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OZET

DOKTORA TEZi

InGaAs/GaAs KUANTUM KUYUSU VE GRAFEN YARIILETKEN

YAPILARIN ELEKTRIKSEL KARAKTERIZASYONU

ADAL AB.MA. RAJHI

istanbul Universitesi
Fen Bilimleri Enstittst

Fizik Anabilim Dah

Damisman : Prof. Dr. Ayse EROL

Bu tezde, n-tipi modulasyon katkili Ino.32Ga0.6sAs/GaAs kuantum kuyusu yapilarinin (kuazi-iki
boyutlu yapilar) ve TiO2/Si alttas tizerine biiytitiilmiis tek katmanli grafenin (gercek iki boyutlu)
elektronik taginim Ozellikleri incelenmistir. Biiyiitme sicakligimin ve 1sil islemin kuazi-iki

boyutlu yapilarin elektronik tasinim 6zelliklerine etkisi de incelenmistir.

Caligmanin ilk boliimiinde, kuazi iki boyutlu yapilarda 4.2K ile 300K arasindaki sicakliklarda
Hall Olay1 dl¢timii kullanilarak elektron mobilitesi ve tasiyict konsantrasyonu gibi elektriksel
ozellikleri belirlenmistir. Isil islem ve biiylitme sicakliginin elektronik tasinim ozellikleri
tizerindeki etkileri arastirilmis ve tasiyicilarin mobilitesi, yogunlugu, etkin kiitle, alasim

potansiyeli ve arayliz piiriizliiliigii parametreleri acisindan etkileri incelenmistir.

Kuazi iki boyutlu yapilarda (Ino32GaoesAs/GaAs kuantum kuyusu) baskin sagilma
mekanizmalarini belirlemek igin, elektron mobilitesinin sicakliga bagli degisimi olas1 sagila

mekanizmalari dikkate alinarak analitik bir modelle belirlenmistir.

Xiv



Manyetotransport 6l¢iimleri 4.2K ile 300K arasinda yapilmis ve etkin kiitle, Fermi seviyesi ve
2D tastyict yogunlugu, Shubnikov de Haas (SdH) salinimlarinin sicakliga bagl degisimleri

analiz edilerek bulunmustur.

Calismanin ikinci boliimiinde, TiO2/Si altas iizerine kimyasal buhar depolama biriktirme
teknigi kullanilarak tek tabaka olarak biiyiitiilmiis grafenin, elektron mobilitesi ve tastyici
yogunlugu gibi elektriksel ozellikleri sicakliga bagli olarak Hall olayr Ol¢limleri ile
belirlenmistir. Sicakliga bagli elektron mobilitesi karakteristigi olas1 sagilma mekanizmalari
dikkate alinarak analitik bir model ile incelenmistir. Hesaplamalarda boyuna akustik fonon
sacilmasi, uzak arayiiz optik fonon sagilmasi ve sicakliktan bagimsiz sagilma mekanizmalari

kullanilmistir.

Tiim kuazi iki boyutlu &rnekler Tampere Teknik Universitesi Optoelektronik Arastirma
Merkezi'nde (Finlandiya) Molekiler Demet Epitaksi yontemi ile buyttuldu. Gergek iki boyutlu
grafen drneginin biiyiitiilmesi ve fabrikasyonu lhsan Dogramaci-Bilkent Universitesi'nde
gerceklestirildi. Kuazi iki boyutlu &rneklerin fabrikasyonu Istanbul Universitesi, Fen Fakiiltesi
Fizik Boliimii Ileri Litografik Yéntemler Laboratuari, magnetotransport dlctimleri ise Nano ve
Optoelektronik Arastirma Laboratuart ile Yiiksek Manyetik Alan ve Diisiik Sicaklik

Laboratuvari’nda yapilmistir.
Nisan 2021, .71. sayfa.

Anahtar kelimeler: Ino.32Gao.csAs/GaAs, 2 boyutlu yapilar, grafen, modiilasyon katkili
yapilar, elektronik taginim
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SUMMARY

Ph.D. THESIS

ELECTRICAL CHARACTERISATION OF InGaAs/GaAs QUANTUM

WELL AND GRAPHENE SEMICONDUCTOR STRUCTURES

ADAL AB.MA. RAJHI

Istanbul University
Institute of Graduate Studies in Science and Engineering

Department of Physics

Supervisor : Prof. Dr. Ayse EROL

In this thesis, electronic charge transport properties of n-type modulation doped
(Ino.32Gao.esAs/GaAs) quantum well (QW) structures (quasi-2D structures) and single-layer
graphene on TiO2/Si substrate (real-2D) structures were studied. The effects of thermal
annealing and growth temperature on electronic transport properties of the quasi-2D structures

are also studied.

In the first part of study, the electrical properties of InGaAs/GaAs quasi -2D samples such as
Hall mobility and carrier concentration have been determined using Hall effect measurement at
temperatures between 4.2K and 300K. The effect of thermal annealing and growth temperature
on electronic transport properties have been investigated and compared in terms of carrier

mobility, carried density, effective mass, alloy potential and interface roughness parameters.
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To determine the dominant scattering mechanisms in the quasi-2D structures (Ino.32 Gao.esAS
/GaAs), temperature dependent Hall mobility results have been analysed using an analytical

model, considering all possible scattering mechanisms in the quasi 2D samples.

The magnetotransport measurements was carried out between 4.2K and 300K. The effective
mass, Fermi level and 2D carrier density have been calculated by analysing temperature
dependence of the amplitude of Shubnikov de Haas (SdH) oscillations.

In the second part of study, the electrical properties of a single-layer graphene grown by
Chemical Vapour Deposition (CVD) on TiO/Si substrate (SLG/TiO2 /Si), such as Hall mobility
and carrier concentration have been determined by Hall effect measurement at temperatures
between 77K and 300K. For explaining the temperature dependence of the carrier mobility.
Analytical expressions that given in Section 1.4.2. were used. Longitudinal acoustic phonon
scattering, remote interface optical phonon scattering and temperature independent scattering

mechanisms were used in the calculations.

All quasi-2D samples In GaAs were grown by Molecular Beam Epitaxy (MBE) at
Optoelectronic Research Centre (ORC) of Tampere Technique University, Finland. Graphene
sample (SLG / TiOz / Si) were grown and fabricated at ihsan Dogramaci-Bilkent University.
The fabrication of quasi-2D materials using photolithography was made at Advanced
Lithographic Techniques Laboratory and magnetotransport measurements were carried out
Nano and Optoelectronics Research Laboratory and High Magnetic Field Low Temperature

Laboratory of Department of Physics, Science Faculty, Istanbul University.
April 2021, 71 pages.

Keywords: Ino.32Gao.esAs/GaAs, 2D structures, graphene, modulation doped structures,
electronic transport.
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1. INTRODUCTION

With the development of epitaxial growth techniques such as Molecular Beam Epitaxy (MBE)
and Metal Organic Chemical Vapor Deposition (MOCVD) in 1960s, it became possible to grow
semiconductors very precisely layer by layer in thicknesses of the order of a few nanometers.
In addition, thanks to epitaxial growth techniques, by alloying of binary semiconductor
compounds, novel semiconductor materials with the desired bandgap can be grown onto the
appropriate substrate. Furthermore, it has been also possible to grow novel semiconductors in
which the lattice constant can be tuned and the band structure can be adjusted directly or
indirectly. With the shrinkage of sample sizes to the nanometer scale, quantum phenomena

began to be used to explain observations in semiconductor physics.

When the dimensions of a semiconductor become comparable to the de Broglie wavelength,
quantum size effects are observed, and electronic/optic properties of semiconductors change
due to these effects. Since de Broglie wavelength of electrons (~20 — 40nm) in bulk structures
is much smaller than the sample sizes, quantum size effects are unlikely to observe in these
structures. Quantum size effects have begun to be observed, thanks to the technological
advances that make possible to adjust material sizes to be on the nanometer scale. Using
epitaxial growth techniques, semiconductors can be grown as alternating epilayers to form
heterostructures. The idea to design heterostructures to be used in optoelectronic/electronic
device technologies was first suggested in the 1950s by Herbert Kroemer and Zhores Alferov,
who were awarded by Nobel Prize in Physics 2000 “for developing semiconductor
heterostructures used in high-speed- and optoelectronics”[1]. In heterostructures, if the
thickness of the narrow band gap semiconductor sandwiched between larger bandgap
semiconductors is close to de Broglie wavelength of the carriers, the motion of the carriers in
the narrow band gap semiconductor is confined in the growth direction and such structures are
called as quasi two dimensional (quasi-2D) or quantum well structures. The quasi 2D structures

are widely used in today's optoelectronic and electronic technologies.

In the early 1970s, the attempts of fabricating nanostructures in the search for novel quantum
phenomena started [2]. The operation speed of an electronic or optoelectronic device is related
to electron mobility, therefore to fabricate faster devices, materials with higher electron



mobility is a priority. In order to make devices operate faster, Esaki and Tsu proposed
heterostructures with modulation doped in 1969. Using modulation doped heterostructures
(MDH), we can separate the charge carriers from the parent dopant atoms and suppress the
effect of ionized impurity scattering, which is dominant mechanism restricting carrier mobility
especially at low temperatures [3]. Stormer et al [4], introduced a new doping strategy for
semiconductor heterostructures, which spatially separates charge carriers from their parent
dopant atoms. As a result of spatially further separation of free charge carriers from their ionized
parents, carrier mobility can be enhanced drastically. This idea has been first applied very
successfully to AlGaAs/GaAs quantum well (QW) structures [4,5] In this quasi 2D structure,
AlGaAs with a proper alloy composition formed the barrier layer and a thin GaAs layer was
confined by AlGaAs to behave a QW. AlGaAs was n-type doped and the neighboring lower
bandgap was undoped. The electrons generated by ionization of dopant atoms in AlGaAs
barrier layer moves into the QW material (GaAs) with lower energy states and form 2D electron
gas in the proximity of the interface between AlGaAs and GaAs layers. Of the scattering events
limiting electron mobility, ionized impurity scattering is dominant scattering mechanisms at
low temperatures. Since the separation increases between electrons in QW and ionized
impurities in the barrier layer, and electrons are confined in the QW, mobility of 2D electron
gas was observed to be higher in MDHs [6]. After the discovery of MDHes, the high electron
mobility transistors were fabricated. MDHSs also led to observation of some interesting quantum
events such as Quantum Hall effect [7]. and Integer Quantum Hall effect [8], therefore these
structures are great of importance for understanding fundamental physics of 2D electron gas.
Later MDHs have been fabricated based on different material systems such as InGaAs/InAlAs
[9] AlGaN/GaN [10], AlinGaN/GaN [11], GalnNAs/GaAs [12] and GalnAs/GaAs [13] , The
2D electron mobility in a AIGaAs/GaAs MDH is observed to be as high as 1 x 10’cm?/Vs [14].

In 2004, groundbreaking experiments carried out by Andre Geim and Kostya Novoselov on a
unexpectedly 2D crystal form of a single layer graphene [5] , has led to introduce real 2D
material family and the graphene is the first member of this family. In contrast to quasi-2D
semiconductors, whose electronic properties are defined by quasi-particles that are non-
relativistic particles with a finite well-defined mass and obey the Schrédinger wave equation,
transport of electrons in graphene obey the Dirac Eq., and they behave like massless Dirac
fermions. The electron mobility in graphene is expected to be exceptionally high to make

possible observation of quantum phenomena even at room temperature [16] . Compared to very



high-tech expensive growth techniques of quasi 2D structures, the simplicity of exfoliation
method to have a single layer graphene has been made it accessible for a wide community. Even
the first studies have been focused on its interesting electronic properties, discovery of graphene
by Novoselov et al. in 2004 [17] has attracted great interest in different research area as a real
2D-dimensional system. Since it is impossible to have graphene at industrial scale using
exfoliation method, the production of graphene was achieved using chemical vapor deposition
technique in larger sizes [18]. The promising properties such as high electron mobility, its
strength, transparency and flexibility have made graphene attractive in studies of electronic [19]

and optoelectronic devices [20,21].

The studies on band structure of graphene [22] revealed that a special linear electronic band
structure around the corners of the Brillouin region (Dirac points K and K ') causes electrons
to behave as massless. Thus electrons move at a velocity of ~10° m/s, travelling for
micrometers without scattering even at room temperature [23].The two Brillouin symmetry
points (K and K') are particular importance in the electronic transport [24], as will be clarified
in section (2.3.1.2).

In graphene, confinement of carriers into 2D led to observation of phenomena which, was
previously seen only at low temperatures in quasi electron gas (2DEG), such as the quantum
Hall effect at room temperature. In addition, integer quantum Hall effect could be observed at
moderate temperatures. It has been reported that SdH oscillations in graphene show a phase
shift of = because of Berry’s phase. It was also noted that, even when carrier density goes to
zero the conductivity never goes to zero. [22, 25]. Thanks to its extraordinary electronic
properties, graphene is proposed as a good candidate for the quantum Hall resistance metrology
having better precision and wider application under less strict conditions such as high

temperatures, low magnetic fields [26,27].

In this thesis, it is aimed to investigate electronic transport properties of quasi and real 2D
semiconductors. To achieve our goal, two kinds of 2D structures will be used: Modulation

doped QW structures and real 2D structures.

Electronic transport properties of n-type modulation doped (Gagsslnos2As/GaAs) QW

structures (quasi-2D semiconductor structures) grown at different growth temperatures using



Molecular Beam Epitaxy (MBE) were investigated. The influence of heat treatment on transport
properties of quasi-2D samples have been investigated for 600s under annealing temperature
700°C.

The temperature dependences of the carrier mobility (n) and the carrier concentration (n2p)
were determined from Hall effect measurements. An analytical model was used to investigate
the temperature dependence characteristic of 2D electron mobility, considering dominant
scattering mechanisms that restricts electron mobility as interface-roughness, acoustic phonon
scattering, alloy disorder scattering and optical phonon scattering. The interface roughness
scattering is typically quantified from the lateral size (A), and the correlation length (A) [28,14].
Since the exact values of A and A are unknown, these parameters are selected being adjustable

parameters to obtain the best fit with the experimental data.

The effective mass, Fermi level and 2D electron density were calculated from the SdH

oscillations in modulation doped Ino.32Gao.ssAS/GaAs.

Electronic transport properties of real 2D material (graphene) have been studied utilising Hall
effect measurements. The measurements have been performed on a CVD-growth single-layer
graphene on TiO2/Si substrate (SLG/TiO2/Si). Hall effect measurement on Hall-bar shaped
SLG/TiO2/Si sample have been made in the temperature range between 77-300K. For
explaining the temperature dependence of the carrier mobility. Analytical expressions that
given in Section 1.4.2. were used. Longitudinal acoustic phonon scattering, remote impurity
phonon scattering, and temperature independent scattering terms were used to analyses

temperature dependence of mobility for numerical calculations.

In the first chapter of this thesis, the fundamental properties of quasi and real 2D materials and
the transport mechanism of the quasi and real-2D material are introduced. This chapter is
divided in two parts. The area covered in the first part (Sections 1.1-1.3) is related to
modulation doped QW structures (Ino.32GaossAs/GaAs QW). And the area covered in second
part (Section 1.4) will be the real-2D structure as a single-layer graphene (SLG/TiO2/Si). In
Section 1.1 the modification of band structure is explained introducing conventional 111-V
semiconductors alloys. In Section 1.2 we introduce the concept of physics of the quasi 2D
structures, then we will continue with fundamental principles of modulation doped

heterostructures, quantum confinement effect and then density of state function. In Section 1.3,



electronic transport in quasi-2D structures together with the main scattering mechanisms such
as acoustic phonon scattering, alloy disorder scattering, interface roughness scattering, remote

impurity scattering will be discussed.

In Section 1.4, we start describing crystal and band structure of graphene (real-2D material))
then we present scattering mechanisms such as longitudinal acoustic phonon scattering, remote
impurity phonon scattering and temperature independent scattering terms, which are used to
explain temperature dependent behavior of the electron mobility in a single layer graphene
sample (SL/TiO2/Si). In Section 1.5, physics behind magnetotransport of electrons in 2D

structures are briefly explained at low and high magnetic field regimes.

In the second chapter, the used sample structures and experimental techniques wrer given. The
second chapter start with sample structures and growth method for quasi and real- 2D structures
then continues with fabrication of the samples in Section 2.2. Finally, experimental methods

are presented in Section 2.3.

The results of all experimental study and modelling of temperature dependence of electron
mobility are present in Chapter 3. The influence of growth temperature and thermal annealing
on electronic transport parameters of the quasi 2D samples and the electronic properties of
graphene are presented in Chapter 4. The conclusion and recommendations were presented in
Chapter 5.



1.1. MODIFICATION OF BANDSTRUCTURE
1.1.1. Conventional I11-V Semiconductor Alloys

Alloying of semiconductors typically refers to the mixing of two or more semiconductor
compounds to produce ternary or quaternary alloys to introduce novel semiconductors to be
able to use for electronic devices such as high electron mobility transistors, field effect transistor
and heterojunction bipolar transistors. Semiconductors from group I11-V family are crucial
materials for semiconductor devices, where I11-V compound semiconductors consist of equal
composition of elements from column 111 as Al, Ga, In and column V as As, P, N. Compounds
consisting of two elements are called binary such as, compounds consisting of three elements
are called ternary like the samples that have studied in the thesis such as Ini-xGaxAs, and
compounds consisting of four elements are called quaternary such as GaxIni-xAsyP1y. x and y
are alloy compositions given as 0 < x, y < 1 [30]. Semiconductor alloys and their
heterostructures play an important role in quantum systems and in the development of high-
performance electronic/optoelectronic devices. Ternary and quaternary alloys obtained mixing
bandgaps enable the formation of heterojunctions, which are also essential for the fabricating

of high-performance electronic/optoelectronic devices [31].

Figure 1.1 shows bandgap versus lattice constant of binary semiconductor compounds.
Alloying of two binaries offers the ability to tailor bandgap and lattice constant. The band
structure of a novel conventional semiconductor alloy obtained by mixing of the binary
semiconductor compounds is well-described using Virtual Crystal Approximation (VCA) [32,
33]. The physical properties of semiconductor alloys such as bandgap, lattice constant and
effective mass can be determined by VCA, which considers a virtual potential. The virtual
potential is an average of the atomic potentials of constituents in the alloy. The alloy

composition dependence of the bandgap of an alloy is described by Vegard’s law as [34,35]
E(A;_xB, C) =xE(AC) + (1 —x)E(BC) — bx(1 — x) (1.2)

where b is the bowing parameter and composition-independent. E(AC) is bandgap of
constituent AC binary compound, E (BC) for constituent BC binary compound for ternary alloy
A;_.B, .



In Figure 1.1, the lines connecting two binary compounds having one constituent in common
give the composition dependent-lattice constant and band gap change of the corresponding

ternary compound.
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Figure 1.1: Lattice constant versus energay gap at room temperature for various I11-V binary
semiconductor compounds and their alloys. Solid lines represent direct, dashed lines indirect
bandgaps [36].

1.2. PHYSICS OF THE QUASI 2D STRUCTURES

Using bandgap engineering strategy, the bandgap of semiconductors can be tailored with
alloying of 111-V materials such as AlGaAs, InGaAs, which gives opportunity to tune optical
and electrical properties of semiconductors. [37]. And semiconductor heterostructures are
formed by growing different bandgap materials layer by layer using epitaxial growth techniques

to form quantum well-like quasi 2D structures [38].

To obtain high carrier mobility in the semiconductor heterostructures, modulation doped
heterostructures are preferred. Modulation doped structures consist of an undoped narrow-gap
semiconductor sandwiched with a wider bandgap doped semiconductor. To design this kind of
structure, a proper choice of alloy composition presents an advantage to create a novel
semiconductor to be used as either narrow or wide bandgap material of a modulation doped
heterostructures. The doped wide-gap material behaves as a barrier layer in this structure and

surrounds the narrow-gap material. Figure 1.2 shows the band profile of an n-type modulation



doped heterostructure before (a) and after (b) the electron transfer to the narrow bandgap

semiconductor, respectively [39].

Considering we have an n-type doped barrier layer, Fermi level will be in close to conduction
band edge and for undoped layer, Fermi level will be almost at mid-gap. So, when two different
semiconductor materials are brought together, electron will move towards to narrow-bandgap
semiconductor, whose conduction band edge is lower energy. Fermi level will go down in wide
bandgap semiconductor as a result of losing of electrons, while narrow bandgap
semiconductor’s Fermi level will go up. At equilibrium state, Fermi level will be equal from
left to right and the band profile shown in Figure 1.2b is formed. After free electrons transfer
to the narrow bandgap semiconductor, if the thickness of the narrow- bandgap semiconductor
is in the range of de Broglie wavelength of the electrons or holes, given in Eq. 1.2 [37], the
electron be confined in narrow-bandgap semiconductor. Therefore, transferred electrons form
a quantized, 2D electron gas confined in the QW, as shown in Figure 1.2-b. Since electrons are
spatially far from their parent ionised impurities, effect of ionised impurity scattering become
less as compared to that in doped bulk semiconductors. Therefore, in the modulation doped
structures, the electron mobility is enhanced especially at low temperatures, where ionised

impurity scattering is the dominant scattering mechanism.
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Figure 1.2: Band profile of a doped heterostructure a) before and (b) at equilibrium that
electrons transfer to the QW in narrow bandgap semiconductor to form 2DEG.

To increase the distance between electrons and donors further, a spacer layer can be added as
seen in Figure 1.2-b. Although the presence of the spacer layer, which work on reduce the
electron concentration, in same time it works on increase the carrier mobility. So, the optimum

of spacer layer thickness must be adjusted precisely. The quantum confinement effect is



observed when the thickness of the narrow gap semiconductor is between 1-25nm for I11-V
alloys [40], which is determined from de Broglie wavelength of electrons/holes as

h

Aden™~ T (1.2)

where 44,5, m*, h, and kg are de Broglie wavelength of the electrons, effective mass of

electron, Planck constant and Boltzmann constant.

The quantum confinement structures are classified according to the number of free dimensions
for charge carriers, which are the quantum well, quantum wire and quantum dots. Table 1.1 lists
the quantum confined structures together with the number of degrees of freedom associated
with the type of quantum confinement.

Table 1.1: Classification of low dimensional structures.

Structure Quantum confinement Number of free | Dependence of energy
dimensions Electron density of
states
Bulk 0 3 E'/2
Quantum Well 1 2 E°
Quantum Wire 2 1 E" Y2
Quantum Dot 3 0 OF

A significant difference between the electronic behaviors of bulk and low-dimensional
semiconductors comes from their density of states function [41]. Figure 1.3 shows densities of

state function as a function of energy. In a bulk semiconductor, the density of states is

proportional to E'2 , and the electrons in conduction band have any energy above the bandgap
energy, E, at a given temperature. For a QW structure (quasi 2D) , the density of states shifts
higher energy than the bandgap of bulk material. In opposite to bulk semiconductor, in QW
structure the density of state becomes independent of energy and changes from a continuous
dependence to a step-like dependence. Compared with bulk semiconductors, a QW structure

has a higher density of c states near conduction and valence bandedges; therefore a higher
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density of carriers can contribute to the bandedge emission from a QW based semiconductor

laser structure [40]. In quantum wires, the density of states has a E 2 dependence. In quantum
dots, the motion of electrons is quantized in all three directions and there are no continuous
bands, the density of state function comprises of a series of Dirac delta (6)-functions at each

quantized level, in which the electrons have discrete energy states [42].

' 3
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Figure 1.3: Density of states functions of 0D, 1D, 2D and bulk semiconductors [42].

1.2.1 Quantised Energy Levels in Quantum Well Structures

By using the Schrodinger equation and the effective mass approximation, energies of the
guantized states and wave functions in the conduction and valence bands of a QW can be
obtained [42]. The fundamental properties of a QW can be understood through the simple model
particle in a box. So, by considering Schrodinger's equation for (electron or hole) in one
dimension, we can study two cases of QWs, infinite well and finite well approximation as we
shall see below [43].

h? d?y

—+V(2)yY =EyY (1.3)

2m* d2

where V (z) is the structural potential (QW potential), z is the growth direction of semiconductor

heterostructure, m* is the effective mass of carrier, E and 1 are the energy and wavefunction.
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1.2.1.1. Infinite Potential Wells Approximation

By solving Schrédinger equation for the electrons and holes in the QWs defined by the bandgap
discontinuities of a semiconductor heterostructure, the electronic states in QWs can be found
[42]. Figure 1.4 a show the simplest case where the barriers on both side of the QW are

infinitely high. Schrodinger equation within the QW is:

_h Y@ _ EY(2) (1.4)

2m}, 12
where m;, , z and L, are the effective mass of electron in the QW, the growth direction and is
the width of the QW. As we mentioned, in this case, the potential barriers are infinitely high,
so there can be no penetration into the barriers, which means the wavefunction must be zero at
the barrier of the QW, so ¥ (z) = 0 and oo elsewhere.

------- - [P

Figure 1.4: Energy levels and wavefunctions of a) electron and b) hole in an infinite QW.

a) b)
(-\-7[-\ n=3 L~
B

—I—

We choose the width of the well from z = 0 to z = L, the normalized wave functions take the

form ,

U, (2) =\/% sin(k,z) (1.5

and

- (1.6)
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where N is an integer that gives the quantum number of the state, and the energy E, that

corresponds to the N™ level is given by:

Ex 1.7

_ Rk} R? (Nn>2
©2mi,  2mi,\L

From Eg. 1.7 we can see clearly that the energy levels are inversely proportional with both
square of the well width, L, and the effective mass m,,, which means that narrower QWs have

the higher quantized energies.
1.2.1.2. Finite Potential Wells Approximation

Now by taking a look to a realistic QW that has a finite potential barrier of height V,, at each
interface, which is known as the actual finite well, as shown in Figure 1.5 We can note that
there are only a finite number of bound states with energy E < V,. These bound states are
labelled by a quantum number N. Inside the QW there is no change in Schrodinger equation.

Whereas, inside the barrier the wave equation becomes

h* d*y(2)
2my, L2

+ Vo (2) = E(2) (1.8)

where my, refers to effective mass inside the barrier layer. The boundary conditions tell us that
the wave function ¥ (z) in addition to particle flux (#) % at the interface must be continuous

which gives the series [42]

kL\ myk

tan (7) =ik (1.9
kL myk

tan (7) = e (1.10)

where, k is the wavevector in the QW, and given by

h2k?
2m,, -

E, (1.11)

and k is the exponential decay constant in the barrier and it is given by



13

h% K2

= Vo—E, (1.12)

*
2my,

The solution of Egs. 1.9 and 1.10 can be found by simple numerical methods [42].The
wavefunctions in Figure 1.5 are approximately sinusoidal inside the QW, whereas they decay
exponentially in the barriers, as seen Figure 1.5. The spreading of the wavefunctions into the
barrier by tunnelling increases k and lead to reduce the quantum confinement energy compared
to a QW with infinite barriers. No matter how small Vo, always we have a finite number of
solutions, at least one. From Figure 1.5 a — b, the wave function of the first two states of both
infinite well and finite QW apparent [31]. The difference is that the wave functions of the finite
QW spreads out more by tunnelling into the barrier, whereas the wave functions of the infinite

QW becomes zero at the interfaces.
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Figure 1.5: Energy level and wave function of a) electrons and b) holes in finite quantum
well ¢) 3D illustration of a AlIGaAs/GaAs QW structure and electron and hole subbands in
conduction and valance band QWSs. Ee1, Ee2 ad Ees are the electron subbands, Enn1 and Ejny are
the hole subbands. AEc and AEv are conduction and valnce band discontinuties, respectively
[31].
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A 3D illustration of a GaAlAs/GaAs QW quasi 2D structure composed of two semiconductors
with energy band gaps Egi and Eg is illustrated in Figure 1.5c. As a result of quantum
confinement effect, the electron and hole subband energy levels become discrete and the
separation between adjacent electron/hole subbands are much larger than ksT, therefore

distribution of electrons/holes are not affected by thermal energy.
1.3. ELECTRONIC TRANSPORT IN QUASI 2D STRUCTURES

After applying electric field on a conductor or semiconductor material the carriers in the
material speed up till run into a scattering centre. The scattering centres influence transport
characteristics of the materials. To explain transport phenomena, it is necessary to know the
motion of the carriers under an applied electric field and the scattering mechanisms that may

occur during this motion.
1.3.1. Movement of Electron in an Electric Field

Under an applied electric field, e electron experiences electrical force

—

ﬁ = —eF (113)
and then one can define drift velocity-electric field relation as [39]

. et 2

Va = e (1.14)

where 7 is the relaxation time, and the mobility of the free carrier can be written from Eq. 1.14

as

p=—— (1.15)

As we see from Eq. 1.15, mobility is inversely proportional to the effective mass of the carriers,
whereas changes in direct proportion with the relaxation time. The effect of each kind of

scattering centre can be expressed by using the formula developed by Matthiessen [39] as:
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1 1

;= i o (1.16)

i represent different scattering mechanisms. Each scattering mechanism is described in

following subsections.
1.3.2. Scattering Mechanisms

In this section, several scattering mechanisms such as acoustic phonon scattering (i4,), alloy
disorder scattering (u4y0y), interface roughness scattering (u;¢,-), remote impurity scattering
(i), which play main role in determination of the carrier mobility in a semiconductor, will be

discussed.
1.3.2.1. Interface Roughness Scattering

In layered structures such as modulation doped structures, interface roughness scattering is a
vital scattering mechanism due to an imperfection at the interface between different materials.
Because the sample is grown layer by layer and the layers are constituted of different materials
with different lattice constants, so there will be roughness at the interface between the layers,
which gives rise to interface scattering as shown in Figure 1.6. Where, interface roughness
scattering mobility can be write as, [44]

2e08s \2 K3 1
. =( . 5) — - (1.17)
napAA/ e*m*? ji,.(k)

Here nzp is the 2D carrier density, and A is the lateral size of the interface roughness, A is the

correlation length between fluctuations.

Layer 1

Figure 1.6: The roughness at the interface between the layers with A and A.
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The integral Jir (K) is given by [28]

—a2 2
2k qA/4,

k) = ‘

= q"dq (1.18)
0 3 q
2k3(q + q20) 1 - (35)

where q = 2sin(6/2), 6 is the scattering angle and the 2D inverse screening length g2p can be

expressed by

e’m*

F(q) (1.19)

20 = 2uh?ege

Here the form factor F(q) defined by [45]

F(q) = fo dz fo dz' [f ()2 [f )] el (1.20)

1.3.2.2. Alloy Disorder Scattering

It is caused by potential fluctuations due to the random distribution of the atoms forming alloy
in crystal [39]. Also, it is found in all semiconductor alloys like InxGai.xAs, and Gai-xInxNyAs:-

y. The alloy disorder scattering-restricted mobility in an alloy of A1.xBxC is given by [46]

3 16 eh3
 3bx(1 — x)m*2Q,U2,,

Hal (1.21)

where x is the alloy content, the primitive cell volume, Qo, the effective mass of the carrier, m*
, for ternary alloys, the potential alloy, Uy, [46] , and factor bgy is the Fang-Howard

expression expressed as [28]

s e \1/3
by = <—33€ - nZD) (1.22)
2
8egesh

where ¢, Is static dielectric constant and ¢, dielectric permeability constant of semiconductor,
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For N-free ternary alloys, the alloys potential derives by Littlejohn et al as [44,47]

b 1Z Z
A _ 2B eksR (1.23)
drteg Llry 13

UAl_xBxC =

Here Z,, Zgz, 14, 15 and R are the valence numbers, covalent radius and the bond length

between A and B atoms, respectively. kg is Thomas-Fermi screening wavenumber and given

by

(g) /s fl_i (1.24)

1
k§=1

where, n,, ag are the valence electron density and Bohr radius, respectively. n, is given by

_ 32 1.25
no - ag ( " )
Here the lattice constant a, and R of an ternary alloy are defined by Vegard's law as
ao = (1 - X)aA + xaB (126)
1
R= > [rc+xrg+ (1 —x)]r, (1.27)

where 7 is the covalent bond radius of the third atom in the alloy.

1.3.2.3. Acoustic Phonon Scattering

The acoustic phonons divided into two branches, transverse and longitudinal acoustic phonons,
depending on the transverse and longitudinal oscillations of atoms. The acoustic phonon
scattering increases with temperature, because density of phonons increases at higher

temperature according to Bose-Einstein statistics [39].
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Acoustic phonons scatterings can be categorized as being deformation potential scattering and
piezoelectric scattering. The deformation potential limited mobility is defined by Ridley et
al.[28] as

16 p e vih3 1
Hap = -
P 3E3,kp Tm by Jap(K)

(1.28)

where p, Eq,, v, ,bpy are the crystal density, deformation potential, longitudinal acoustic

phonon velocity and Fang- Howards expression whereas, the /4, (k) is given as

2k 1

Jan ) = [

q*dq
2 (1.29)
O 2nk3 (q + q2p)? /1 — (—qu)

where g, is given in Eqg. (1.19).

The mobility limited by piezoelectric scattering is defined as [44] .

_ meyeshk 1
Hpe = eKc%ka Tm*? ]pe(k)

(1.30)

Here K, is average electromechanical coupling constant and /. (k) is defined by the integral

as

2k F
Jpe (k) = @ q°dq (1.31)

° 4k (q+qzp)* J1— (%)2

1.3.2.4. Polar Optical Phonon Scattering

Optical phonon scattering becomes more effective at higher temperatures. The mobility

restricted by polar optical phonon scattering is expressed as [49].

4 h? h
o = e (22 -1 (132)

- 2
ewpom** L
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Here, Aw,, polar optic phonon energy, &, is defined as

fo (1.33)

E, =

1 17t
o=

where &, high frequency dielectric constants.
1.3.2.5. Remote lonized Impurity Scattering

Remote ionized impurity scattering is caused by ionized doping atoms and is a Coulombic
interaction between charge carriers in the QW and the ionised impurities in the barrier layer.
Compared to the ionised impurity scattering, remote one is less effective scattering mechanism
in modulation-doped structures, where dopant atoms and carriers are spatially distant from each
other, thus reducing scattering and improving electron mobility. Limited mobility by scattering

of remote ionized impurity atoms is expressed as [44]

2 3/2 \ 2 -1
i = 64mhe S (27*m2D) 1 1 ] (1.34)
e3m L?  (dy + L)?

where d, L and S, are the spacer layer thickness, QW width and static constant, respectively.
S, iIs defined by two different expressions for degenerate and non-degenerate conditions. For

non-degenerate systems, the screening constant is defined as [49]

e’n

= 1.35
So 2¢k, T (1.35)

where n is the carrier concentration in three dimension. For degenerate states, it is expressed

as

em (1.36)

0= Dmeh?
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1.4. GRAPHENE: A REAL 2D MATERIAL

Graphene is a real 2D structure of carbon atoms arranged in hexagonal rings, which form a
honeycomb lattice. In this structure, a = 1.42 A° represent distance between two neighbor
carbon atoms. Graphite with different several number of carbon layers that is 3D form of
graphene has a different electronic band structure. Here just band structure of a monolayer

graphene will be discussed.

Figure 1.7: Structure of the hexagonal lattice of graphene. Different colours of carbon atoms
indicate the two identical sublattices, the basis atoms of the crystal for each sublattice are
labelled A and B and a describes the distance between neighbouring carbons [50,51].

1.4.1. Lattice and Band structure of Graphene
1.4.1.1. Lattice Structure of Graphene

To understand graphene properties, it is essential to understand the properties of the carbon
atom. And by taking a look on the electronic configuration of carbon, that consist of 1s22s22p?
orbitals. Where, electrons in 1s? orbital is essentially inert, and are known as nuclear electrons
and do not share in the conduction process. While the other four outer electrons 2s22p? are
weakly bonded and known as valence electrons. The valence electrons in the crystalline form
occupies 2s, 2py, 2p, and 2p, orbitals These orbitals form covalent bond in graphene. Since
energy difference between 2s and 2p levels is small compared to the binding energy of the
chemical bonds, the wavefunctions of these four electrons can mix to enhance the binding
energy of C-C bonds [22, 52].
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Only three orbitals 2s, 2p, and 2p, combine together to form three new equivalent orbitals,
with one electron in each orbital. As shown in Figure 1.8a, in-plane of 2s, 2p,and 2p,, orbitals
form strongly coupled o — bonds. This operation called as 2p? hybridization. Where, 2p? form
three o- bonds with three nearest neighbor C atoms with angle 120° between bonds [22]. Also,
the strength of the o — bonds make the graphene one of the strongest materials. The p, orbital,
which has one electron that distributed perpendicular to C atoms plane to form the n- bonds
with one of three nearest-neighbour C atoms as shown in Figurel.8b. Interaction between the
atoms split the energy levels of m electrons into two bands: the lower = — bonding band and
the upper m — antibonding band [53]. While the lower m —bonding band forms the valence band
the upper m-antibonding bond forms the conduction band of graphene. The valence band and
the conduction band are at the at two corners K and K of the first Brillouin zone (BZ), which

is named as Dirac points, as will be explained below.

(b)
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C . // \/y/oc \AA

Py
R

Sigma Bond
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Orbital »
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Figure 1.8: a) Sigma bonds formed with sp2 hybridized orbitals of carbon atoms at angles of
120° b) n-bonds with electrons distributed perpendicular to the molecular plane [22].

As shown in Figure 1.9a, C atoms in graphene are crystalized in hexagonal structure. The
structure can be thought of as a triangular lattice with a basis of two atoms per unit cell. We
note two inequivalent of C atoms, here labelled A and B, as seen in Figure 1.9a. The lattice
vectors can be defined as [54,55],

a, = %(3, V3) and a, = %(3,—\/5) (1.37)

where a ~ 1.42 A represent the distance between two C atoms. As shown in Figure 1.9b, the

reciprocal lattice vectors are given by
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2n 2n
b, = 5(1, V3), b, = 5(1, —/3) (1.38)

A 1.
228
kyT_-> ) Y bz

Figure 1.9: a) Hexagonal crystal lattice in graphene with sublattice A and B. b) The first BZ
in the reciprocal lattice with K and K points [51].

The Dirac points K and K at the corners of the BZ of graphene are of great importance in the
electronic transport properties of graphene, as will be clarified in Section 1.4.1.2. The position

of Dirac points in k- space is defined as [56].

K = <2n 21 ) K = (Zn 21 ) (1.39)
- 3a ’ 3\/§a ’ - 3a ’ 3\/§a '
Also, in real space, the three nearest-neighbour vectors §; are given by [57]

6= 5(LV3), &= 2(1L—V3), 8= -a(10) (1.40)

1.4.1.2. Band structure of Graphene

Wallace in 1947 calculated the electronic bandstructure of graphene [58] using a tight-binding

Hamiltonian. The dispersion of bandstructure derived from Hamiltonian is [55]

E*(k) = £t\3 + f (k) — texf (k) (1.41)
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where the (+) and (-) signs refer to the conduction band and valence band of graphene,
respectively. t and t,., are the nearest neighbour and next nearest neighbour hopping energy,

respectively.

(1.42)

f(k) = 2cos(V3 ky a) + 4cos (\/§ ;cy a) cos <3k2xa>

where k, and k, are the components of the wavevector k. Figure 1.10a shows the cone-like
conduction band and the inverted cone-like valence band and the six points where they are
touch each other in the BZ (Dirac points). From symmetry consideration, they are equivalent to
two points K and K in the k-space, as depicted in Figure 1.9b. The dispersion curve at Figure
1.10b exhibits two important points. First, conduction band minimum and valence band
maximum in graphene touches leading to zero bandgap. Second important point is that, by
applying the low energy approximation, which is valid near Dirac points, Eq. (1.41) reduces to
[22]

E*(k) = t+h|G|vp (1.43)

where Ag = h(E - I?) is the electron momentum defined with respect to the Dirac point, vy
is Fermi velocity of carrier in graphene (1 x 10°ms~1) [22]. Eq. 1.43 indicates that graphene
has a linear dispersion relation at around Dirac points. The linear characteristic of dispersion
relation is ascribed for zero- mass particles like the photons. Therefore, it can be concluded that

electrons behave like massless Dirac fermions and move with Fermi velocity in graphene.
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Figure 1.10: Bandstructure of graphene calculated by tight-binding method a) energy
dependence on wavevector kx and ky and b) the low energy dispersion relation near Dirac
point [56].

At a finite temperature, the conduction and valance bands are occupied with electrons and holes
in graphene, as in a bulk semiconductor, respectively. To find the 2D sheet density of such
intrinsic carriers in graphene, the linear density of states (DOS) has to be defined. The linear

DOS in graphene is [59,60]

2|E|

D(E) = m(hvg)?

(1.44)

The sheet density (ng;,) of 2D electron gas (2DEG) in graphene can be described as [59]

ngy = fo "aE DY (E) (1.45)

Fermi-Dirac distribution function f (E)given by

1

f(E) = ——GFpir (1.46)

where kg , Er and T are Boltzmann constant, Fermi level and temperature, respectively. By

integrating the formula in Eq. 1.45 for electrons and holes at room temperature and taking Fermi
velocity v in graphene we get
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Map =P =N = (kT) (1.47)

6 \Avg

where p,and n,p, are hole and electron concentration, respectively. Eq. 1.47 indicates that the

carrier concentration in 2D graphene dependences on only one parameter, the Fermi velocity.
1.4.2. Scattering Mechanisms in Graphene

In order to analyse temperature dependency characteristic of the electron mobility in a single
layer graphene, temperature independent mobility (u,), longitudinal acoustic phonon scattering

(ur4) and remote interface phonon (ug;p), were considered.
1.4.2.1. Remote Interfacial Phonon Scattering (¢ p)

Optical phonon energy of the graphene is determined as 0.1 eV [44] that is very high compared
with thermal energy at room temperature. Therefore, it is expected that the effect of the optical
phonons on electronic transport is very limited. If optical phonon energy in substrate material
is close to the thermal energy at a given temperature, optical phonon in substrate layer may
affect the electron mobility in graphene layer [61]. The charge carriers are scattered by optical
phonons in the substrate and these phonons are known as remote interface phonons (ug;p), and

is given by [62] ,

'uRIP_n e[z ( /KBT -1 >]_1 (148)

where n,j Is carrier concentration, phonon energy,E; , and fitting parameters for coupling

strength, C; .
1.4.2.2. Longitudinal Acoustic Phonon Scattering (p;4)

The lack of piezoelectric and polar-optical phonon scatterings is one of the best advantages in
graphene over conventional quasi 2D structures, which they are affected by these two dominant
mechanisms at low temperatures and above approximately 100K, respectively. So, here we
calculate graphene mobility only considering acoustic phonon scattering through weak
deformation-potential coupling, which has been reported between 10 and 30 eV in the literature
[61] .
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The longitudinal acoustic phonon scattering limited mobility (g ,4), in graphene can be given
as [63],

4ehp 2V

- nopD2kgT

(1.49)

Upa

where p; , vp , Dy , V5 are mass density of graphene Fermi velocity, deformation potential and
longitudinal acoustic phonon velocity in graphene.

1.4.2.3. Temperature Independent Scattering Mechanisms (u,)

Using Matthiessen’s rule, we can find short range scattering (usz) and Coulomb scattering (i),

which are temperature independent mechanism

1 1 1
= (1.50)
Ho HUsr HUc

where pggr = A/nZD and uc=S [62] where A and S are fitting parameters determined by the

short range and Coulomb scattering mechanisms. In contrast to Coulomb scattering which is
independent, the short-range scattering inversely dependent to carrier density [64].

1.4.2.4. lonized impurity scattering (u;;)

lonized impurity scattering is the process of elastically scattering from some scattering

centres. According to Brooks-Herring model [62]

-1

2.2 3/2
g = LIRS 101 4 p) - 2 (151)
where
_ 24m’eZelky,e (152)
"~ Nipe?h? '

where g, permeability of empty space,e, static dielectric constant, N; ionized impurity density

and N5, three-dimension carrier density.
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1.5. MAGNETOTRANSPORT

In the presence of magnetic fields, electrical measurements provide important information to
examine the electronic band structure and electrical properties of the semiconductors. Also, the
magnetic field causes significant events in low dimensional semiconductor systems. For
example, under a low magnetic field, Hall Effect measurements provide information about
semiconductor’s carrier type, carrier concentration and carrier mobility. Under high magnetic
fields, by examining the change of the amplitude of SdH oscillation depending on temperature
gives information about effective mass, quantum mobility and Fermi level of 2DEG [58] .

1.5.1. Low Field Regime: Classical Hall Effect

Although Hall effect was discovered in 1879 by Edwin Hall [65], a full understanding of the
Hall effect in metallic conductors only came with the quantum theory of metals. The carrier
concentration and carrier mobility in a material can be determined under applied electric and
magnetic field using the Hall effect. The type of semiconductor (n- or p-type) can also be

determined by Hall effect.

To carry out Hall effect measurements, at least four contacts are needed to apply the electric
field and measure Hall voltage. A common geometry used to conduct Hall effect measurement

is called Hall bar shape and is shown in Figure 1.11.

Figure 1.11: Standard Hall bar geometry for Hall Effect measurement. w,d and [ are the
width, thickness and length of the sample, respectively [49] .
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When an electric field is applied in the x-direction, the carriers start moving with the v drift
velocity along the main arm. When a magnetic field is applied in the z- direction perpendicular
to the electric field, an electric field is created in the y- direction, being perpendicular to the
directions of electric field and magnetic field. Electrons move under the effect of the Lorentz
force (Fy). In the steady-state, the electrical force generated by this electric field and the

magnetic force are equal to each other

F,=ev,.B, =eEy (1.53)

The current passing through the sample in x-direction is

iy = 0E,wd (1.54)

where E, is the electric field applied in the x-direction and o is the conductivity, which is
defined by

o = ney, + peup (1.55)

wheren, u,,p,u, are concentration of electrons, electron mobility, concentration of holes and
Hall mobility in material, respectively. Hall mobility is defined in terms of drift mobility and
applied electric field as

pp == (1.56)

= E,

Using Eq. 1.55 and 1.56 in 1.56, current passing through the sample is expressed as

iy = neuyE,wd = ne v,wd (1.57)

When drift velocity in 1.57 is substituted in 1.53, Hall electric field is obtain as

eEy = x5z (1.58)

nwd

When the Hall electric field is written in term of Hall voltage Vn, we find
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_ ot (1.59)

From Eq. 1.59, the Hall potential is defined as

1
Vy=——=iyB
H nedlx Z

(1.60)

i in Eq. 1.60 is called Hall coefficient (Ry) or Hall resistance. In Eq. 1.60, n is carrier

concentration in three dimensions is defined with

ix BZ

net (1.61)

Considering that the sample is low dimensional, the thickness d is neglected and the carrier

concentration in two dimensions (sheet carrier density) is obtained as

'x BZ
nZD = leVH (162)
From Eq. (1.62) using the current and magnetic field values applied on the main bar of a Hall
bar and measuring Hall voltage, carrier concentration can be found. Re-arranging Eq. 1.62 using
Egs. 1.54-1.55 we obtain

kB, iy
edVy — wdeE, ., (1.63)
And then u, is expressed as
1 Vy
He = 5o (1.64)

V. represents the potential difference along x-axis, and [ represents the length of the main arm.
From Eq. 1.64 by knowing the applied magnetic field and applied voltage and, measuring Hall

voltage, it is possible to determine the Hall mobility of the carriers.
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1.5.2. High Field Regime: Landau Levels

As see in Figure 1.12, the movement of the carriers in the two-dimensional system is limited in
the growth direction of the semiconductor structure. The carriers are located at discrete energy
levels called subbands and their movement in the plane perpendicular to the growth direction.

Total energy of a carrier in a subband with energy E; is defined as

n2kZ  h2k2
2m* 2m*

E(ky ey i) = + E; (1.65)

The first and second terms on the right side of the Eq. 1.65 represent the motion of the electron
in 2DEG plane.

Growth direction

GaAs

Figure 1.12: Schematic representation of a InGaAs/GaAs QW structure [31].

After applying magnetic field B, (in z direction ) perpendicularly to the 2DEG system, the first
energy levels of the electrons are split into Landau levels. The energy of the electron in the

presence of a magnetic field is described as

1
E(N,i) = hw.(N, + E) + E; (1.66)
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where N is the Landau quantum number, and Aw,. is the difference between Landau levels. w,

is the cyclotron frequency and defined as,

(1.67)

(1)C=m*

If magnitude of magnetic field is enough to affect the spin energy level, each Landau level is

split in two as a result of the spin of the electron (+ %) . The energy of these levels is [49] ,

Es = sgugB (1.68)

ug represents the Bohr magneton, g represents the effective g-factor and depends on the
magnitude of the magnetic field. When the spin related splitting is taken into account, the

energy of electron under an applied magnetic field is written as [48]

E(N,i,s) = hwe (N, +3) + E; 5 gup B, (1.69)

Eqg. 1.69 reveals that, as the value of the applied magnetic field increases, the frequency of
cyclotron increases, so the difference between Landau levels increases. As the magnetic field
increases as seen in Figure 1.13a, the allowed states, which are uniformly distributed when the
magnetic field is zero, turn into a series of §-functions with the same distance aw, from the

continuous states.

(a) (b)
E w E 4‘

—>B=0T, X .
D(E) D(E) D(E)

Figure 1.13: Density os states at a) B > 0T, b) B > 0T and at the presence of scatterings and
c) B >> 0T and at the presence scatterings [48].
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Landau levels are discrete in only an ideal case, but in real materials, there are fluctuations in
spatial potential as a result of random order of impurity atoms. The electrons scatter from these
fluctuations, and the time between two consecutive scatterings is quantum lifetime of electrons.
Since the mean free path of electrons is finite, a degeneracy is formed at Landau levels and the
Landau levels broadens as shown in Figure 1.13b [33]. Figure 1.13c shows density of states for

electrons in a magnetic field under applied magnetic field.

The Landau levels are broadened by scatterings at spatial potential fluctuations of 2D electron
gas. This effect can be seen as the influence of scatterings at potential fluctuations limiting the
lifetime of an electron in a certain quantum state. As a result, the ideal delta- shaped density of
states is broadened. The broadening of Landau levels is described in term of quantum lifetime

as

SE =2 (1.70)

In the presence of the scatterings, Landau levels are shown in Figure 1.14 and the straight line

is the sum of these Landau levels

Figure 1.14: The density of state versus energy in presence of magnetic field and scatterings
[48].

When the difference between the two Landau levels is less than Tiwhere the condition w.7,; <
q
1 issatisfied, Landau levels can be defined by Gaussian or Lorentzian type functions. Under

this condition, the density of state function Ag (E, B) at OK can be written as [66]
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Ag(E,B) _g(E,B—g0) _, S exp <_”_r> cos [M S (1.71)
r=1

9o Jo MqB hwc

where g, defines the density of sates at OT, r is harmonic number and ., is quantum mobility.

The relation between quantum mobility and quantum lifetime is expressed as

u =0 (1.72)

1.5.2.1. Landau level in graphene

The Landau levels in a 2DEG, obeying the Schrodinger Eg. with an effective mass, was given

by Eq.

1
E(N,i) = hw (N, + E) (1.73)
In the case of a single layer graphene, the Landau levels are given by [57]
Ey = F/2eaviB N, =Fhwg /BN, (1.74)

N, =0,1,23, ...

where wg is the cyclotron frequency of graphene given by

(1.75)

And

T (1.76)
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where the magnetic length Iz is the length scale of the cyclotron motion at a given magnetic
field [22]. In both cases, N;,=0, 1, 2, . .. It should be noted that in contrast to the standard 2DEG

whose Landau levels are equally spaced, in a single-layer graphene, Landau levels depend on
energy with the root of the index N,.

It is interesting to note that the lowest Landau level occurs at energy of E = 0 eV. On the other
hand, in Eqg. (1.73) for a quasi 2DEG at N, = 0 produces a non-zero energy level. This
difference actually leads to an anomalous quantum Hall effect in graphene. The Landau level
at zero energy is a unique characteristic of graphene band structure. As show in Figure 1.15, it

leads to the maximum resistivity- at zero charge carrier density.

— 5/2

— 3/2

172

Prx (KQ)

o
(u/,2%) ™0

— =1/2

— =3/2

— =5/2

2 4
Charge carrier density (1012 cm~2)

Figure 1.15: The longitudinal resistance (p,,) and Hall conductivity (o, ) of a single layer
graphene depending on the charge density when the magnetic field value is 14 T [22].

1.5.2.2. Shubnikov de Haas Oscillations

In low dimensional semiconductor systems, with the increase of the applied magnetic field on
the semiconductor, the energy difference between two successive Landau levels increases.
Landau levels expand and approach to Fermi level, and if the magnetic field intensity is
sufficient, Landau levels pass through Fermi level. As a result, oscillations occur at the state

density at the Fermi level. These oscillations are called Shubnikov-de Hass (SdH) oscillations.
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A phase shift of is observed in SdH oscillations in graphene compared to conventional quasi

2D electron systems. This phenomenon is associated with massless Dirac fermions in graphene.

Longitudinal resistance R,, measured in 2D electron system under a magnetic field can it is

expressed as

Ryx(B) = p,,(B) + p,..(B) (1.77)

where p,,(B) is the non-oscillating part of the magneto-resistance, and p ..(B) represent the

SdH oscillations and is expressed for only single subband occupation as [73]

A = —i 2mi(Ep — E
pxvaD(r)() exp<w l:>cos[ mi(Er — Ey) - in] (1.78)
i=1

0 clq hwc

where A p,, , po , E1, Er , w. and 7, are oscillatory part of magneto resistivity, magnetic-field

resistivity, first subband energy, Fermi energy, cyclotron frequency and quantum lifetime,

—im

respectively. Whereas i represents the subbands. Here exp( ) represent the damping

WcTq

because of Landau level collision broadening and

D(ry) = sinhy (1.79)

with
2m2kgT
= TB (1.80)

describes the temperature damping. In Eq. 1.79

o =12 (1.81)
and

w, =2 (1.82)
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Using Egs. from 1.78 to 1.82, and by the effective mass, temperature and magnetic field the

thermal damping can be specified [73]

A(T,By) _ Tsinh(2n*KzTom*/heBy)

= 1.
A(Ty,B,) Tosinh(2m?KgTm*/heB,) (1.83)

The effective mass m* can be found analysing the temperature dependence of the SdH
amplitudes at a given magnetic field using Eq. 1.83. In Eq. 1.83 A(T, B,) and A(T,, B,,) are the

amplitudes of the SdH oscillation peaks at a magnetic field of B,, and at temperatures T and T,.

The analysis of SdH oscillations is also useful to determine both 2D carrier density and Fermi

level. A plot of the reciprocal magnetic field (Bi) against the peak number gives the period of

the SdH oscillations, A; (%) For each subband, the carrier density n,, can be calculated from

SdH oscillations using

1 e eh
A (E) - hn,p - m*(Ep — E;) (1.84)

where (Er — E;) represent energy difference between the Fermi level and first subband occupied
level. The Fermi energies (Ex — E;) can be calculated using Eq.1.84 together with m* that
obtained from Eq.1.83.
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2. MATERIALS AND METHODS

2.1. SAMPLE STRUCTURES

2.1.1. Quasi- 2D Sample Structure : n-type modulation doped InGaAs/GaAs QW

structures

In this study, n-type modulation doped InGaAs/GaAs QW samples were grown at two different
temperatures 475°C and 580°C to investigate the effect of growth temperatures on electronic
transport properties. These examples were grown as reference examples to compare the
electronic transport mechanism of the N-containing samples. For this reason, growth process
was carried out at two different temperatures: the low temperature (475°C) at which the crystal
quality of the nitrogen-containing structures was obtained the best and the optimum temperature
(580°C) of the GaAs-based samples. Within the scope of this study, it is also aimed to examine
the growth temperatures and the electronic transport mechanisms of the samples after the heat
treatment. The samples were subjected to 600s heat treatment at 700°C to examine the effects

of heat treatment and the duration of this heat treatment on the structure.

In the nomenclature of the samples as TNLB and TNH, the letter "T" represents Tampere
University of Technology, where the samples were grown. The letter “N” is for doping type as
an n-type. The letter "B" characterizes 600s heat treatment. "L” and "H" represent the (low
growth temperature) and (high growth temperature), respectively. All of the samples were
grown by MBE method at Tampere University Optoelectronics Research Centre [49] .

The sample structure is given in Figure 2.1. The samples were grown on a semi-insulating (SI)
GaAs substrate, that does not affect its electrical properties and acts as a passive substrate. The
structure consists of a n-type doped GaAs barrier and undoped InGaAs layer that form the QW.
Dopant concentration (Np) is 108cm™3. GaAs layers were grown at 580°C, while the InGaAs
layer forming QW were grown at 475°C for TNLB and 580°C for TNH. Modulation doping
was obtained by growing an undoped spacer GaAs layer with a thickness of 5nm between the
doped barrier layer and QW in order to spatially separate the carriers passing through the QW
from the barrier with their ionized parents in the barrier and weaken the Coulomb interaction

between them.
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GaAs (cap) - 50 nm -undoped

GaAs(barrier)-20nm-(Si-doped 10" ‘cm™)

GaAs(spacer)-5 nm-undoped

InGaAs (QW) -7.5 nm- undoped

Metallic Contact
Metallic Contact

GaAs (spacer) - 5 nm - undoped

GaAs(barrier)-20nm-(Si-doped 10 “eni”)

GaAs (buffer) - 17.5 nm - undoped

SI-GaAs-350 um

Figure 2.1: Structure of the quasi 2D sample.

Photolithography is one of the most common lithographic techniques used in fabrication of
semiconductor materials. Photolithography technique was used to obtain Hall bar geometry.

During fabrication or photolithography process we utilized well-known recipe in literature [72]

Using conventional photolithography techniques, we obtained Hall bar geometry as seen in
Figure 2.3. Samples have been prepared in Hall bar form and simple bar geometries with lengths

of L = 1.75mm and width of w = 0.2mm.

Figure 2.2: Optical microscope image of the Hall bar shaped sample.
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2.1.2. Graphene Sample Structure

Single layer graphene sample structure SLG/TiO /Si are given in Figure 2.3. The sample was
grown at Bilkent University Graphene was first grown on copper sheets by CVD (Chemical
Vapour Deposition) method. CVD is a widely used technique for growing larger size graphene.
Graphene was first grown on a copper sheet using the CVD method. Then, the graphene on the
copper sheet was taken from the furnace and cooled. A spin coating was made on graphene
with a polymer polymethyl methacrylate (PPMA) to support graphene. The copper leaf was
then removed using an abrasive ferric chloride (FeCl3). In this way, it ensured that only the
graphene attached to the polymer remained. In the next step, graphene adhered to the polymer
was transferred onto 300 nm thick substrate. By using acetone that can dissolve the polymer,
graphene sample on TiO2 / Si substrate was obtained. Using Raman measurement, graphene

was confirmed to be single layer [60].

5
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Figure 2.3: a) Optical microscope image of the fabricated Hall bar of single layer graphene b)
An illustration of the Hall bar of a single layer graphene.

In the fabrication stage, a photomask for Hall bar geometry was designed and used in order to

make transport measurements using Hall bar geometry. Ohmic contacts were made by reverse

lithography technique. After this step, titanium and gold, respectively, having a thickness of 20
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nm, 100 nm, were allowed to precipitate onto the sample by electron beam evaporator. The
standard lift-off procedure was followed. Mesa lithography was performed to protect the active
area of graphene by eroding the rest of the graphene on the substrate with O, plasma. After

etching, a Hall bar with w = 500um andL = 1000 um was obtained as shown in Figure 2.4

Magnetic field

Current source

Figure 2.4: Graphene sample in Hall Bar geometry on TiO2 / Si substrate.

2.3. EXPERIMENTAL METHODS
2.3.1. Hall Effect Measurement

Hall Effect measurement setup was used to perform Hall effect measurements. The sample was
placed within a cryostat and measurement was taken from the six arms of the Hall bar as show
in Figure 2.5. The measurements were made at temperatures between 77K to 300K. Electric
field was created by applying constant current on main arm with Keithley 2400 Sourcemeter.
The Hall voltage was measured between the arms perpendicular to main arm with Keithley 199
DMM. The temperature was controlled by the temperature control unit (Oxford ITC4). Before
starting the experiment, 1-V (current voltage) measurement were carried out to define optimum
current value. Also, we carried out magneto-resistance measurement to inspect the effect of
magnetic field on the Hall voltage and sample voltage. Then we made a decision comparing
both I-V and Vu-B in which we observe linear behaviour to determine optimum constant current
and magnetic field value. The current value should be chosen as small as so that the sample
does not heat up, and magnetic field do too, but their value should high enough to measure

stable voltage/current values.
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Cryostat

Magnetic control unit

Temperature control

Voltmeter Computer

Figure 2.5: Hall effect set up [49] .

2.3.2. Magnetotransport Measurements

In the magnetotransport measurements, the sample prepared as Hall bar was placed in the
cryostat between the superconductor coils (Oxford Superconducting Magnet 18T) so that the
magnetic field lines are perpendicular to sample. The Oxford Heliox VL system has a *He
cooling system and goes down to a temperature of 250mK. A constant current is passed over
the main arm (A-B) and the sample voltage and Hall voltage were read at the same time with
Keithley 2400 Source Meter. The temperature was controlled using Oxford ITC Mercury
Temperature Controller. In Figure 2.6, the experimental setup used in the measurements is

given.
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Figure 2.6: Experimental set-up of magnetotransport measurements [49] .
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3. RESULTS

3.1. INGAAS/GAAS MODULATION DOPED STRUCTURES
3.1.1. Hall Effect Measurement Results

As mentioned in Section 2.7.1 firstly, Vn-1 and Vu-B measurements were carried out to
determine the constant current and magnetic field values to be applied during the measurements.
From Figures 3.1 and 3.2, linear behaviour region and the considering best signal-to-noise,
B=0.4 T and I= 0.05mA were chosen for the measurements for TNL sample. Both negative and
positive magnetic field were applied and both directions of the current were used and an average

values of Hall voltages were determined.
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Figure 3.1: Hall voltage versus magnetic field at a fixed current
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Figure 3.2: Hall voltage versus current at a fixed magnetic field



Hall measurements were made to determine carrier mobility and carrier concentration under a
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constant magnetic field in the temperature range of 4.2 to 300K.
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Figure 3.3: a) Hall mobility versus temperature b) Carrier concentration versus temperature.

Figure 3.3 a-b shows the temperature dependent mobility and electron density of as-grown and
annealed samples, respectively. The temperature dependence of the electron mobility exhibits
the well-known characteristic of modulation doped structures. At low temperatures (T<77K),
electron mobility is almost temperature independent where ionized impurity scattering is
dominant in conventional doped heterostructures. Thanks to the modulation doping, observed
that the mobility is very high for all samples at temperature lower than 77 K. As temperature
increases electron mobility decreases. The highest mobility (43121 cm?/Vs) for as-grown
samples are observed for low temperature growth sample (TNL) at low temperatures (T <
100K) and the lowest mobility (15362 cm?/Vs) belongs to the high temperature growth as-
grown samples (TNH) even it was grown at almost optimum growth temperature for InGaAs
alloy. After annealing process, electron mobility of high temperature growth samples enhanced
and almost become equal with the mobility of as-grown and annealed low temperature growth
sample’s electron mobility. It is obvious that thermal annealing does cause a slight improvement
at all temperature range of interest for low temperature growth sample. After annealing low
temperature electron mobility is almost the same for both low and high growth samples.
Therefore, it can be said that annealing has a drastic effect for high temperature growth sample.
The temperature-dependent carrier concentration changes of samples with and without heat

treatment are shown in Figure 3.3b. Considering the TNH sample, a slight gradual increase in
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carrier concentration with increased temperature is observed where the highest value is recorded
2.92 x 102¢m~2 at 300K. After thermal annealing, we note a decrease in carrier concentration
to 2.4 x 10*%¢m~2 at 300K.

To comparing effect of growth temperature and also thermal annealing on carrier mobility,
analytical calculations of temperature dependent mobility changes of as- grown and annealed
samples are given in Figure 3.4 with considering all possible scattering mechanisms. For all
samples coded, the low temperature electron mobility is restricted by mainly alloy and interface
roughness scattering mechanisms. Whereas scattering caused by polar optical scattering
dominates the mobility in the high temperatures. As mentioned in Section 1, the interface
roughness scattering is typically resulted from two parameters, the lateral size (A=1.9*a for
TNH and 1.3*a for TNLB) and the correlation length (A),which is used as adjustable
parameters to fit the experimental data. In addition, the alloy potential was used to determine
the alloy disorder scattering mechanism. The values obtained are given in Table 3.1. with the

values for reference sample.

Table 3.1: Alloy potentials and correlation lengths for samples n-type Ino.32 Gaoes As.

Sample code Uaiioy (€V) A (nm)
TNL 0.445 1.3
TNLB 0.300 0.9
TNH 0.537 29.8
TNHB 0.483 0.7

The best match between experimental and calculated value for electron mobility is obtained at
low temperatures for all samples, as given in Figure 3.4. Whereas, the best match obtained over
all temperature range was in as-grown samples. In annealed samples, a slight deviation between
experimental and calculated mobility was observed at temperatures higher than 77K. Also,
increasing in electron mobility is slightly was observed after heat treatment. From Figure 3.4,
we note a decreases contribution for alloy disorder scattering and interface roughness scattering
after thermal annealing. The optimum electronic transport properties with the lowest alloy

potential and correlation length is observed for the low temperature growth sample and
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following the thermal annealing reduced the interface roughness for this sample. Since the
mobility is the lower for the sample grown at higher temperature, thermal annealing is more
effective on the smoothing interface therefore a significant enhancement is observed for

annealed high temperature sample. Table 3.2 shown variable parameters used for calculation.

Table 3.2: Variable parameters [44,49].

Parameter Value
Optical phonon energy in GalnAs, hw,, (MeV) 34
Optical phonon energy in GaAs, hwp, (MeV) 35
Longitudinal acoustic phonon velocity, v (ms™) 5087
Deformation potential, = (eV) 7.32
Static dielectric constant, &(€o) 13.9

High frequency dielectric constant, € (&) 11.11
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Figure 3.4: Analytical calculation of the temperature-dependent mobility of the samples.

It has been reported that for In compositions greater than 0.2, InGaAs growth on GaAs results

in In surface segregation at high temperature growth. And thermal stability of InGaAs QW

material requires low temperature growth at around 400-500°C, on the other hand GaAs barrier
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material has to be grown at higher temperatures (around 580°C) [66] and [67]. A strong
temperature dependence of In segregation is revealed for InGaAs/GaAs QW structures with a
segregation length more than 30A at temperatures above 600°C [67]. And the surface
segregation of In atoms drastically limits to achieve perfect abrupt interface between GaAs and
InGaAs [67]. Several methods have been used to solve this problem, but the growth of high
quality InGaAs/GaAs QW structures is still a challenge. Therefore, we have observed higher
electron mobility for the sample grown at lower temperature, but applying thermal annealing is
found to be a solution to enhance mobility for high temperature growth InGaAs/GaAs QW

structures.
3.1.2. Magnetoresistance Results

Figure 3.5 shows the magnetoresistance experimental data R,,(B) measured at different
temperatures for all samples. SdH oscillations clearly appear at very low magnetic fields
because the electron mobility values are so high for all samples. The measurements on low
temperature growth and high temperature growth samples were taken at two different systems
with different maximum magnetic fields being 7T and 18T. Therefore, magnetic field values

are different.
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Figure 3.5: Raw experimental magnetoresistance of a) TNR, TNLB. b) TNH, TNHB.

The characteristic of magnetoresistance curves for low temperature growth as-grown (TNL)
and annealed (TNLB) samples are complicated and both the period of oscillation and the shape

of oscillations change with increasing magnetic field. Experimentally observed
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magnetoresistance are the sum of classical magnetoresistance and SdH oscillations. To

eliminate background magnetoresistance the negative of second derivative of the raw

2
magnetoresistance data with respect to the magnetic field (—%) are taken and shown in

Figure 3.6. The SdH oscillations in the second derivative of magnetoresistance have well
defined envelopes. As seen from Fig. 3.5, the magnetoresistance curve for high temperature
growth samples have a linearly increasing classical magnetoresistance background with
increasing magnetic field for the as-grown sample. For the annealed high temperature growth
sample (TNHB), a slight deviation from linearity is observed above approximately 4T. On the
other hand, the background magnetoresistance characteristic has a linearity below 3.5T and
quite deviates from linearity above 3.5T. Therefore, to be able apply this second derivation
method, only low magnetic field range (<4T) is used for the samples apart from TNLB. As for
TNLB, even at the low magnetic field range it was impossible to fit the oscillations using
standard expression given by 1.79, but it is obtained well-defined SdH oscillations at higher
magnetic field range as seen in Figure 3.6b. However, the magnetoresistance curves become
more complicated at higher magnetic fields as can be seen in Figure 3.5a with an anomalous
background magnetoresistance. Even the data is used to determine transport parameters of
TNLB, we do not believe that these parameters cannot be compared with the transport

parameters of other samples because they cannot be obtained at the similar magnetic field range.
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Figure 3.6: Second derivative of the SdH oscillations at different temperatures for. a) TNRL
b) TNLB. ¢) TNH. d) TNHB.

SdH is used to obtain both 2D carrier density and Fermi level. The period of the SdH oscillations

has been obtained from a plot of the reciprocal magnetic field (%) against the peak number.
which yields the oscillation period 4, (3). By using equation 1.84 the 2D carrier density we

can determine in addition to Fermi energy for each sample. Figure 3.7 shows a plot of (%)

versus peaks number for two samples.

Effective electron mass values were obtained by proportioning the amplitudes of the SdH

oscillations given in Figure 3.6 at a given magnetic field value and using Eq. 1.83. The values
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obtained from the analysis of SAdH oscillations are given in Table 3.3. Enhancement in effective

mass have been observed after thermal annealing.
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Figure 3.7: Plot of 1/B versus peak numbers for TNL and TNLB.

Table 3.3: Carrier density, Fermi level and effective mass values obtained using SdH

oscillations.

Sample Neany (X 1012 cm™2) (Ef_E;)(meV) m* (Mo)

As-grown 1.74 71 0.057
TNL

Annealed 1.73 60 0.070
TNLB

As-grown 2.02 122 0.050
TNH

Annealed 1.92 82 0.055
TNHB

As seen from the calculated transport parameters given in Table 3.3, as-grown low temperature
growth sample (TNL) has the lowest 2D carriers and the highest effective mass. Since the

effective mass is larger, density of states is higher, therefore Fermi level is smaller than those
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for as-grown and annealed high temperature growth samples. We exclude TNLB from the
discussion because the analysis of this sample was able to at higher magnetic fields than the
others. The 2D carrier density is the highest for TNH and the effective mass is the smallest,
which results in the highest Fermi level. When the sample is annealed, 2D carrier density
decreases and effective mass increases. The effective mass values become comparable for as-

grown low temperature growth and annealed high temperature growth samples.
3.2. GRAPHENE SAMPLE (SLG/T102/SI)

The I-V curve of the single layer graphene is given at Figure 3.8. Using the inverse slop of the
I-V curve (Figure 3.8), the resistance of the sample at room temperature is determined to be
19Q .

3.2.1. Hall Effect Results

As mentioned earlier for the quasi 2D samples, sample was mounted and placed within a
cryostat and measurement was taken from some arms of the Hall shaped bar. Before starting
the experiment, the current (1) and constant magnetic field (B) were measured to determine the
constant current and constant magnetic field values to be used in the experiments. From Figures
3.9, linear behaviour and the considering best signal-to-noise, B=0.8 T and I= 0.01mA were
chosen for the measurements. Both negative and positive magnetic field were applied and both

directions of the current were used an average values of Hall voltages were determined.
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Figure 3.8: I-V measurement at room temperature
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Figure 3.9: a) Hall voltage versus applied current at a fixed magnetic field and b) Hall
voltage versus magnetic field at constant current.

For the SLG / TiO2 / Si sample, the temperature dependent mobility has been investigated in
temperature range of 77-300K in addition to Hall carrier density. The temperature dependent
carrier mobility is shown in Figure 3.10 under a magnetic field of 0.8 Tesla. The mobility
decreases with increasing temperature then, at around 125K, jumps to a higher mobility value.
With increasing temperature, mobility decreases. The observed unexpected low temperature
dependent mobility characteristic (a sharp decrease then a jump to higher mobility) is the reason
to repeat the experiment fourth times until we observe a stable temperature characteristic of

mobility. At the third and fourth measurements, it is observed almost the same characteristic.

As seen from the repeated experiments, mobility is increased after the first experiment and the
characteristic of mobility curve changed. At low temperatures, mobility decreases with
increasing temperature, then at around 175K an increase is observed. At temperatures between
170K-240K, it is observed almost temperature independent characteristic of mobility. Above
240K, mobility decreases as an effect of phonon scatterings. The jump to higher electron
mobility values at around 125K at the first measurements almost disappears with the repetition
times of the experiment, but another small jump appears at around 175K for all three
measurements. This can be related with removal of scattering centres originating from various
impurities on graphene surface as the sample is heated by applied current during the

measurements.
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Figure 3.10: a) Temperature dependence of a) Hall mobility and b) carrier concentration

Temperature dependence of the 2D carrier density is found to be almost temperature
independent as can be seen in Figure 3.10b. The 2D electron density is the highest at the first
measurement. Whereas, the mobility was lowest value from other measurements. When the
experiments are repeated, 2D carrier density decreases and the mobility becomes higher for the
lowest 2D carrier density. Above 175K, the observed slight increase in 2D carrier density and
the phonon scatterings results in decrease in the mobility. A slight increase in 2D carrier density
above 175K can be related to thermally excited impurities in either TiO substrate or graphene.
It has been shown that properties of graphene can be drastically affected from the ambient
conditions due to adsorption of water, oxygen, hydrogen and ammonia affects. Because of
graphene films have point and line defects, the adsorption of small molecules can be resulted
with destructive chemical attack. It has been reported that graphene line defects can be split
fragments at temperatures as low as 90K as an effect of water. Besides, adsorbed water can split
graphene [68]. It has been reported that molecules/atoms such as water, nitrogen and helium
etc. can penetrate the interface between substrate and the single graphene layers and reduce the
free carrier density from substrate . Therefore, graphene is very sensitive to ambient conditions,
where humidity, oxygen can react with graphene. The adsorption of water can be utilised to
tailor the bandgap of graphene [68] or results in p- or n-type doping [15]. It has been reported
that adsorption of humidity molecules or oxygen may result in increasing free electron density
of graphene. K. Elibol et al. investigated the effect of water on graphene and they observed

that water adsorption increases 2D electron density and decreases mobility due to impurity
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scattering [69]. Under the light of reported effects of ambient conditions on graphene in the
literature, we may say that the observed higher 2D density and the lowest mobility characteristic
at whole temperature range of interest at the first experiment can be related to donated electron
to graphene from adsorbed humidity molecules or oxygen. When the experiments are repeated
without removing the sample from the cryostat it may be said that applying electric field may
cause to desorption of ambient molecules from the surface of the graphene, resulting in an
increase of 2D electron mobility of graphene and decrease of electron density for all

temperature range.

The last experiment measurements (fourth) was selected to analytical modelling, because it has
the lowest s-shape characteristic of temperature dependence of the mobility. The scattering
mechanisms affecting the mobility of the carriers in the graphene sample have been evaluated
with every possible scattering mechanism mentioned in Section 1.4.2. as shown in Figure 3.11.
The theoretical scattering mechanisms that limit the mobility of the carrier are fitted to the
experimental mobility data using Matthiessen’s rule. From the Figure 3.11 and apart from bulk
ionized impurity scattering. The bulk remote impurity scattering has given unrealistically high
mobility for the measured 2D carrier density, therefore it was not included to analyses, so the
factors affecting mobility at low temperature region is temperature independent scattering event
limit the mobility. Remote interface phonon scattering (ug;p) and longitudinal acoustic phonon
scattering (u;4) are the dominant at high temperature, in addition to temperature independent
mobility (1,). The temperature-independent mobility limiting term is found as 1687 c¢cm?/Vs.
In the calculation of the remote interface optical phonon (ug;p) mobility given by Eq. 1.48, the
energies of the optical phonons on the surface and bottom surface of graphene were taken as

E, = 70meV , E, = 20meV . The parameters used in the calculations are given in Table 3.3.
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Figure 3.11: Analytical calculation of the temperature-dependent mobility of SLG/TiO2/Si
sample, considering with all possible scattering mechanisms

The observed mobility value for SLG/TiO2/Si has slightly lower than the reported values for
epitaxial growth SLG/SIiC [62] and CVD growth SLG/ SiO2/Si [70] even TiO2 has the higher
dielectric constant than SiC and SiO.. The higher dielectric constant screen the effect of
impurity potential but make dominant RIP scatterings. On the other hand, the reported 2D
carrier densities of these two sample is lower than that in SGL/TiO2/Si, which causes the

electron mobility lower

Table 3.4: Parameters used in analytical calculation of possible scattering mechanisms
restricted temperature dependence of mobility [62,43].

Parameter Value
Deformation Potential, (D, (eV) 30
Mass Density, p; (X 1077 kg/m?) 7.7
Fermi Velocity, v, (x 10* m/s) 2.1
Longitudinal Acoustic Phonon Velocity, vi (x 106 m/s) 1.0
Effective Mass, m* (m, ) 0.053
Static Dielectric Constant, (& ) 70

8.85 x 1077

permeability of empty space, &, (z/m)
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3.2.2. Magnetoresistance Results

The magnetotransport measurements were taken at another system with 18T superconductive
magnet. Therefore, the sample was taken out of the Hall effect system to the ambient conditions.
When the sample was place in 18T superconductive magnet system, the resistance of the sample
was measured quite high in MOhm range. In the 18T superconductive magnet, a 3He sample-
in-vacuum dipstick insert system with the sample holder is used and the sample holder is kept
under high vacuum in an inner vacuum can (I\VVC) tube before pulling down the insert into the
LHe dewar. Then, to make enable the thermal contact between the dewar and the Heliox insert,
3He gas is given to the IVC therefore the sample is exposure to the 3He gas. It has been reported
that He atoms can penetrate towards to the interface between substrate and the graphene layer
and caused a decrease in 2D carrier density, avoiding the contribution from substrate to the
graphene layer. More helium atoms more reduced 2D carrier density [71]. The reason to
observed drastic increase in the resistance of the sample can be attributed to this effect. The
magnetoresistance result at 4.2K are given Figure 3.12. The data is very noisy and it impossible
to take the data from Hall bar arms. It was not observed any SdH oscillations, which is a
confirmation of non 2D characteristic. When the measurement is repeated by applying higher
current, the resistance increased more not be measurement with current measurement set-up.
Therefore, magnetoresistance measurement to determine electronic transport parameters of the
single layer graphene could not be carried out. When the sample was taken out from the system,
it was seen that there was no problem with the wiring of the sample, but the single layer

graphene probably damaged.
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4. DISCUSSION

The result obtained has been already discussed in Results section together with experimental
results. Therefore, discussion of the results is briefly presented here. In the first part of the
thesis, electronic transport properties of the quasi 2D samples, QW structures grown at low and
high temperatures has been investigated. Hall effect and magnetransport measurement were
carried out on as-grown and thermal annealed low and high temperature growth samples. The
temperature dependence of the electron mobility has been analyze using an analytical method.
In the analysis, all possible scattering mechanisms have been considered. The low temperature
electron mobility is observed to almost temperature- independent, which is a characteristic of
2D electron gas. With increasing temperature, electron mobility in all samples decreases. The
highest low temperature mobility has been observed for low temperature growth quasi 2D
sample and electron mobility is observed to be slightly increases following thermal annealing.
As for high temperature growth as-grown sample, the low temperature electron mobility is
found to the lowest among all samples’ electron mobility. After thermal annealing, the electron
mobility enhanced and reached the low temperature electron mobility of the low temperature
growth samples. | have been mentioned in Results section, growth process of InGaAs QW
materials on GaAs barrier material causes In segregation at the interface at high temperature
growth [66,68]. Therefore, we observe that electron mobility at low temperature is higher for
low temperature growth sample. Even high temperature growth samples suffer from In
segregation, our results indicated that thermal annealing can be used to improve the electron
mobility in high temperature growth sample. From Figure 3.3-a we note that the mobility at
low temperatures almost constant below 75 K a result of reduced the effect of remote ionized-
impurity scattering as mentioned in section 1.2. As we see from Figure 3.4, remote ionized-
impurity scattering-limited electron mobility is almost flat. So, at low temperature region the
mobility almost temperature-independent. Also, this result refers to that the electron mobility
of 2D electron gas is determined by temperature insensitive scattering mechanisms such as alloy
disorder scattering and interface roughness scattering. But at around 100 K the contribution
from polar optical phonon scattering increases with increasing temperature and the electron
mobility decreases. The temperature dependence of electron mobility obeys the characteristic
of the quasi 2D modulation doped heterostructures. The effect of the other scattering

mechanisms as acoustic phonon scattering with both (deformation potential and piezoelectric
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effect) and remote ionized-impurity scattering on the electron mobility are much smaller

comparing with interface scattering and alloy scattering.

For the as-grown samples, the electron mobility for the low temperature growth sample (TNL)
is higher than that in TNH because of smaller correlation length, which lead to reduce in the
interface roughness scattering, so increase in the electron’s mobility. After the heat treatment,
the observed increase in the low temperature electron mobility is explained with reduced
interface roughness via decreased correlation length. Also, it has been found that the quality of
material increased by heat treatment whereas, decrease alloy potential. Therefore, even the
electron mobility is low in high temperature growth sample, the mobility can be tuned by

annealing.

The magnetotransport measurements have revealed an oscillatory characteristic with an
increasing magnetoresistance background. The SdH oscillations have started at very low
magnetic fields. The background magnetoresistance has observed not to have a linear
characteristic. As the magnetic field is increased, the background magnetoresistance deviates
from its classical linear characteristic. To remove the background magnetoresistance from the
magnetoresistance curves, second derivative is taken in the case of having a classical linear
magnetoresistance characteristic. Here, we used this technique to be able to analyses SdH
oscillations to obtain effective mass, Fermi level and 2D carrier density values. Only the range
of having linear magnetoresistance change is meaningful to use classical analysis of SdH
oscillations. Therefore, we had to analyses SdH oscillations at different magnetic field regions.
Analysis of the as-grown and annealed high temperature growth an as-grown low temperature
growth sample could be made at the similar magnetic field range, but for annealed low
temperature growth sample we had to use higher magnetic field region, which resulted in
incomparable values of especially effective mass and we excluded this sample’s results from
the others to make a comparison among the samples. The effective mass values of the as-grown
low temperature growth and annealed high temperature growth samples are found to be almost
the same. Since the 2D electron densities are higher for high temperature growth samples, Fermi
levels are found to have higher for high temperature growths samples. Since the effective mass
value is smaller and the 2D electron density is higher, Fermi level is higher for the high

temperature growth as-grown sample via lower density of states. The low temperature growth
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sample has the lowest 2D electron density and the highest effective mass value, resulting in

higher density of states therefor Fermi level is found to be the lowest for this sample.

For graphene, being a real 2D structures, classical Hall effect measurements were made in the
temperature range of 77K to 300K under magnetic field 0.8 Tesla for the examination of
electronic properties for graphene (SLG / TiO2 / Si) sample. The results have revealed that
ambient conditions drastically effect the electron mobility in graphene. As we have repeated
the experiments we have observed an increase in electron mobility for all temperature range
and 2D electron density decreased, as we repeated the experiments until consistent results were
obtained. The change in electron density and electron mobility have been explained with
possibility of the presence of humidity molecules on the graphene. Besides, an anomalous
temperature dependence of 2D electron mobility like an S-shape has been observed, which can
be related to activation of defect levels at the temperature range of 175K.

The theoretical mobility curve was fitted to experimental mobility data by using theoretical
mobility calculations. The most probable scattering mechanisms reported in the literature were
used to fit the experimental data. We observed that scattering from longitudinal acoustic and
remote interface phonons at the high temperatures were the dominant scattering mechanisms.
For the remote interface phonon scattering (uz;p), Optical phonon energy in graphene is much
higher than the thermal energy at room temperature. So, it is expected that the effect of the
optical phonon on electronic transport is very limited. [44]. Considering the thickness of the
single layer graphene, which is to small comparing to substrate, if substrate optical phonon
energy is close to thermal energy at high temperature, the layer on graphene should be affected
by substrate optical phonon, which causes scattering of charge carriers in graphene, leading to

remote interface phonons (ug;p).

As mentioned in section 3.3, for the longitudinal acoustic phonon scattering (u;4), as a result
of absent of the polar optical phonon scattering in graphene, which lead to high mobility in
room temperature and this mobility limited only by acoustic phonon scattering through weak
deformation-potential coupling. So longitudinal acoustic phonon scattering (¢, 4), is dominant
at high temperatures. As a result of uncertainty in the precise quantitative value of deformation-

potential coupling constant D,, the range of D, is taken from the literature [44].
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Last scattering mechanism have been observed is temperature independent mobility, which
includes short range scattering and Coulomb scattering where the 2D electron mobility is
1688 c¢m?/Vs in whole studied temperature range. And this scattering maybe related to the
interaction between graphene and substrate [45]. In the magnetotransport measurements, as
mentioned in section 3.2.2, after finishing Hall effect measurement, the sample was taken to
the magnetotransport system for measurements, it’s probable that sample adsorbed some
oxygen from environment and also adsorbed Helium gas, which was given to the insert of the
system to establish a thermal equilibrium with outside LHe temperature of the dewar’s LHe
space. Therefore, the sample resistance changed from Ohm range to the almost GOhm range
than when we repeated the experiment applying higher current, the resistance became much
higher. At the first run of the experiment, we could manage to measure noisy magnetoresistance
without any SdH oscillations, which is an indication of not having 2D electron gas system, but
then since the resistance was so high (it was not reversible when we took out the sample from

the system.), neither magnetoresistance nor Hall effect at 4.2K could not be measured
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5. CONCLUSION AND RECOMMENDATIONS

Electronic transport properties of modulation doped n-type (Ino.32Gag.ssAs/GaAs) quantum well
(QW) structures (quasi-2D structures) and single-layer graphene on TiO2/Si substrate (real-
2D) structures have been investigated. The quasi 2D samples has been annealed for 600 s at
700°C.

First, we have study electronic properties for InGaAs/GaAs QWsamples that were grown at
low and high temperatures in terms of carrier mobility, carrier density, effective mass, and
scattering mechanism that limits electron mobility. We observed the highest electron mobility
for TNL sample that grown at low temperature. The interface roughness for TNRL sample
compare to the others, was found to be the less. For all samples the alloy disorder scattering
and interface roughness scattering are the prevailing scattering mechanisms. It is found that the
alloy potential takes value of 0.445 eV for TNRL. While, it was 0.537 eV for TNH. After
thermal annealing, improvement in carrier mobility was observed. Following thermal annealing
process, a decrease in the correlation length was obtained, therefore it was concluded thermal

annealing decreases interface roughness.

From the Shubnikov-de Haas (SdH) oscillations, 2D carrier density, the effective mass and
Fermi energy in n-type (Ino32 GaoesAs/GaAs) QW structures have been calculated. The
effective mass has been extracted from the temperature dependence of the SDH amplitude at
constant magnetic field. From periods of the SdH oscillations, carrier density and Fermi energy

were obtained.

For graphene, Hall carrier mobility and carrier concentration depending on temperature were
determined from classical Hall measurements that were made in the temperature range of 77 to
300K. An increase in electron mobility and decrease in 2D electron density were obtained at
whole temperature of interest with repeated experiments Besides, we observed a change in
electron mobility at 175 K where it can indicate that some carriers are trapped at some defect
levels then thermally excited with increasing temperature. Different scattering mechanisms
have been considered for evaluating the temperature dependence of the electron mobility in
single layer graphene sample system. It was observed that scattering from longitudinal acoustic

and remote interface phonons at the high temperatures were the dominant scattering
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mechanisms as well as temperature independent mobility including short range scattering and

Coulomb scattering has an effect on electron mobility at whole temperature range of interest.

When these two material systems are compared, graphene, which is a true 2D material, is
superior to quasi 2D QW systems in terms of ease of production and simplicity of production
methods. In quasi 2D QW systems, to obtain 2D electron gas, semiconductor layers with wide
and narrow band gaps must be grown on a substrate successively. The growth processes of
these structures, which are grown with epitaxial growth systems, are more difficult and time
consuming, and the growth costs are very high. In terms of their fabrication, the production is
similar for both 2D and real 2D materials, using photolithography or electron beam lithography.
However, in the production of graphene with very small dimensions, aligning the single layer
between the contacts makes the production process somewhat difficult. Although the same
techniques are used to determine electronic transport properties, the measurements on the quasi
2D structures can be carried out more easily. Since graphene is a single layer material, the
applied potential difference easily damages it. The graphene grown on SiC, which was planned
to be used for the investigation of substrate effects within the scope of the thesis, was
unfortunately damaged for this reason. During the studies, it has been observed that quasi 2D
materials are quite stable and the measurements made on these materials are repeatable.
However, graphene's properties differ depending on the ambient conditions, so it is not a very
stable material yet. The scattering mechanisms that affect the electron mobility differ in real
and quasi 2D materials. Being layered and alloyed, in addition to phonon, neutral impurity and
remote ionized impurity scatterings, interfacial roughness and alloy potential fluctuation
scattering mechanisms are also considered in InGaAs/GaAs QW systems. The scattering
mechanisms that affect the mobility of electrons in graphene are less, but because it is grown
onto a substrate and has a single atomic layer thickness, the substrate has a significant effect on
electron mobility. In addition, impurities remain from the fabrication process deteriorates

electron mobility.
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