarily shown and discussed for a 200 nm thick Ing13GaggrAs film. The
RSMs of films with larger indium concentration were analysed in the same
way and the results are presented later.

Figure 5.17 shows the (004)-RSMs of an Ingi3Gags7As film grown on
graphene covered GaAs and figure 5.18 for comparison on bare GaAs. The
RSMs were taken at four different azimuth angles ¢ rotated by 90°. Thus,
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the measurements were performed along the [110]- (¢ = 0°,180°) and |-
110]-direction (¢ = 90°,270°). For ¢ = 0°,180° the incident plane includes
the [110]-direction and for ¢ = 90°,270° the incident plane includes the [-
110]-direction. The intense GaAs substrate peaks in figure 5.17 and 5.18 are
labelled by S and the Ing 13Gag g7 As film peaks by F. Figure 5.17b) and 5.18b)
show a close-up image, to highlight the substrate and film reflex and the most
interesting features. An intensity distribution similar to an ellipse is observed
in both figures, but with different width in ¢, direction.

The Ingq13GaggrAs films grown on graphene covered GaAs exhibit a
broader ellipse intensity distribution compared to films grown on bare GaAs,
indicating a higher film defect density as slightly tilted or twisted crystallites
exhibit diffraction for slightly different incident beam angles. As shown in
chapter 3, the dislocation density in cubic crystals is related to the (004)-
reciprocal lattice rocking curve FWHM described by equation (3.2). Rocking
curve scans of the Ing13GaggrAs film peak were measured, the FWHM was
derived and the dislocation density was calculated, see table 5.2 for an over-

view.

on graphene | on bare GaAs
[110] | [110] | [110] | [-110]
0.30 | 0.25 | 0.16 | 0.27
+0.02 | £0.02 | £0.02 | £0.02

(004)-rock. curve FWHM (°)

21 15 6 17
< denci 8 =2
dis.-density (10° cm™?) i3 11 11 )
In fraction (%) 13.0+1.5

Table 5.2: Values obtained from the evaluation of the (004)- and (-2-24)-RSM
of a 200 nm thick Ing13GaggrAs film grown at 300°C.

Both FWHM-values obtained for measurements along the [110]- (¢ =
0°,180°) and along the [-110]-direction (¢ = 90°,270°) were averaged. The
Ing.13Gag g7 As films grown on graphene covered GaAs exhibit larger FWHM-
values and thus larger dislocation densities, however, the difference between
the values obtained in the [110]- and [-110]-directions is smaller compared to
Ing13Gag g7 As films grown on bare GaAs. Their FWHM is larger in the [110]-
direction while films grown on bare GaAs exhibit a larger FWHM in the [-110]
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Figure 5.17: (004)-RSMs of a Ing 13Gag s7As films grown on graphene covered
GaAs at 300°C. A larger scanned area is shown in a) and a close-up in b).
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Figure 5.18: (004)-RSMs of a Ing13GagsrAs films grown on bare GaAs at
300°C. A larger scanned area is shown in a) and a close-up in b).
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Figure 5.19: a) Film tilt derived from the (004)-RSMs of an Ing13GagsrAs
film. b) Schematic sketch of the (-2-24)-In,Ga;_, As reflex ellipse rotation W
with respect to angle y inclining the relaxation line towards the origin and the
q. direction. Evaluating ¥ serves to distinguish between ellipse broadening
by finite crystallite size or crystallite tilt.

direction, which is in accordance with [36]. A variation of the rocking curve
FWHM with azimuth indicates an imbalance in the dislocation populations
on the type a and type (3 dislocation slip system (see chapter 2; in zincblende
crystals, there are o and 8 {111} slip planes) [36]. The more homogeneous
FWHM values of films grown on graphene covered GaAs indicate a more
homogeneous relaxation pathway.

Additionally, the Ing13GaggrAs film grown on bare GaAs shown in figure
5.17b) and 5.18b), exhibits a considerable layer tilt Ag,,, while no tilt is
observed for films grown on graphene. Epitaxial tilt is well known in the GaAs
system and is also attributed to the existence of different slip systems [1,3].
It is distinctive for mismatched material systems and has been observed in a
more prominent fashion in In,Ga;_,As metamorphic buffer films grown on

GaAs [1,3]. Tilt is caused by strain relieving dislocations, having a component
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of their Burger’s vectors normal to the growth plane [3]. Evaluating the
tilt quantitatively, an oscillation tilt-azimuth angle behaviour is observed,
as shown in figure 5.19a). In contrast, no tilt is observed for Ing;3GagsrAs
films grown on graphene covered GaAs, so there is no preferred slip system
activation for film growth on graphene. The strain might be relaxed more
homogeneously in a different way.

To gain further insight into the strain relaxation process, asymmetric
RSMs were measured. Figure 5.20 and 5.21 shows the RSMs of the (-2-24)-
reciprocal lattice reflex of an Ing13GaggrAs film grown on graphene covered
GaAs and for comparison on bare GaAs for 0° and 90° azimuth rotation
(this corresponds to measurements along the [110]- and [-110]-direction). The
maximum film intensity is labelled by an arrow and is used to calculate the
degree of film relaxation and indium concentration, see chapter 3. Note, the
Ing.13Gag g7 As film peak position has been corrected by the layer tilt. In table
5.3, the values obtained by evaluating the (-2-24)-RSMs are summarised.

on graphene on bare GaAs
[110] | [110] | [110] | [-110]

Q) 241 | 341 | 241 | 2+1
deg. of relaxation (%) | 54 +2 [45+2 | 41+£2 | 10+2

Table 5.3: Values obtained from the evaluation of the (004) and (-2-24)-RSMs
of an 200 nm thick Ing15GaggsAs grown at 300°C.

The degree of film relaxation is considerably larger and more homogen-
eous for Ing13GaggrAs films grown on graphene compared to the values ob-
tained for growth on bare GaAs. Probably, a strain relaxation mechanism
with a lower activation threshold compared to the formation of defect is
present, which results in a more enhanced relaxation on graphene. In [12]
a film slip on the graphene surface relaxes the strain rather than introdu-
cing dislocations. Maybe, such a film slip is also observed for the growth
of In,Ga;_,As films on graphene, especially for low indium concentrations.
The energy required for a film slip on a featureless, i.e. defect free graphene
surface is favourable compared to the introduction of dislocations [12], how-

ever, as shown in the last section, a considerable amount of defects is already
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Figure 5.20: (-2-24)-RSMs of a Ing13GaggrAs films grown on graphene
covered GaAs at 300°C for two different azimuth rotations.
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Figure 5.21: (-2-24)-RSMs of a Ing13GaggrAs films grown on bare GaAs at
300°C for two different azimuth rotations.
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present in the film immediately after layer nucleation, far away from the crit-
ical thickness. Probably, the In,Ga;_,As films relax on the graphene surface
in a mixed way: Partially by a film slip and partially by the introduction of
defects or dislocations during film growth but also immediately after nucle-
ation.

In agreement with the RSMs of the (004)-reciprocal lattice reflex, the in-
tensity distribution of the (-2-24)-reciprocal lattice reflex is broader for film
growth on graphene. Broadening of a reciprocal lattice point might originate
from two different mechanisms. Firstly, a limited lateral coherence length
of In,Ga;_,As crystallites also referred to as finite crystallite size broad-
ening. Dislocations or stacking faults break the coherence within a single
crystal layer and thus reduce the lateral correlation length. Secondly, the
In,Gay_,As film broadening due to crystal mosaicity. Slightly tilted or twis-
ted individual crystallites break the coherence [64,104]. Ellipse broadening
by finite crystallite size or crystallite tilt is distinguished by the In,Ga;_,As
reciprocal lattice reflex ellipse rotation ¥, as sketched in figure 5.19b). W is
related to the angle y, which inclines the relaxation line towards the origin
and the ¢, direction. ¥ = 0° indicates dominant finite crystallite size broad-
ening and ¥ = y ~ 35° dominant tilt broadening. As reported in table 5.2,
the In,Ga;_,As layers grown on graphene and on bare GaAs exhibit a similar
value of ¥ ~ (2 £ 1)°. Broadening of a reciprocal Ing 13Gag g7As lattice point
happens mainly due to a finite crystallite size corresponding to the presence
of dislocations or stacking fault defects.

In the next step, the In,Ga;_,As films with larger indium concentration
x < 0.50 already shown in figure 5.15d)-f) are analysed in the same way as the
just presented of Ing 13Gagg7As film. HRXRD measurements were performed
and the degree of strain relaxation, the (004)-In,Ga;_,As reflex rocking-curve
FWHM and the corresponding dislocation density were derived. Figure 5.22
depicts the plotted values as a function of the film’s indium concentration. A
reference GaAs film was grown on graphene covered GaAs and also analysed
by HRXRD measurements. A FWHM of 0.16° was derived and added to
figure 5.22a). This is probably the minimum FWHM /dislocation density ob-

tained for film growth on the used graphene, as there is no perturbing strain
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Figure 5.22: a)-b) (004)-In,Ga;_,As rocking curve FWHM with the corres-
ponding dislocation density and c¢)-d) In,Ga;_,As film relaxation against the
indium concentration for films grown on graphene covered GaAs and on bare
GaAs at 300°C.

relaxation mechanism causing the formation of defects. The In,Ga;_,As film
relaxation degree and the dislocation density increase for larger indium con-
centrations for both, films grown on bare GaAs and on graphene covered
GaAs. The In,Ga;_,As films grown on graphene covered GaAs exhibit a lar-
ger degree of strain relaxation and a higher dislocation density in comparison
to layers grown on bare GaAs. Films with larger indium concentrations ex-
hibit larger mismatch to the GaAs substrate and thus a higher strain energy
is built up during growth and the films relax stronger. The difference of the re-

laxation degree between films grown on graphene and on bare GaAs decreases
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for larger indium concentrations. This is probably due to the enhanced re-
laxation of highly mismatched films. However, the Ing 50Gags0As film grown
on graphene exhibit a larger degree of strain relaxation, but nearly the same
dislocation density compared to the same film grown on bare GaAs. This
indicates a stronger relaxation initialised by the graphene layer.

The largest difference in the degree of relaxation of roughly up to 44%
(in the [-110]-direction) is observed for the Ing13Gagg7As film grown on bare
GaAs and on graphene covered GaAs. Although there is no clear relation
between the dislocation density and the degree of layer relaxation, the rather
large difference in the degree of strain relaxation compared to a small change
in the dislocation density may be related to a film slip on the graphene.

The results are confirmed by Raman-measurements reported in figure
5.23, performed by collaboration partner from the Otto-von-Guericke Uni-
versity in Magdeburg. The LO-wavenumber-shift v of the GaAs related signal
is plotted as a function of the indium concentration in figure 5.23a). For the
In,Gay_,As films grown on bare GaAs, v is larger; this indicates less film

relaxation [71,105]. The LO-wavenumber-shift v is converted into the de-

a) indium conc. (%) b)
10 20 40 [
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Figure 5.23: a) Measured GaAs related LO-phonon-shift of In,Ga;_,As films
grown on graphene covered GaAs and bare GaAs at 300°C and b) the film’s
relaxation degree derived from the LO-phonon-shift.
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gree of layer relaxation [71,105]. The values are plotted against the indium
concentration as shown in figure 5.23b) [71]). Similar relaxation degrees are
obtained compared to the values derived from the HRXRD measurements.
Note, that the values obtained by Raman-spectroscopy are not perceptive to
the (110)-directions, in contrast to the azimuth depended HRXRD measure-
ments [71].

In summary, growth of In,Ga;_,As films (0.13 < x < 0.70) on graphene
covered GaAs at a low temperature of 300° was performed. Single crystal-
line film growth was revealed. The In,Ga;_,As films grown on graphene are
stronger relaxed in comparison to the films grown on bare GaAs for all in-
vestigated indium concentrations (x < 0.50). The strain relaxation difference
between films grown on graphene and films grown on bare GaAs is largest
for low indium concentrations of z = (0.13 £ 0.02). The absence of layer tilt,
a more homogeneous but increased dislocation density and a larger degree
of film relaxation points to a different strain relaxation mechanism for films

grown on graphene covered GaAs compared to growth on bare GaAs.

5.3.2 Two-step In,Ga;_,As film growth

In this subsection, In,Ga;_,As film growth by a two-step growth approach
is investigated. A two-step film growth has often been employed in literature
for the growth on graphene and was motivated by the low deposited materi-
als wettability on the graphene layer [4,8,10,13]. Nucleation is initialised at
low temperatures and then the sample is overgrown at growth temperatures
usually employed for growth in the material system to enhance the crystal
quality and to achieve a smooth surface. The nucleation layer provides incor-
poration sites for the material deposited at higher temperatures. The nuclei
density should be large to provide sufficient incorporation sites and the nuclei
should be defect free. Overgrowth is usually performed at elevated temper-
atures as a higher adatom mobility and therefore a higher mean-free-path is
favourable for high quality material growth.

A two-step growth process applied to the growth of In,Ga;_,As films on

graphene covered GaAs is described in the following. Several growth schemes
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were tested. The goal of the two-step growth process on the one hand is to
enhance the In,Ga;_,As film strain relaxation, while on the other hand to re-
duce the dislocation density within the film. The growth of thick In,Ga;_,As
films was optimised by varying the nucleation layer thickness and the sub-
strate temperature. The surface morphology is investigated by AFM meas-
urements and the crystallographic structure is analysed by HRXRD meas-
urements and Raman spectroscopy analogues to the previously presented
characterisation of In,Ga;_,As films grown by the one-step growth process
at 300°C.

First, the influence of the In,Ga;_,As nucleation layer thickness on the
surface morphology and the crystallographic properties of thicker In,Ga;_,As
films was investigated. In principle, two cases can be distinguished: The nuclei
cover the graphene surface completely, as it was exemplary shown in the
SEM image in figure 5.9¢) for nominal coverages of > 5 nm, and second,
the nuclei cover only a part of the graphene surface, which was exemplary
shown in the SEM image in figure 5.9a) for nominal coverages of < 2 nm. In
the first case, a defective nucleation layer was revealed by TEM images (see
figure 5.12) after nuclei coalescence, while in the second case, a higher growth
temperature could lead to a smoother film with fewer crystal defects, because
of a higher adatom’s mean-free-path and thud preferentially incorporation at
existing nuclei before nuclei coalescence.

Growth of Ing12GagggAs nucleation layers with different thickness and
subsequent overgrowth at 385°C was tested. The total Ingi2GagggAs film
thickness was constantly kept at 200 nm. Growth was performed at 1 As™
and an As, pressure of 0.9 x 1075 mbar for nucleation and up to 2.2 x
10~ mbar for overgrowth at 385°C. For individual detailed growth paramet-
ers, please refer to the growth sheets in the appendix.

Figure 5.24 shows the AFM images of three 200 nm thick Ing10GagggAs
films with 0.5 nm, 15 nm and 100 nm thick nucleation layer grown at 300°C
and subsequent overgrowth at 385°C. The corresponding surface roughnesses
are listed in table 5.4.

The surface roughness slightly increases for thinner nucleation layers.

However, growth of a 100 nm thick nucleation layer and subsequent over-
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nucleation layer thickness | surface roughness
0.5 nm (1.0£0.1) nm
5 nm (0.8£0.1) nm
100 nm (0.7£0.1) nm

Table 5.4: Surface roughness obtained from the evaluation of the AFM meas-
urements of 200 nm thick Ing;0GagggAs films grown by a two-step growth
approach with different nucleation layer thicknesses.

Figure 5.24: 200 nm thick Ing10Gag gsAs film grown with different nucleation
layer thicknesses: (a) 0.5 nm at 300°C plus 199.5 nm at 385°C, b) 15 nm at
300°C plus 185 nm at 385°C, ¢) 100 nm at 300°C plus 100 nm at 385°C.

growth causes a surface structure of elongated islands along the (110) dir-
ections; see figure 5.24c). Such a pattern is neither observed in a) nor in b)
nor for the 200 nm thick Ing13GaggrAs film grown by the one-step growth
at 300°C. Such elongated islands may indicate anisotropic Ga or In diffusion

on the surface [106]. It is unclear, why this effect is most prominent for the
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films with 100 nm thick nucleation layer.

Another interesting result is, that the 200 nm Ing10GagggAs film surface
is rather flat for nucleation layers with a nominal coverage of 0.5 nm. Al-
though it was shown in the SEM image in figure 5.9a), that with nominal
coverage, only some small widely spread nuclei are distributed over the wafer,
a smooth film is formed after overgrowth. In contrast, growing the same film
immediately at elevated temperatures, i.e. without the low temperature nuc-
leation layer, results in an extremely rough and polycrystalline Ing 1oGagggAs
film. The small nuclei stabilise the film growth as they provide incorporation
sites for the deposited atoms at elevated temperature. Small nuclei already
grown at low temperature are also stable at elevated temperature, as already
discussed in section 5.2. The substrate-graphene-nuclei interaction stabilises
the nuclei and barely any ripening occurs. The results clearly show the ne-
cessity of a low temperature nucleation step for the remote heteroepitaxial
growth of In,Ga;_,As films on graphene covered GaAs, similar to [10,13].

Overgrowth of small In,Ga;_,As nuclei is further investigated for higher
indium concentrations. Layers with z = (0.30 £ 0.02) and = = (0.41 &+ 0.02)
indium fraction were grown. Related to the prior presented results, the follow-
ing growth scheme was selected: 0.5 nm In,Ga;_,As was deposited at 300°C
and overgrown by 199.5 nm at 385°C. The corresponding AFM measurements
of the sample surface are shown in figure 5.25 and the surface roughness is

given in table 5.5.

indium concentration | surface roughness
x=0.12 (1.0+0.1) nm
x = 0.30 (1.4£0.1) nm
r =041 (1.9+£0.1) nm

Table 5.5: Surface roughness obtained from the evaluation of the AFM meas-
urements of 200 nm thick In,Ga;_,As films grown by a two-step growth
approach with 0.5 nm nucleation layer thickness.

A larger indium concentration leads to a rougher surface. Above z > 0.12,
some deep valleys are observed on the In,Ga;_,As film surface. A higher in-

dium concentration leads to more mobile adatoms and may causes the growth
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Figure 5.25: 200 nm thick In,Ga; ,As films grown by a two-step approach:
a) r =0.12£0.02, b) x = 0.30 £ 0.02 and ¢) = = 0.41 + 0.02.

of larger islands instead of a smooth film surface. The sample roughness is
comparable to the samples grown by the one-step approach at 300°C, al-
though the smoothest surfaces are observed for samples grown by the one-
step growth approach.

HRXRD measurements and Raman-spectroscopy were performed on
these samples to investigate the strain relaxation mechanism and derive the
defect densities, in the same way as in the last subsection. (004)- and (-2-24)-
RSMs of the GaAs and In,Ga;_,As reciprocal lattice reflex were measured
for differing azimuth rotations. The derived (004)-rocking curve FWHM, the
corresponding dislocation density and the degree of strain relaxation calcu-
lated from the asymmetric (-2-24)-reciprocal lattice reflex are shown in figure
5.26.

In,Gay_,As films grown on graphene covered GaAs exhibit larger degree

of strain relaxation compared to films grown on bare GaAs. The relaxation is
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on graphene on bare GaAs
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Figure 5.26: a)-b) (004)-In,Ga;_,As rocking curve FWHM with the corres-
ponding dislocation density and c)-d) In,Ga;_,As film relaxation against the
indium concentration for films grown on graphene covered GaAs and on bare
GaAs by a two step growth process. 300°C.

more homogeneous on the graphene layer, especially for low indium concen-
tration. The relaxation degrees are also larger compared to the films grown
by the one-step approach. For example, the Ing15GagggAs film grown by the
one-step approach is relaxed to ~ 55% (measured along the [110]-direction,
see figure 5.22), while the Ing 13Gag g7As film grown by the two-step approach
is relaxed to ~ 65%. Higher temperature overgrowth leads to larger degree
of strain relaxation. In contrast, the In,Ga;_,As films grown on bare GaAs
for both growth approaches exhibit nearly the same relaxation degree and

they are stronger relaxed in the [110] direction.
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Figure 5.27: a) Measured GaAs related LO-phonon-shift of the InGaAs layers.
b) derived degree of relaxation derived from the LO-phonon-shift.

The results are confirmed by Raman-measurements reported in figure
5.27a). The LO-wavenumber-shift v of the GaAs related signal is plotted as
a function of the indium concentration. For the In,Ga;_,As films grown on
bare GaAs, v is larger, indicating a less relaxed film [71,105]. The degree of
film relaxation is extracted from the LO-wavenumber-shift v and plotted in
figure 5.23b) [71]. Similar relaxation degrees are obtained by this method,
comparable to values derived from the HRXRD measurements.

The HRXRD (004)-rocking curve FWHM of the In,Ga;_,As film was
derived and the corresponding dislocation density was calculated, see figure
5.26a). A mostly constant trend and no relation to the indium concentra-
tion is observed for films grown on graphene. This is a surprising result and
contrasts the behaviour observed for the one-step growth.

Broadening of the (004)-rocking curve is related to crystallites mosaicity
and a limited lateral crystallite correlation length, as already discussed in
the last section. While both broadening mechanism overlap for the (004)-
reciprocal lattice reflex, the can be distinguished for the (-2-24)-reciprocal
lattice reflex by quantitative investigation of the ellipse rotation ¥. A schem-

atic sketch has already been presented in figure 5.19. It is focused on the
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Ing12GagggAs film in the following. Films grown by the two-step approach
on bare GaAs exhibit U ~ (2 £ 1)° and equal values are obtained for meas-
urements along the [110]- and [-110]-direction. Similar values were also ob-
tained for Ing13Gagg7As films grown by the one-step approach at 300°C on
bare GaAs and also on graphene covered GaAs. Such ¥ values are related
to broadening by dislocations introduced to relax the strain. In contrast,
Ing12GagggAs films grown by the two-step approach on graphene covered
GaAs exhibit a value of ¥ & (13 £ 1)° for measurements in both directions,
indicating FWHM broadening due to a partially mosaic film. The crystallite
mosaicity is probably not related to the lattice mismatch and thus to the
indium concentration, but rather to the growth mechanism. The nucleation
film overgrowth at elevated temperature probably favours the formation of
slightly twisted or tilted crystallites. After low temperature nucleation, the
nuclei may grow larger at elevated temperatures rather than quickly coales-
cent. Further investigations on the initial growth stage are necessary. The lar-
ger defect density and film mosaicity observed for films grown by a two-step
approach are in contrast to results reported in literature. Often a two-step
growth results in smooth films. However, a larger In,Ga;_,As film relaxation
degree is observed for growth on graphene covered GaAs.

Cross-section TEM images of a GaAs-graphene-Ing 17;GaggsAs stack,
provided by collaboration partners from the University of Warwick, are de-
picted in figure 5.28. The Dark-field image in figure 5.28a) reveals a de-
fective Ingq17GaggsAs film with several dislocation lines in the GaAs film.
A close-up image in figure 5.28b) indicates the crystalline film growth. The
Ing 17Gag g3As film exhibits the same crystallographic orientation as the sub-
strate. A wavy GaAs-graphene-Ing 17GaggsAs interface is depicted, confirm-
ing that the GaAs-graphene surface is non-flat as it is always assumed in a
simple figure of merit. A non-flat surface modulates the leaking substrate
potential and lead to varying surface conditions on the graphene layer.
This probably has large influence on the growth microscopic growth con-
ditions. A SiO, particle located on the graphene surface and overgrown by
Ing 17Gag g3As is depicted in figure 5.28b). [78,79,81] report on the deposition
of SiO, nanoparticles on graphene during the graphene CVD-growth process,
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graphene

50 nm

Figure 5.28: a) Dark-field cross section TEM image of an GaAs-graphene-
Ing17GaggsAs stack. Bright lines along the {111} planes reveal a high dis-
location density in the film. b) Bright-field cross section STEM image of an
GaAs-graphene-Ing 17Gag g3As stack showing a SiO, particle on the surface.
The fine contrast difference within the wavy bright interface might indicate
the graphene layer. c¢) Large area SEM image of an Ing 17Gag g3As layer grown
on graphene. Surface features marked by an arrow reveal defective graphene.

but also during plasma cleaning. The particles may introduce stacking fault
defects in the layer. Enhanced plasma cleaning could be tested in further ex-
periment [78]. Figure 5.28¢c) shows the SEM image of the Ing;7Gagg3As film

surface after growth. Some cracks pertubate the film’s surface, indicating
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growth on folded, wrinkled or otherwise defective graphene.

In summary, in this section, the growth of 200 nm thick In,Ga;_,As films
by a two-step approach was discussed. The sample surface is slightly rougher
compared to In,Ga;_,As films grown on graphene by a one-step growth ap-
proach at 300°C. The film’s degree of relaxation is slightly larger compared
to those obtained from films grown by the one-step process. Surprisingly, the
In,Ga;_,As films exhibit a constant dislocation/defect density independent
on the indium concentration. The films exhibit larger crystalline mosaicity
which is probably caused by the nucleation layer overgrowth a elevated tem-

perature.

5.3.3 In,Ga;_,As thickness variation

So far, the growth and characterisation of 200 nm thick In,Ga;_,As film was
discussed. In this section, the In,Ga;_,As film thickness is varied to gain
more insight into the strain relaxation mechanism during the initial stage
of film growth. In,Ga;_,As films grown on bare GaAs relax the strain by
forming dislocations, when the built-up strain energy exceeds a critical film
thickness. There are several models, mentioned in chapter 2, which describe
the critical thickness, for example, the model from People and Bean [107].
Figure 5.29 shows the calculated critical film thickness as a function of the
indium concentration for an In,Ga;_,As layer grown on a GaAs substrate.
Larger indium fractions and therefore larger lattice mismatch lead to a smal-
ler critical thickness. Dislocations are introduced into the film, above the
critical thickness, as already discussed in the last two subsections. A devi-
ation from a fixed critical thickness is often observed when growth is far
from equilibrium [32-34]. For growth on graphene, a different strain relaxa-
tion model was proposed in [12]. Films grown on graphene by the influence
of the substrate can slip over the graphene surface to relax the built-up
strain energy. The energy of such a film slip on graphene covered GaAs was
calculated by [12] to around 37 mJm~2. Putting this energy into equation
(2.10) results in the critical thickness for a film slip on the graphene surface,

see equation (2.9). Figure 5.29 shows the calculated critical In,Ga;_,As film
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Figure 5.29: Critical In,Ga;_,As film thickness for the introduction of dislo-
cations and for a film slip on GaAs. Relaxation models from [107] and [12].

thickness for a film slip on the graphene as a function of the indium frac-
tion. This critical thickness is significantly smaller compared to the critical
thickness before introducing dislocation.

The 200 nm thick In,Ga;_,As films (0.15 < 2 < 0.50) grown on graphene
exceed both critical thicknesses, so the up-build strain energy relaxes either
by the introduction of dislocations or by film slip over the graphene as
discussed in the last two subsections. To distinguish between both relax-
ation behaviours, thinner In,Ga;_,As films were grown, i.e. a 30 nm thick
Ing 15GaggsAs film and a 15 nm thick Ing 30Gag.79As film. The film thickness is
between the critical thickness of dislocation formation and the critical thick-
ness of film slip on graphene. The signal-to-noise ratio of our measurement
techniques, i.e. Raman-spectroscopy and HRXRD, is not sufficient to ana-
lyse films < 15 nm. To achieve a stronger signal in the used HRXRD-set-up,
the geometry was changed. Instead of measuring the (-2-24)-reciprocal lat-
tice reflex, the (224)-reciprocal-lattice reflex is investigated. As described in
chapter 3, the measured intensity is larger in this configuration, but also the
resolution decreases. Figure 5.30 shows an exemplary measured (224)-RSM

of a 30 nm thick Ing15GaggsAs film grown on graphene. Contour lines were
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Figure 5.30: (224)-RSM of a 30 nm thick Ing;5GaggsAs film grown on
graphene covered GaAs.

added to identify the maximum film peak intensity. The Ing15GaggsAs reflex
peak is outside of the relaxation triangle leading to the conclusion, that the
film relaxation is 110%. This contradicts the physically possible maximum
relaxation of 100%, as then the film lattice entirely matches the substrate
lattice. A possible explanation is a tensile strained layer, which exhibits a
larger lattice constant with respect to the substrate lattice constant.

A similar behaviour was observed for island zipping in literature [101-103]
as already discussed above. Maybe the tensile strain in the thin In,Ga;_,As
films results from zipped island during nucleation. A more quantitative in-
vestigation of the thin film relaxation degree was performed. An overview is
given in table 5.6 and 5.7. The sample set was split, due to the long meas-
urement integration times. In table 5.6, samples grown by the one-step ap-
proach at 300°C and investigated by Raman-spectroscopy are shown. In table
5.7, samples grown by the two-step approach (layer nucleation at 300° and
overgrowth at 385°) and investigated by HRXRD measurements are shown.

Although both measurement techniques are different, it was already shown
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in figure 5.22,5.23 and 5.26,5.27, that they supply similar film relaxation

degrees.
degree of relaxation
indium conc. | film thick. | on bare GaAs | on graphene
~ 15% 30 nm: 0+10 110 + 10
200 nm: 32+2 62 + 2
~ 30% 15 nm: 27+ 10 120 + 10
200 nm: 70+ 2 704+ 2

Table 5.6: Relaxation degree derived from Raman-spectroscopy of different
In,Ga;_,As films with different film thickness grown at 300°C.

degree of relaxation
on bare GaAs on graphene
indium conc. | film thick. | [110] | [-110] | [110] | [-110]
~ 15% 30 nm: 0£2 | 02 |80+5|80+£5
200 nm: | 48+2| 9+2 [66+2 | 54+2
~ 30% 15nm: [49+5] 0+£2 | 69+5|66+£5
200 nm: | 71+£2 [ 68+2 | 83+2|82+2

Table 5.7: Relaxation degree derived from HRXRD measurements of differ-
ent In,Ga;_,As films with different film thickness grown by the two-step ap-
proach. Layer nucleation was performed at 300°C and overgrowth at 385°C.

First, the In,Ga;_,As films grown by the one-step approach are con-
sidered. The In,Ga;_,As films grown on the graphene covered GaAs exhibit
a degree of relaxation of (110 £ 10)% for # = 0.15 £ 0.05 and of (120+ 10)%
for x = 0.30£0.05. These large values can be attributed to a partially tensile
strained In,Ga;_,As film, rather than to a real relaxation degree. In contrast,
for both In,Ga;_,As films grown on bare GaAs, the degree of film relaxation
is considerably smaller. The Ing 15Gagg5As film is completely pseudomorphic
and the Ing30GagroAs film is relaxed to (27 4+ 10)%. This behaviour is ex-
pected with respect to the critical layer thickness shown in figure 5.29. The
degree of film relaxation of similarly grown 200 nm thick In,Ga;_,As films
is as expected.

Next, In,Ga;_,As films grown by the two-step approach are considered.
Related to the growth of the 200 nm thick In,Ga;_,As films, the growth of
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thinner samples was performed by depositing a 0.5 nm thin In,Ga;_,As nuc-
leation layer at 300°C and subsequent overgrowth at 385°C. The relaxation
degree was determined from RSMs of the (224)-reciprocal-lattice reflex. The
values are shown in table 5.7. Distinguishing between relaxation in [110]- and
[-110]-direction is possible. Thin In,Ga;_,As films grown on bare GaAs ex-
hibit similar values compared to films grown by the one-step approach. Both
are only relaxed to a small degree. The 30 nm thick Ing 15GaggsAs film is com-
pletely pseudomorphic. The 15 nm thick Ing 30Gag.7gAs film is pseudomorpic
in the [-110]-direction and (49 £+ 5)% partially relaxed in the [110]-direction.
In contrast, thin In,Ga;_,As films grown on graphene covered GaAs are re-
laxed to a larger degree in agreement with values obtained for the one-step
approach. Obviously, the relaxation degree is different for both growth mech-
anism for films grown on graphene covered GaAs, so the relaxation degree
depends on the growth temperature.

As discussed in chapter 2 strain usually builds-up successively during
film growth and starts at some point to relax. The strain relaxation degree
increases monotone with the film thickness. This behaviour was is not ob-
served for films grown on graphene covered GaAs. In the following paragraph
possible reasons for the large relaxation degree of thin films are discussed;
the film slip on the graphene surface, and the introduction of tensile strain
during the initial stage of growth.

As shown above, the nucleation islands start to coalescence at a thick-
ness of roughly 5 nm. The critical thickness for a layer slip plotted in fig-
ure 5.29 is calculated to approximately < 4 nm for In,Ga;_,As films with
x > 0.15. So, the nuclei might relax portion of their strain, by a slip, even
before the a closed film is grown. Depositing more material increases the is-
land density or size. At a certain surface coverage, relaxed islands may zip
as proposed above, to reduce the surface energy. This applies tensile strain
to the islands and would explain the observed high relaxations degree up
to (120 + 10)%. Stacking faults and dislocations are introduced at the nuc-
lei impingement points [101,102]. These were already observed immediately
after island coalescence in the TEM images (see figure 5.12b)), far below the

critical thickness for the introduction of dislocations. Subsequent overgrowth
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reduces the tensile strain introduced by island zipping as on the one hand
side, the surface coalescents, so the surface tension is reduced, and on the
other hand, compressive strain builds-up during growth and compensates the
tensile strain. Note, that the smoothest surfaces were observed for 200 nm
thick films. With increasing film thickness, the compressive strain becomes
increasingly prominent and closed film may relax by a film slip over the
graphene surface. These considerations would explain the larger degree of
film relaxation, observed for 200 nm thick In,Ga;_,As films.

The temperature also may play an important role in the relaxation pro-
cess. Overgrowth of small nuclei at elevated temperature causes the existing
nuclei growth rather then the formation of new nuclei on the graphene sur-
face. This results in a larger island size as exemplary shown in figure 5.31 for
15 nm Ing30Gag70As deposited by the single- and by the two-step process
on graphene covered GaAs. Both samples exhibit a similar surface rough-
ness of ¢ = (3.0 £ 0.1) nm, but the surface morphology looks different. The
film grown by the one-step approach exhibits smaller islands compared to
the film grown by the two-step approach. The corresponding relaxation de-
grees, see table 5.6 and 5.7, indicate less a less tensile strained film grown by
the two-step approach. The reason is unclear, but may be due to less pro-
nounced island zipping or due to a stronger tensile strain relaxation by the
introduction of defects at elevated temperature. Both mechanism mainly de-
pendent on the overgrowth temperature rather then the lattice mismatch or
the indium concentration and would explain the constant dislocation density
observed in the last subsection for 200 nm thick In,Ga;_,As films grown by
the two-step approach.

In summary, 15 nm and 30 nm thick In,Ga; ,As films were grown on
graphene covered GaAs and on bare GaAs for comparison. The films were in-
vestigated by HRXRD measurements and Raman-spectroscopy. Films grown
on graphene exhibit an uncommonly large relaxation degree (above 100%),
indicating a tensile strained film. It was speculated, that the nucleation of
the In,Ga;_,As films applies tensile strain due to island zipping. This can
be addressed by further investigation on the initial In,Ga;_,As nucleation

layer grown on graphene covered GaAs. A suggestion is to perform STEM
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15.0 nm

Figure 5.31: AFM image of two 15 nm thick Ing30Gag7oAs films. a) grown
by a one-step approach and b) grown by a two-step-approach, respectively

investigations of the nuclei and perform subsequent analysis of the atomic

distances to analyse the relaxation degree.






Chapter 6
Conclusion and Outlook

To summarise this dissertation, remote heteroepitaxy growth of In,Ga;_,As
films (0 < 2 < 0.5) by molecular beam epitaxy on transfer graphene covered
GaAs-(001) substrates was investigated for the first time.

First, several cleaning approaches to remove PMMA residuals from the
graphene surface and GaAs surface oxides between the GaAs substrate and
the graphene layer were tested. It was shown, that thermal annealing up
to 620°C is not sufficient, to remove all polymer residuals and GaAs ox-
ides. Instead, a carefully optimised H+Ar-plasma treatment with subsequent
thermal annealing in UHV was performed. XPS- and Raman-spectra reveal
the PMMA residual and GaAs oxide removal by the plasma treatment while
keeping the graphene mainly intact. The XPS measurements further reveal,
that the graphene protects the GaAs from re-oxidation in air. The developed
process allows the use of wet transferred CVD-graphene for the remote het-
eroepitaxial growth of In,Ga;_,As films. This was verified by depositing and
analysing In,Ga;_,As nuclei on graphene-covered GaAs. SEM images of the
surface showed small nuclei on the monolayer graphene grown under the
substrate-film interaction, while at edge regions of the graphene a high dens-
ity of large nuclei is visible, and typical deoxidation holes can be seen on
the bare GaAs. Detailed investigation on the nucleation was carried out. The
influence of temperature and indium concentration on nucleation behaviour

was discussed. While at low temperatures of about 300°C and low indium
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concentration of around 15% the most homogeneous surface coverage was
observed, at higher temperatures and indium concentrations above x > 0.5,
larger nuclei are visible and an incomplete surface coverage is revealed. TEM
studies on selected Ing15GaggsAs nuclei showed, that the nuclei are defect-
free before coalescence, but defects are observed afterwards. Island zipping or
the In,Ga;_,As nucleation on graphene pinholes were discussed as reasons,
but further investigations are necessary. STM or STEM measurements of the
graphene surface and the nuclei are suggested to reveal the mechanism of
defect introduction.

Next, the nuclei were overgrown with thicker In,Ga;_,As films (0.13 <
x < 0.7) at 300°C. The surface of the films grown on graphene-covered
GaAs was analysed by AFM. Thicker films are smoothest. 200 nm thick
Ing.13Gagg7As films exhibit a surface roughness of (1.0 4+ 0.1) nm. The films
exhibit the (001)-orientation, the same orientation as the GaAs-(001) sub-
strate, which was revealed by w-260-scans along the symmetric reflexes. This
clearly indicates a substrate-graphene-InGaAs interaction and thus successful
remote epitaxy. Detailed RSMs of the (004)- and (-2-24)-reciprocal lattice re-
flexes were measured for different azimuth angles. From these measurements,
the degree of relaxation and the dislocation density of the In,Ga;_,As films
were derived. HRXRD measurements were exemplified on an Ing13GaggrAs
film grown on graphene covered GaAs and grown on bare GaAs for com-
parison. The In,Ga;_,As films grown on graphene are stronger relaxed in
comparison to the films grown on bare GaAs over the entire investigated
indium concentration range up to # = 0.50. The strain relaxation difference
between films grown on graphene and films grown on bare GaAs is largest
for low indium concentrations of x = 0.13. Absence of layer tilt, a more ho-
mogeneous dislocation density and a larger degree of film relaxation point to
a different strain relaxation mechanism for films grown on graphene covered
GaAs compared to growth on bare GaAs.

The growth of 200 nm thick In,Ga;_,As films by a two-step approach
was discussed in relation to reports in the literature. The sample surface is
slightly rougher compared to In,Ga;_,As films grown on graphene covered

GaAs by a one-step growth at 300°C. The film’s degree of relaxation is lar-
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ger compared to similar films grown by the one-step approach. However, the
In,Ga;_,As films exhibit a constant defect density independent on the in-
dium concentration caused by crystalline mosaicity. Further investigations
on the nucleation process may reveal the origin of this mosaicity.

More detailed investigation on the relaxation mechanism of thin films
were performed. 15 and 30 nm thick In,Ga; ,As films were grown on
graphene covered GaAs and for comparison on bare GaAs. The films were in-
vestigated by HRXRD measurements and Raman-spectroscopy. Films grown
on graphene exhibit a uncommon large relaxation degree above 100%, which
indicates a tensile strained film. It was speculated, that the nucleation of
the In,Ga;_,As films applies tensile strain, due to island zipping. However,
further investigation of the initial In,Ga;_,As nucleation layer grown on
graphene covered GaAs is necessary. A suggestion is, to perform TEM meas-
urements of the nucleation films and subsequent analysis of the atomic dis-
tances.

The results show, that the layer nucleation is probably the most delicate
step in In, Ga;_,As film growth on graphene covered GaAs. Further optimisa-
tion of the nucleation layer will maybe reduce the film’s defect density. The
goal is probably to achieve layer-by-layer growth even during In,Ga;_,As

nucleation, probably at lower growth rates or on patterned graphene samples.






Appendix A

Growth sheets

In the following, the growth sheets of the all grown and characterised

samples are given in a numerical order.

o The following samples were grown to investigate the In,Ga;_,As nuc-

leation in section 5.2:
A1956, A1968, A1969, A1970, A1974, A1982, A2006, A2017, A2028

e The following samples were grown to investigate 200 nm thick
In,Ga;_,As films in section 5.3:
A1848, A1890, A1947, A1955, A1983, A1984, A2031, A2110, A2134

o The following samples were grown to investigate thinner In,Ga;_,As
films in section 5.3:
A1954, A2030, A2032, A2134, A2137
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EJ sample: A1848
Material: GaAs
Orientation: (100)
Wafer:
\ Rotation: 10
\ Pressure (mBar): 1.0 x 10
\\ Date: 26.02.2021
2f \\~ File: a1848.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.025 nm/s
Ino.70Gaon30As 300.0 2000.0 200||InAs 0.075 nm/s
Comment

_As4=2.2E-5 mbar

T_bandit=300°

(Grown by T. Henksmeier)
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EJ Sample: A1890
Material: GaAs
Orientation: (100)
Wafer:
|
Rotation: 10
/ Pressure (mBar): 2.5x 10
Date: 16.03.2021
)
~ bf File: a1890.as!
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.04 nm/s
INos0Gaos0As 300.0 2000.0 200||InAs 0.06 nm/s
Comment

_As4=2.2E-5 mbar

T_bandit=300°C

(Grown by T. Henksmeier)

L&‘ UNIVERSITAT PADERBORN
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EJ Sample: A1947
Material: GaAs
Orientation: (100)
Wafer:
|
/ Rotation: 10
/ Pressure (mBar): 1.9 x 10
/ Date: 01.05.2021
= bf File: a1947.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.07 nm/s
INo.2sGao7sAs 300.0 2000 200||InAs 0.03 nm/s
Comment
_As4=2.0E-5 mbar
T_bandit=300°C
(Grown by T. Henksmeier)
d uEESIAT enoceBoRy (o] e
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£J s A1954
Material: GaAs
Orientation: (100)
Wafer:
\ Rotation: 10
\ Pressure (mBar): 1.0 x 108
\\ Date: 04.05.2021
2f NG File: a1954.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.085 nm/s
INo.1sGaossAS 300.0 250.0 25|(InAs 0.015 nm/s,
Comment

As=1.2E-5 mbar

T_banidt=300°C

(Grown by T. Henksmeier)

L&‘ UNIVERSITAT PADERBORN
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EJ Sample: A1 955

Material: GaAs
Orientation: (100)
Wafer:
|
/ Rotation: 10
/ Pressure (mBar): 2.3 x 108
/ Date: 04.05.2021
= bf File: a1955.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.085 nm/s
Ino.1sGaos7As 300.0 2000.0 200||InAs 0.015 nm/s
Comment

_As4=1.2E-5 mbar
T_bandit=300°C

(Grown by T. Henksmeier)

LL“ UNIVERSITAT PADERBORN
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EJ Sample: A1956
Material: GaAs
Orientation: (100)
Wafer:
|
Rotation: 10
/ Pressure (mBar): 2.2 x 108
Date: 04.05.2021
)
~ bf File: a1956.as!
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.085 nm/s
INo.1sGaossAS 300.0 50.0 5||InAs 0.015 nm/s,
Comment

_As=0.9E-5 mbar

T_bandit=300°C

(Grown by T. Henksmeier)

L&‘ UNIVERSITAT PADERBORN
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EJ \\ nf | Sample: A1 968
\ Material: GaAs
' \\ Orientation: (100)
\
\| Wafer:
Rotation: 10
Pressure (mBar): 3 x 10-°
Date: 10.05.2021
File: a1968.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.085 nm/s
Ino.1sGaossAs 300.0 20.0 2|[InAs 0.015 nm/s
Comment

_As4=1.2E-5 mbar

T_bandit=300°C

(Grown by T. Henksmeier)
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EJ \\\ nf | Sample: A1 969
\ Material: GaAs
\ Orientation: (100)
\
\| Wafer:
Rotation: 10
Pressure (mBar): 3.2 x 10
Date: 10.05.2021
File: a1969.as!
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.085 nm/s
INo.1sGaossAS 300.0 5.0 0.5||InAs 0.015 nm/s,
Comment

_As4=0.9E-5 mbar

T_Bandit=300°C

(Grown by )

L&‘ UNIVERSITAT PADERBORN
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EJ \\ nf | Sample: A1 970
\ Material: GaAs
' \\ Orientation: (100)
\
\| Wafer:
Rotation: 10
Pressure (mBar): 6 x 10-°
Date: 10.05.2021
File: a1970.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.085 nm/s
Ino.1sGao.esAs 385.0 50.0 5||InAs 0.015 nm/s|
Comment

_As4=1.8E-5 mbar

T_Bandit=385°C

(Grown by T. Henksmeier)

LL“ UNIVERSITAT PADERBORN
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= s A1974
sf /
/ Material: GaAs
/
/ Orientation: (100)
[
| Wafer:
Rotation: 10
Pressure (mBar): 4.3 x 10°
Date: 12.05.2021
File: a1974.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.085 nm/s
INo.1sGaossAS 480.0 50.0 5||InAs 0.015 nm/s,
Comment

_As4=2.0E-5 mbar

T_bandit=485°C

(Grown by T. Henksmeier)

L&‘ UNIVERSITAT PADERBORN
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Sample: A1 982
Material: GaAs
Orientation: (100)

Wafer:

Rotation: 10

Pressure (mBar): 1.98 x 10-9

Date: 18.05.2021
File: a1982.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.05 nm/s
Inos0Gaos0As 300.0 50.0 5||InAs 0.05 nm/s|
Comment

As=1.1E-5 mbar

T_bandit=300°C

(Grown by T. Henksmeier)
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EJ Sample: A1983
sf /
/ Material: GaAs
/

/ Orientation: (100)
[
| Wafer:

Rotation: 10

Pressure (mBar): 2.9 x 10-°

Date: 18.05.2021

File: a1983.asl

300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.085 nm/s
INo.1sGaossAS 300.0 5.0 0.5||InAs 0.015 nm/s,
INo.1sGaossAs 385.0 1995.0 199.5
Comment
Nucleation:

_As4=0.9E-5 mbar

T_bandit=300°C

Overgrowth:

_As4=1.9E-5 mbar
T_bandit=385°C

(Grown by T. Henksmeier)

L&‘ UNIVERSITAT PADERBORN
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EJ sample: A1984
Material: GaAs
Orientation: (100)
Wafer:
\ Rotation: 10
\ Pressure (mBar): 3 x 10-8
\\ Date: 18.05.2021
2f N File: a1984.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.05 nm/s
Inos0Gaos0As 300.0 5 0.5([InAs 0.05 nm/s|
INos0GaosoAs 385.0 1980.0 198
Comment
Nucleation:
_As4=0.9E-5 mbar
T_bandit=300°C
Overgrowth:
_As4=2.2E-5 mbar
T_bandit=385°C
(Grown by T. Henksmeier)
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EJ Sample: A2006
Material: GaAs
Orientation: (100)
Wafer:
|
Rotation: 10
/ Pressure (mBar): 1.7 x 10-°
Date: 24.05.2021
)
~ bf File: a2006.as!
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.07 nm/s
Ino30Gao0As 300.0 50.0 5|[InAs 0.03 nm/s
Comment

_As4=1.2E-5 mbar

T_bandit=300°C

(Grown by T. Henksmeier)
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Sample: A201 7
Material: GaAs
Orientation: (100)

Wafer:

Rotation: 10

Pressure (mBar): 4.7 x 10

Date: 27.05.2021
File: a2017.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate InAs 0.1 nm/s
InAs 300.0 50.0 5
Comment

_As4=1.2E-5 mbar

T_bandit=300°C

(Grown by T. Henksmeier)
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EJ Sample: A2028
Material: GaAs
Orientation: (100)
Wafer:
|
Rotation: 10
/ Pressure (mBar): 2 x 10
Date: 04.06.2021
)
~ bf File: a2028.as!
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.015 nm/s
Ino75Gao2sAs 300.0 50.0 5|[InAs 0.085 nm/s
Comment

As4=0.9E-5 mbar

T_bandit=300°C

(Grown by T. Henksmeier)
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——_
EJ N nf| Sample: A2030
\\
\ Material: GaAs
' \\ Orientation: (100)
\| Wafer:
Rotation: 10
Pressure (mBar): 5x 10-°
Date: 14.06.2021
File: a2030.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.085 nm/s
Ino.15GaossAS 300.0 10.0 0.5||InAs 0.015 nm/s
INo.1sGaoesAs 385.0 290.0 29.5
Comment
Nucleation:
_As4=1.2E-5 mbar
T_bandit=300°C
Overgrowth:
_As4=1.8E-5 mbar
T_bandit=385°C
(Grown by T. Henksmeier)
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EJ Sample: A2031
Material: GaAs
Orientation: (100)
Wafer:
\ Rotation: 10
\ Pressure (mBar): 1x 108
\\ Date: 14.07.2021
2f N File: a2031.as!
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.07 nm/s
Ino30Gao0As 300.0 10.0 0.5||InAs 0.03 nm/s
INo30Gao070AS 385.0 1999.9 200
Comment
Nucleation:
_As4=1.0E-5 mbar
T_bandit=300°C
Overgrowth:
_As4=2.0E-5 mbar
T_bandit=385°C
(Grown by T. Henksmeier) |
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EJ Sample: A2032

Material: GaAs
Orientation: (100)
Wafer:
/ Rotation: 10
/ Pressure (mBar): 2 x 10-°
/ Date: 14.06.2021
~ bf File: a2032.as
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.07 nm/s
Ino2sGao.72As 300.0 10.0 0.5||InAs 0.03 nm/s
INo.2sGao.72As 385.0 150.0 145
Comment
Nucleation:
_As4=0.9E-5 mbar
T_bandit=300°C
Overgrowth:
_As4=1.9E-5 mbar
T_bandit=385°C
(Grown by T. Henksmeier)
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EJ sampe: A2110
Material: GaAs
Orientation: (100)
Wafer:
Rotation: 10
/ Pressure (mBar): 3.5x 109
Date: 14.07.2021
)
~ bf File: a2110.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.015 nm/s
INo.17GaossAs 300.0 5.0 0.5||InAs 0.075 nm/s,
Ino.17GaossAs 385.0 2215.0 199.5
Comment
Nucleation:
_As4=1.0E-5 mbar
T_bandit=300°C
Overgrowth:
_As4=2.0E-5 mbar
T_bandit=385°C
(Grown by T. Henksmeier)
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[ —
EJ \\\ nf| Sample: A21 34
™\
\ Material: GaAs
’ \\ Orientation: (100)
\
\| Wafer:
Rotation: 10
Pressure (mBar): 3.5 x 10
Date: 20.07.2021
File: a2134.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n em]
) W [cm2/ Vs]
illum n[om?]
Layer Loop T [°C] Dur. [s] Thickn. [nm] || growth rate
Substrate GaAs 0.07 nm/s
INo.a0Gao0As 300.0 150 15||InAs 0.03 nm/s
Comment
_As4=2.0E-5 mbar
T_bandit=300°C
(Grown by T. Henksmeier)
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EJ

.

Sample: A21 37
Material: GaAs
Orientation: (100)

Wafer:

Rotation: 10

Pressure (mBar): 4.1 x 10-°

L Date: 20.07.2021
2f N File: a2137.asl
300K 77K 4.2K 1K
W [cm2/ Vs]
dark n [om]
) W [cm2/ Vs]
illum n [em?]
Layer Loop T[°C] Dur. [s] Thickn. [nm] | growth rate
Substrate GaAs 0.085 nm/s
Ino.15GaossAs 300.0 300 30||InAs 0.015 nm/s
Comment

As4=0.9E-5 mbar

T_bandit=300°C

(Grown by T. Henksmeier)
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