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Zusammenfassung

Multilagen-Graphenbesteht ausmehreren atomar diinnen Schichten von Kohlenstoffatomeand
weist eine Vielzahlungewohnliche elektrische Eigenschaftenauf. Unter anderem wurde
vorhergesagt, dass abhéngig von externen elektrischen und magnetischen Feldern nawh je
Lagenblge der einzelnerKohlenstoffagender Grundzustand des Systerimseinen korrelierten
Zustand Ubergehen kann, der spontan Symmetrien des Systems bricht. Diese Zustande sind aber
typischerweisesehr instabil und kénnen nur in hochreinen Probeit homogener Lagenfolge
sichtbar gemacht werden.

Im ersten Teildieser Arbeitwurden die elektrischen Eigenschaftelieser korrelierten Zustande
sowohl in DreilagerGraphen mit Bernalagenfolge(ABA als auchin DreilagerGraphen mit
rhomboedriscler (ABC) Lagenfolgengenauer untersucht In ABA DreilageGraphenist die
Bandstruktur stark von extaen elektrischen Feldern abhgig und bildetbei starker werdeden
Feldernmehrere zuséatzliche Dira€egelum den zentralen DiraPunktder Bandstrukturaus.In
dieser Arbeit wird gezeigt, dass mithidkektrische und magnetischeFelder die Elektrotitlektron
Wechselwirkung inerhalb der Dirag<egelerstarkt werden kann, bis der Grundzustand kontrolliert
in einen korrelierten Zustand Ubgeht, der die Rotationsgmmetrie des Systemspontan bricht
Anders verhdlt es sich iIABC Dreilagefsraphen dessen elektrische Struktur eine starke Berry
Krimmungund chirak Quasiteilcheraufweist Als Folge davon wurde unter anderem vorhergesagt,
dass bei verschwindender Lawystragerdichte mehrere spontane QuantklallZustande
auftreten konnen, die die chirale Symmetrie des Systems brechemMessungen der
Magneotransporteigenschaften bei verschiedenetektrische und magnetische Felderlassen
ein vielfaltigesPhasendiagram der QuanterHallZustandeerkennen, dass sogar Zustdnde mit
intrinsischen orbitalem magnetischen  Moment und HallLeitfahigkeit beinhaltet Diese
Erkenntnisse tragenum tieferen Verstandnider korrelierten Zustande in MultilageGraphenund
der Wechselwkung von Ladugstragern in zwalimensionalen Materialiebei.

Im zweiten Teil der Arbeit wirdler Ladungstransport iranorganischenHalogenidPerowskit
Nanodrdten  untersucht.  HalogenidPerowskit Materialien haben aufgrund ihrer
auRBegewodhnlichen optelektronischen Eigenschaften bereits vielfach Anwendungals
Basismaterial fiir Solarzellen und Photodetektogafunden In diesem Teil der Arbeit wird der
Ladungstransporin FeldeffektTransistorenmit CsPbBrPerowskit Nanodrahtein Abhangigkeit
der Tenperaturuntersucht Es wird gezeigt, dass ohne BeleuchtdaegProbe der Ldungstransport



stark von tiefen Fallzustdanden dominiert wird und hedrigenTemperaturen komplett ausfriert.
Wenn die Probe jedoch beleuchtet wird, steigt die Mobilitat der Lagtndigerstark anund wird
bei niedrien Temperatura nur von der Phononensteuung limitiert Diese Ergebnisse
unterstreichen die DefekToleranz, die haufig mit Perowshtaterialien in Verbindung gebracht
wird und liefern neue Einsichten in die elektrisen Fallenzustande in CsPbBrerowskit
Nanodréhten.



Abstract

In recent years, multilayer graphene, a stack of several atomically thin layers of carbon atoms, has
attracted growing interest due to its intriguing electronic properties and exceptiturability.
Depending on its stacking order, multilayer graphene has been predicted to be susceptible to a
variety of correlated brokesymmetry ground states that can be accessed and explored upon
appropriate tuning of its electronic structure via elexgtatic gating and magnetic fields. However,

in order to reveal these fragile states, excellent device quality and stacking order homogeneity are
prerequisite.

In this thesis, magnetotransport in Berrsthcked (ABA) trilayer grdpene encapsulated in
hexagonal boron itride as well as suspendetlombohedral (ABGjilayer grapheneésinvestigated
Dependingon the stacking order, two families of correlated states that spontaneously break
symmetries of the systerare observedin ABA trilayer graphenextenal electric fields strongly
deform the band structure and lead to the emergence of multiplecefiiter Dirac points (Dirac
gullies).lt is demonstrated that electric and magnetic fields can be used as tuning parameters to
enhance electronelectron interations within these Dirac gullies. At appropriate tuning,
magnetotransport maps indicate the emergence of a new correlated ground state that
spontaneously breaks the rotational symmetry of the systémcontrast,ABC trilayer graphene
hosts chiral qguagparticles that exhibit anon-zeroBerry phas when encircling omof the valleysof

its band structure. It has been shown, that ABC trilayer graphene is susceptiglerttaneoushiral
symmetry breaking due to its flat band structure at charge neutralitideed, transport
measurements demonstrate the emergence of several spontaneous quantum Hall phases that are
driven byagiant Berry curvatureMapping magnetostransport as a function of electric and magnetic
fields reveals a rich phase diagram includstgtes with nonzero orbital momentum and Hall
conductivity. The findings of this thesis provide novel insights into the world correlated phases in
multilayer graphene and interaction physics in two dimensions.

In a second part of this thesisharge tranport in alkinorganic halide perovskite nanowires is
investigated.In recent yeas, halide perovskitehiave emerged as promising novel materials for
optoelectronic applications due timeir largeabsorption coefficienand exceptionatharge carrier
lifetime. Yet although the optical properties have been studied intensalgarge transport
mechanismsandthe influence of trapsstill remairs elusive.In this thesis, temperature dependent
charge transport itCsPbBrnanowirefield-effect transistors is inveigated. It is shown, thatharge



transport in the dark is dominated by deep traps and freezes out at low tempematti@vever,
illuminating the sample increases the mobility several orders of magnitude revealing even phonon
limited transport characterists. ¢ KS&4S FAYRAYy3Ia KAIKEAIKEG -FyR

G2t SNI yeaboSskite thaterials) and provideovel insights into defect states i@sPbByr
nanowires.
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Chapterl.: Introduction

1 Introduction

For several decadesyo-dimensional(2D) materialswere widely believed to b@on-existent in
nature. Although graphene, a singégomiclayer of graphite, haalreadybeentheoreticallystudied

for yearg?3, it came as a surprise whenKovoselov ané. Geimwere able to isadte it for the first
time in their groundbreaking experimenis 2004 Owing to its exeptional electronicand
mechanicalproperties, graphene quakly sparkedenormousinterest in both fundamentaphysics
and materialscience In part, its great success was also dueth® novel andsurprisinglysimple
fabricationtechniquethat enabled producindiigh-quality graphenewith nothing more than an
adhesve tape and a graphite sourtdn thisso-called mechanical exfoliatiomethod, graphene
flakesare obtained bypeelingthin graphitefragmentswith an adhesive tapé&om a bulk crystal
thinning them down by repeated peling and transferring them onto a suitable substrate
Astonishingly among thicker graphite clusters, also atomically thiapheneflakescan befound
and visualized by simpleptical microscopy Motivated by the isolation ofjfrapheneand adapting
the mechanical exfoliatiotechnique awhole variety of2D materialsncluding superconducto?s,
semiconductoréand ferromagnet¥® have beerdiscoveredsince In addition,versatile methods to
transfer and stack individu@D materialson top of each otheallowing to engineer novel complex
materials with handailored propertieshave been developed™.

Yet graphene based systems have still remained highly relevant especially in fundamental research
due to theirunexcelledcharge carrier mobility and excellent tunability This is especially true for
multilayer graphenea stack okeveralgraphenelayers, where layer number and stacking order
provide additional tuning paramete¥$*4. For instancemultilayer graphene withrhombohedral
(ABC) stacking order can host chiral gymsticles with an arbitrarily flat powelaw dispersiotf-®,
while Bernal (ABA) stacked multilayer graphene hosts combinations of massless and massive
fermiong*6, Together with the possibility to tune its electronicistture via electrostatic gatirig
multilayer graphene is a versatile platform to @stigate quantum transpophenomenaand many
body physics in two dimension#n particular multilayer graphene has been predicted to be
susceptible to a wide range of nowalrrelatedgroundstates thatspontaneously break one or more
of the systems symatries'®?3,

In general, thedescriptionof electronicstates in a soligtate systemis a quantum manpody
problem with a vast amount of degrees of freeddmMost metallic systems, however, can be
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desch 6 SR ¢ A ( KA y-liduitl theBry ta@educ&ifiatdfriplexinteractingelectron system

to an effective essembleof free quasiparticles*®. Yet, when theinteraction energybecomes
dominant compared to the kinetic energy, thsingleparticle picture may break down and the
Fermiliquid ground state becomes unstaf’. As a resultexoticinteraction-driven ground states

sud as ferromagnetic phases or tifiactional quantum Hall effect miglgmerge?“. In multilayer
graphene severalinstabilitiestowards complexcorrelatedstatesare present and can bexplored
experimentally For instance, in rhombohedramnultilayer graphengthe kinetic energylose to
charge neutralityis quenchedsubstantiallydue tothe flat energydispeision and interactions are
expected to dominat&?4 Indeed, several correlated states have been postulated, including
superconductingphaseé®?? and a set of competinggapped quantum Hallstates®!®, So far
experimentson bilayer and multilayer graphensonfirm the presence of a spontaneous gap
charge neutrality?%?8, but both the order parameter of the ground state and phase diagram of
correlated states still remain elusivalternatively, electrorelectron interactions can be enhanced

in the quantum Hall regime, ahe formation of Landauevels likewise quenches the kinetic
energy*. Here, ABA multilayers are especially suitable to explore correlated stats, since their
peculiarband structure offers the unique possibility smditionally tune interaction via electric
fields%2°3° |t has been predicted, tha&BA multilayegrapheneis susceptible to nematic states that
spontaneously break rotational symmety

However, the observation of these fragile correlated states is challenging as excellent device quality
and the absace of any domain walls angarerequisité’’. At the same time, duajated structures

that allow for tuning both charge carrier density and electric field independently are highly
advantageous. Experimental efforts to isolate graphene from its environment and reducing the
charge homogeneity have led to the development of two promising device architactur¢he first
approach, graphene is suspendeder the substrate by wet etchiftf? Although demonsating
excellent transport characteristi¢s the fragile device architecture strongly limits the accessible
voltage range d electrostatic gates. In a secorapproach following the idea of stacking 2D
materials, graphene is encapsulated in hexagonal boron nitride ABNS$ince hBN has the same
crystal structureas graphene witha comparable lattice constant, but is both inert and insulating,
encapsulated graphene is extremely flat and essentiatte fof charge trap$. Compared to
suspended devicegncapsulatedsamples substantially increase the accessible gate range at the
cost of adding considerable screening of Coulomb interactimmmgigh the presence diBN.

In this thesis, lowtemperature transpot measurements on higluality suspended and
encapsulated trilayer graphene devices with ABA and ABC stacking order are presented. In both
device typesthe emergence of correlated states that spontaneously break one oemsymmetries

of the systemis demonstrated and their dependence on electric and magnetic field explored.
Specifically, in ABC trilayer graphene, several competing spontaneous quantum Hall states emerge,
some of which possess a naero charge Hall condugtty and orbital magnetic moment even in
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the absence of magnetic fields. In ABA trilayer graphene, it is demonstrated that eletéwron
interactions can be readily tuned via electric fields leading to the formation of correlated states that
spontaneowsly break the rotational symmetry of the system. These results provide novel insights
into the phase diagram of correlated states in multilayer grapheneistodhe world of interaction
physics in two dimensions.

In the second part of the thesi®lectrical transport in alinorganic perovskite nanowires is
investigated. Alinorganichalide perovskits are a new class of materials that offer excellent
optoelectronic properties including strong optical absorpii and long charge carrier lifetire
while still being comparably cheap and easy to protess the last years, colloidal methods to
efficiently fabricate alinorganic halide perovskite nanowires have been develd{&d showing
great promise for application as lasers and fulutetectors*<*6, However, so farlittle is known
about the transport mechanisms and charge traps insidénaliganic perovskite matéls. In this
thesis, a fielekffect transistor geometry ismployedto investigate temperaturalependentcharge
transport propertiesof CsPbBmanowire filmslt is shown, that in the absence of illumination, deep
traps within the system dominate transport artde mobility freezes out at loviemperatures.
Surprisingly,when switching on the illumination, the mobility increases by several orders of
magnitudeand evenphonortlimited transport characteristicare visible These findings highlight
0KS vy 2 défeztyi 2 2 B NI \Gi(pBrévskite materials and provide guidelines to improve
device perfemance in the future.

Theoutline of the thesis is as follows: In chapter 2, the theoretical foundatimithis thesis are
presented. After introducing the basielectronic properties of multilayergraphene the
modifications to electronic states in dothe quantum Hall regime and due to electrelectron
interactions are discussed. In a lasttion the underlyingnechanisma&and concepts of fieleffect
transistors and their characteristics agéven In chapter 3, the experimental methods to fabrieat
andcharacterizehigh-quality multilayer graphene devices atiiscussedFurthermore, the different
setups and technigueto accesghe electrical transport characteristics of graphene and perovskite
devices are presented together with a brief overviefvtlie measurement softwareleveloped
within this thesis In chapter 4, theoretical simulations as well as transport measurements on
encapsulated multilayer graphene with ABA stacking ordeshavn In chapter 5, transport data
of suspended duadjated ABOmultilayer graphenealevicesdemonstrating the emergence of several
competing symmetnproken quantum Hall states is presented. Ttemperature dependent
transport measurements on perovskitenowire films arediscussed in chapter 6. Lastly short
summay and an outlook on future research possibilities is given in chapter 7



Chapterl.: Introduction




2.1 TwoDimensional Materials

2 TheoreticaFoundatiors

In this chapterthe fundamental concepts and theoritaat form the basisf this thesis areeviewed

First a brief introduction tahe field of2D materialsas well as their electronic structure is given
Since graphene playscgntralrole within this thesisthe electronic properties of both monolayer
graphene and multilayer graphene are discussedanedetail. In the second section, the quantum
Hal effect as one of the most fundamentguantum transport phenomenaof two-dimensional
electronsystemsds presentedIn the third section, the influence eliectronelectron interactions on
electronic states and charge transport in graphene is reviewssdly, the basicprinciples of field

effect transistors and their application for investigating graphene and perovskite samples are
discussed.

2.1 Two-Dimensional Materials

In the last decade®2D materialshave emerged as moveland fascinatinglass ofmaterials These
materials consist of aingle crystal layer onlfii K dz& { K S -Ri& '8 3 &ndl gidd been
shown to exhibit unique physical properties due to their unusual dimensiohattyStarting from
the first experimental isolation afraphené, a oneatom-thick layer of graphite, a whole variety of
different 2D material$<® have been discovered sinc#Vithin this thesis, two of the most important
2D materialsare highlighted: fewlayergraphene anchBN.On the one handgraphene is a semi
metal materialthat, since its discoverin 2004, hasconsistently been on the forefrontfahe field
of 2D materials. Its mechanical strengfth exceptional electric conductivii?* and unique
electronicspectrunt make it a versatile material for a whole range of applicatisunshasin flexible
electronicsor high-frequency transistors Combining several layers of graphesteonglyincreases
the numberof tuning parameters anchakes multilayer graphereg promising system to investigate
novel quantum transport propertie$2°. On the other hand, hBNé an insulatingisomorph of
graphene that is relatively inert and free of surface charge ttagcapsulatinggraphene in hBN
layers has proveto be an efficient way to create ultra&leangraphenedeviceswith an excellent
charge carrier mobili§#34. In general, hBN is broadly used to protect 2D material stacks from the
environment while at the same timeacting asa gate dielectric irafield-effect transistor geometry
(see sectiorR.2.4). In the following the atomic structureand electronicproperties of monolayer
grapheneand multilayer graphenas well as hBN are discussed in more detail.
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Figure 2.1 Lattice Structure of Graphenga) The texagonal lattice of graphene withtwo
atoms per unit cell. The unit cell vectors are representeai land & . Atoms of sblattice 0
are shown inwhite andatoms ofsublatticed in black (b) The ecipocal lattiee of graphene
andthe reciprocal latticevectorsc andc together with hie position of théiigh-symmetry
pointsu andU apoints (andy, U ).

2.1.1Monolayer Graphene

Monolayer gapheneconsists of a single layer of carbon atoms, that are arramgaconeycomb
lattice>®3%* (see Figure 2.1a). The planar structure of gapheneis stemming fromthe in
hybridizationof onei and two 1} orbitals of the carbon atomswhich leads to a strong planar
covalent, -bond between nearest neighbaarbonatoms3%4. The remaining electronsccupythe
N orbital perpendicular tathe carbonplane and form “ -bonds$3°4 In general the , -bonds are
responsible for the stability ofrgphene?, whereas the' -bondshost a delocalized electron system
giving riseto the characteristicelectronic properties ofraphené>> In order to calculate the band
structure, it is worth noting, that the honeycomb lattice structure of graphene can alsebe as
atriangular lattice with two atoms per unit c&lt*. Consequentlythe Graphene latticdecomposes
into two inequivalentsublattices A and B (sdégure2.1a). The lattice vectors of graphene can be
written as®5

L Poiloh £ = oh Vo @.1)

C C

where OF 1.42A is the carborcarbon distance in the honeycomb latticBhe esulting Brillouin
zone of the gaphene lattice isshownin Figure2.1b. The highsymmetrypoints 0 and U aare of
particular importance for théand structure of gapheneand correspond to the following positions
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Figure2.2 Band Structure of Graphene and Pseufipin:(a) Band structure of graphene as
derived from the tightbinding modefor] =2.7meVandl =0.5meV. Theconduction and
valencebands of graphene touch at tieandv spointsforming linear lowenergy bands (see
zoomin). Reprintedrom Ref3. (b) Schematic representation dfet linear band structure of
graphene together with the pseuelpin of quasparticles in grapheneThe black arrow
indicateghe direction of theguasiparticlemomentum and the red (green) arrow the direction
of the quasispin.All states along the red ahgreen branch of the spectrum have the same
pseudospin directiorhe Fermlievel is indicated in blu@dapted from Réef.

in the reciprocal lattice>*

“ “

L S R ke Sp S
0w ollo® 0w  ollow

2.2)

When taking both nearesteighbor and nexhearestneighbor hopping intaaccount the tight-
bindingHamiltonian has the following forf#®>

o 7 Dpop B8 T Dy RO A&Bh  (23)
ohah onai
where @, (@ ; annihilates (creates) an electron with spire U8 on sitel on sublattice A (an
equivalent definition is used for sublattice Bjurthermore,/ describes the nearesteighbor
hopping energy anfl the nextnearestneighbor hopping energy. The energy bands that results
from this Hamiltonian have to forf®%

(2.9)
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with

o . Wo. . .. g. .
CAIl QA TAI GC_QA Al ?QAS (2.5)

Here, refers tothe conductionand valence land respectively When nexinearest neighbor
hopping is present and ™, the electronthole symmetry is broke The band structure of
graphene fomon-zeror is shown irFigure2.2a. Notably the bandstructure is gapless with valence
and condution bands touching atite 0 and U spoints (cf.Figure2.1a and Ejuation (2.2))*3% The
low energy regime in theicinity ofthesepointshosts most of thepeculiarphysics of gaphené-3%4,
Expanding the &miltonianin equation(2.3) up to first orderfor smallwave numbersaaround the

0 pointyield$3%%

T on a

O Y%,y q m

(2.6)

with the Fermivelocity g =00 7¢. The Hamiltonian describing particles close to thezan be
derived in a similar way yieldifi@ ,="O . Note, that in the lowenergy regimethe electronicstates
are commsed of two components belonging to the two different sublattices of graph@his. has
been accounted for bysing a twecomponent wave function witkne componenfor sublattie A
and onecomponentfor sublattice B81953545657 The energy eigenvalues of this Hamiltonian give
rise to conical bands with linear dispersioi-®

O a 0gaMh (2.7)

with + referring to the conductiorandvalence bandespectively The low energy bands are shown
in the zoomin in Figure 2.2a. Rewiting this Hamiltonian by usinga vector of Pauli

matricesd= , h, with
mT p n  Q p T
A an * n oo (2.8)
and thequasimomentumas= 2 A give$%®®
0 UgQfmm @OAL 8 (2.9)

Thus, quaspatrticles in gaphene are describetly a massless Diralike Hamiltonia®® with the
speed of light being replaced by the Fermi veloojgy 10° m s. Due to this analogy, thé and 0 s
points areoften calledDirac points. Theeigenfunctions in momentum spacerrespondingo this
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low-energy Hamiltonian are given Yy

o 7 o7 .
r M%Q.Q,, wm—ngyh (2.10)
where %orefers to the polar angle of the quasiomentum with=s=1) A | %30 B4 and + again
refers to theconductionand valene bandrespectivelyAt this point, it is worth pointing owtarious
important properties of the Hamiltonian arttle wavefunctions

PseudeSpin:As mentioned earlier hie wavefunctionshave two components corresponding to the
two sublatticesof graphene In fact the wave functioncan be seen asvo-compment spinors
where thesulattice index (referring to sublatticé and6) plays the role of spint1819%657 |n this
FyFf2383 GaaLIAyYy dzLJ -patiBefisshifiatticé® 6 RAYRA ALY |j B2 G\ E
finding a quasparticle in sublatticed . In the following this propertyof the wavefunction wil be
referred to agpseudespin'354,

Valeys: In graphene, the lovenergy spectrum has twimequivalent points of particular importance
namely theb andU epoints“>3%4, As shown beforeguasiparticles clos to these twovalleyscan be
described by two different Hamiltonians and wawmétion$*°4. However the wave functionst
these two valleysare closely related via timeeversal symmet8?°4. Thus, quasparticlesin
graphenepossessn additionaldegreeof-freedom, often referred to as vallajegreeof-freedom
Chirality In contrast to typical soligstate systems, electron and hole states in graphene are deeply
interconnected®’. For every electron with enerd® propagating inone direction, there is also a
hole state with energy Opropagating in the opposite directiéff>’. This is alirect consequence

of the close linkbetweenthe pseudoespindirectionand thedirection of thequasimomentum:The
pseudaspinof an electron islwaysparallel, while the pseudspin of a hole islwaysantiparallel

to the momentunt®3%’, This is alsondicatedin Figure2.2b, where quastiparticles on different
branches of thdy. This symmetry is oftereferredto aschiral symmetry and quagiarticles obeying
this symmetry are calledniraf-53%7,

Berry Phasalhen going along a circular path in momentum spaceiadthe or U apoint rotating
%oby ¢, the wave functionchanges sign indicating a phase chanfé (cf. equation(2.10))%3%4
This is very characteristd spinor wave functions and is often referred to as Berry phas€®. In
general, the Begr phase ighe phase a wavdunction picks up when going along a closed loop in
parameter spac®®’. The Berry phase can also be written asititegralof a field pften called the
Berry curvaturg over the surface contained in the closembp®’. Intuitively speaking, th Berry
curvature can be seen as a bdiltmagnetic field and the Berry phaag the fhase a particle would
acauire when going around a loop enclosiagnagnetic fluX. It is worth emphasizing, that the
Berry curvature is an intrinsic property of the lshstructure and significantly alters the motion of
electrons in a crystél. For instance, this becomeaglevant whenthe system is subject to an



Chapter2: Theoretical Foundations

a b

Figure2.3 Lattice Structure of Bilayer Graphené) Relative position of the twgraphene
lattices of bilayer graphengb) Relative position of the two graphene lattices of bilayer
graphene from a side viewitoms insublatticesd andd with "x{1,2}being the layer index
are indicatedn white and black respectivelRed arrows indicate the hopping parameters

externd perpendicular magnetic field. Under the influence of the external field, electrons will start
to move in cyclotron hits and thusacquirea Berry phase®%2 As a results, theharacteristics of

the quantum Hall effecin graphenewill bedifferent compared to electron systems without a Berry
phasé-®%%2. This will be discussed in more detail in the secfidh

2.1.2Bilayer Graphene

Bilayer graphene consists of two individual layers of graphene that are stacked on top of each
other®®%4 In the most energetically stable stacking configuratitine two layers are shifteavith
respect to each othesuch thatone atom of thetop layer sits directly above the center of the
honeycomb of the bottom layefseeFigure2.3a,bf*%* This stacking configuration is oftealled

0 Ostacking, referring to the different positisof the individual Iggers®. When deriving theight-
binding modebf bilayer graphenejot only intralayer, but also interlayer hopping paramet have

to be taken into account. The definitisrof the lowest orderhopping parameters, adopting the
nomenclature from theSlonczewskiVeissMcClure modefor graphite®®5, are shown inFigure
2.3b. Themost important hopping parameters are the intralayer coupling 3.2e\*® analogous
to the monolayer case, and the nearest neighbor idtgrer coupling f 0.39e\*3betweenatoms

of sublattice® and o that sit directly on top of each other (ckigure2.3). The nexinearest
neighbor interlayer couplings andr connectsublattices of the different species.§.0 to 6

and ame species (e.g to 0 ) respectively*®°. As in graphene, the electronic propertiaslow
energies are weltapturedby taking onlynearest neighbor couplingsto account**. Thusf and

[ will be neglected for now, but reintroduced latéirst,bilayer graphene has the same symmetry

10
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Figure 2.4 Band Structure of Bilayer Graphené) Low energy band structure of bilayel
graphene at the0 point taking only nearest neighbor hoppingnto account The band
structure at zero electric field is shown as a dotted line. The band opening azaroatectric
field is shown in reReprintedfrom Ref'4. (b,c) Trigonal warped Ferrurfaces at various
energies at tha) point. The trigonal warpig term[  splits the #gle band touching point
into one center and three offenter band touching pointReprintedrom Ref®.

asmonolayer graphenécf. Figure2.1b)**>4 The wave functions desibing bilayer quagparticles,
however,consistnot only of two but four components, one for each of the sublatticgsand 6
with layer index':{1,2F>%4 In the lowenergy approximation, this can be further simplified by
noting, that the interlayer coupling essentially dimerizes the sublattices and 6 and
substantiallyshifts their energy bands by away from the Fermi energ$?°. Droppingthesehigh
energystates,the Hamiltonian for small momentumaaround the0 point reads->+%¢

, ) ]
0o - h (2.12)

where theeffectivemassa is given byd = ¥ ¢U ). Again, a similar Hamiltonian can be derived
for the 0 apoint. The eigenvalues of thidamiltonian give rise to quadratimnd$35*

2 N .
oa 21 Dy (2.12)

with the quasimomentums=~ 2 Aandz referring to theconduction and valence band respectively
Figure2.4a shows the lowenergy band structure of bilayer grapherggain similar tomonolayer
graphene, bilayer graphene has no bandgap and the conduction and valencéob@hdat the 0

11
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and apoints. Thecorrespondingeigenfunctionsof the Hamiltoniarare given by

P Q
|7|_E Q (2.13
Again%drefers to the polar angle of the quasiomentum withas=1) A | %30 B4 and+ refers to
the conduction and valence band respectivéypmparinghese results to the monolayer case yields
some close similarities. Quagsarticles in bilayegraphenealsohave a pseudapin. However, in
contrast tomonolayergraphene, the pseudspin refers to sublattices andd on the bottom and
top layer respectiveR}**. Likewisequasiparticles in bilayer graphene achiral>*°¢, To emphasize
this analogy, it is worth rewriting the Hamiltoniaimilar to the monolayer casss follows°55¢

0, " o ﬂcﬁ- %o (2.14)

W on o9 L ca

wheres = AT c¢@Bd0 E¥o andd= , h, is a vector of Pauli matrices (efuation (2.10)). In the
context of bilayer graphengchirality means that the pseuespin of the bilayer wave function is
always parallel (antiparallel) to the axifor electrors (holes§>*¢. When going along a closed path
around the 0 point, the wave function of bilayer graphene acquires a Berry phas#' &,
Although this phase is indistinguishable from zero, it does, nevertheless, influence the quantum Hall
effect in bilayer graphene significanti?°¢. Note, that the Hamiltonian and the wave functions
corresponding to theb agoint have not be showrexplicitly, but are related by time reversal
symmetry to the Hamiltonian and wave functions at thgoint>3%°, Notably, quasiparticles at the
O apoint acquire a Berry phase a2 *°.

Despite these similarities between the leemergy Hamiltonian of monolayer and bilayer graphene,
there isalso acrucial difference between them. As the wave fuoot of bilayer graphendas
components associated withifferent layerspne carbreak inversion symmetrfand likewise chiral
symmetry)explicitly by applying an electric fieldlrhisintroduces a potential difference between
states onthe top and bottom ayerand abandgapbetween conduction and valence bangens. In

a lowenergyapproximation, the modified Hamiltoniansing the notation from equatiori2.14).
reads*

\

. W ~ o £ @
G Qis D g Al Gk, OB, . (219

0 — ;
ca S ca

where s is the potential difference between bottom and top layardthe ,, the Pauli matices(cf.

12
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Figure2.5 Stacking order of Multilayer Graphenda) Position of atomi the Bernal (ABA)
stacking configuration. Atoms of sublattiée sit directly above atoms of sublattice and

0 . (b) Position of atoms in the rhombohedral (ABC) stacking configuration. Atoms of
sublatticed sit directly above atoms alublatticed

equation(2.8)). The eigenenergies of this Hamiltonian are then given by

O - " ca WIc (2.16)

where zrefers to the conduction and valend®nd respectivelyThe resulting band structure is
shownin Figure2.4a. At this point, it is worth coming back to the higher order hopping parameters

[ andl .Reintroducinghigher order hopping parametsinto the Hamiltonianleads to structural
modifications to the band structuf@®®, The hopping parametegr f 0.32eV3introduces an energy
term proportional to A T o%§°. This leadso so-calledtrigonal warpingthat deforms the Fermi
surface atthe 0 and Uapoints intoa @ G NA | y 3 dAisde Ndgure 2 d) LIS, The coupling

[ F0.04eV3is much weaker, but introduces a asymmetry between conduction and valence bands
(not shown inFigure2.4)%3,

2.1.3MultilayerGraphene

The term rultilayer grapheneeomprisesall graphene stacks with more than two laye&milar ©
bilayer graphengconsecutive layergn multilayer grajpene are stacked in such a way, thane
atom of the first plane sits directly above the center of the honeycomb of the second4aifér
Although other configurations are possible due to the weak Hgtice vander-Waal forces, this is
the most common stacking type in natdf&€*®’. In bilayer, agliscussecefore, mly onenatural
stacking ordeis availabl&®. When adding a third layehowever, there argawo possible stacking
configurations of the third layeavailable On the one handthe atoms of the third layecan sit

13
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directly above the atoms of the first lag*°3¢’. This stacking order calledBernalstacking orABA
stacking, where thenotation ABArefers the fact, that the first and third layer arat the same
positiont**3¢7_In the second configuration, the third layer sits in a position that is different from
both the first and secondayer*53%’. This configuration is often referred to asombohedral
stackingor ABCstacking*®3%’, Figure2.5 shows an illustration of the two stacking ordert.is also
worth noting, that there are no other inequivalent positions a new layer can be plaé&édhen
increasing the number of layeithe natural continuation of thessequencs areABAB\Bfor Bernal
and ABCABC for rhombohedral stackif§ In nature, Bernal stacking ishe most
thermodynamically stabletacking ordemwith only some fraction of natural graphite having the
rhombohedral stacking ordet'43, Besides, alsmther mixed stacking orders (e.g. ABCBA) are
possiblé&*%’, butare not be discussedithin the scope of this thesis.

The bandstructure ofmultilayergraphene is significantly mogomplex tharthe bandstructure of
mono- and bilayelgraphene and épendsboth on the layer number and the stacking orél&3678,

On the one hand, AB@ultilayer graphene&an be seen as axtension tomonolayer and bilayer
grapheneinheriting many of their properti¢é. The lowenergy states live on the two outermost
layersand will host chiral quasiparticlegth aBerry phase& “with § being the layer numbéf>18
Asin bilayer, a norzero external electric field opens up a band gap between valence and conduction
band*%2, On the other handABA multilayer graphene behaves like a superposition of individual
bilayer bands {ogether withan extra nonolayerbandfor odd layer numberg8%’*, An external
electric field does not opeaband gap, instead the potential asymmetry casi®and overlappirg
Theband structureof both ABCand ABAmultilayer graphene will be discussed in more detathe
following.

ABC Stacking Order

As mentioned bfore, ABC multilayer graphene is the natural extension to monolayer and bilayer
graphene.The derivation of thelow-energyband structure of ABC multilaygrapheneclosely
resembles the bilayer case and generalizes the approach to variable layer nimibee wave
functions describing quagiarticles in ABC multilayer graphenbave ¢0 components, one
component for each layer and sublatticeand6 4 However, similar to bilayer graphen¢he inter
layer coupling dimerizsneighboring sublatticesitesé ando  (seeFigure2.5a,b) and drives
them away from the Fermi energif*">73. As a resujtin a lowenergy approximatiomeglecting all
higher order hopping paranters, the wave functionreduces to twocomponens feferred toas
pseudospin'®°%%?) gssociated with theemainingoutermost surface sublattice sités andd 47274
while all bulk states are gapped out with an energy gap of approximatelyf0 “. Thus, the low
energy electronic states of ABC multilayer grapharewell localizedon the surface layet$’>74,

14
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Figure 2.6 Hopping Parameters and Band Structure of ABC Multilayer Graphdad)
Illustration of the position of atoms as well as the hopping paramétecs ABC multilayer
graphene. (c,d) Band structure of ABC multilayer graphene for layer nuinbegs(c) and

0 =10 (d) in the vicinity of the and U apoints with (red) and without (black) perpendicular
external electric field. With increasing layer number, the-ém@rgybands become more flat

and the bulk states advance closer to zero energy. Increasing the electric field opens a
bandgap in the lowenergy bandsReprintedrom Ref'.

Expanling the Hamiltonian for small momenda=r1) A T %30 B4 aroundthe O point yieldg*®

Vg, n n qQ Ugl
[ noQ m F

Ats %8 (2.17)

Wheres = A T 0G0 Hil%andd= , h, is a vector composed of Pauli matrices &tfuation
(2.8)) acting on the two-component spinor wave functions Notably, this Hamiltonianalso
reproducesthe Hamiltonians of monolaygf) =1) and bilayer(0 =2) graphene highlighting the
close connection betweetihem. Quaskparticles governed bg Hamiltonianof thisgeneralform are
calledchiral with a chirality equal to the layer numb@#>18196275 |n this context, chirality means
that the pseudespin of the wave functions is always parallel (antiparallel) to the=afds electrors
(holes§>%S. It can be shown thafuasiparticleswith chirality acquire a Berry phase af “when
going along a closguhth aroundthe U or U apoint respecti\ely!>1826567275 The energy eigenvalues
of the Hamiltonianin equation(2.17) are given by

Og

O wm
[

A (2.19)

where +refers to the conduction and valence band respectitelyhus, the lowenergy bands
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Figure 2.7 Hopping Parameters and Ban8tructure of ABA Multilayer Graphenda,b)
Illustration of the position of atoms as well as the hopping paramétecs ABA multilayer
graphene. (c,d) Band structure of ABA multilayer graphene for layer nuibess(c) and

0 =4 (d) in the vicinity of the and 0 apoints. For trilayer graphene (c), the band structure
originates from a superposition of a mdager (M) and bilayer (B) band. For tetralayer
graphene (d), the band structure consists of two bilayer bands (b aRé@)jntedrom Ref'®.

becomemore and more flat with increasing layer numhet>1526727&78 Figure2.6¢,d shows the
bandstructure fortwo different layemumbersillustrating the increase in flatness of the dispersion.
As a consequence, the density of stat#scharge eutrality diverges withO T for layer
numberst >2%27578 This is in contragb monolayer(0 =1) and bilayer(0 =2) graphene, where
the density of state vanishemnd remains finiteat charge neutralityespectively However, like in
bilayer graphene, chiral symmetry can alsaehplicitlybroken by applying an electric fiék§?. Sirce
the wave function is localized on theg and bottom layers, an electric field introdwgca potential
differences-andopensa band gaf®2. The reulting Hamiltonian then read%

bt
0 &l

Al ©%, OEU %o, (2.19)

with energy eigenvalué$

O = Ve ? (2.20)

where zrefers to the conduction and valence band respectivélyher than that, the chiral
symmetry is very robuswtith respect tohigher order hoppingontributionsthat add further terms
in, and, tothe Hamiltoniad®®2. For example, the trigonal warping tefm (see also section
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Figure2.8 Band Structure of ABA Multilayer Graphene in an Ert Electric Fieldi@) Three
dimensional illustration of the position of the six Digadlies together with the centrdbirac

point forep =0.2eV. (bg) Evolution of the band structure of trilayer graphene in the vicinity
of they point with increasing potential differeneg =0.0eV (b), 0.02&V (c), 0.0V (d),
0.15eV (e), 0.1&V (f) and 0.28V (g). Solid (dashed)édis correspond tparallel to thec>

axis (raxis). Blue and red lines correspond the to bilayer and monolayer band respectively.
Reprintedfrom Ref®.

2.1.2andFigure2.4) deforms the band structure and leads to the formation of addaiaif-center
band touching pointsdepending on the number of layéps In this case, he Berry phase is
distributed over the offcenter Dirac points while keeping the total Berry phafe) “unchanged.

ABA Stacking Order

In contrast to the ABC stackingder,the atomicstructure ofABA multilayer graphengoes not give
riseto al dimer chainthat gaps outall bulk states. Instead,in a first approximation the band
structure can be decomposed inta superposition of bilayer bands for even layer numbend a
superposition of bilayer bands and a single monolayer band for odd layer nuthl5ét&"7°7°, Due
to this monolayer band, the electrical properties of multilayer graphene witen and odd layer
number are distinctly different.In fact, multilayer graphene of arbitrary stdng order can be
decomposednto such as auperposition of chiral building blodslt is also worth noting, that even
layer numbers exhibit inversion symmetityyt odd layer numbersra only mirrorsymmetricwith
respect to the central layéf. This firstapproximationcan be refined by introducing higher order
hopping terms leading to th&lonczewskiWeissMcClure modebf graphitgt62029306%65 Here, not
only the intralayer coupling and nextlayer couplings ,/ and’ as discussed in the bilar case
are taken into account (see sectioR.1.2, but also nexhearest layer couplingsé and
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[ 1620293053665 The definition of these coupling parameters is illustrateigure2.7a. In addition,
an energy difference between lattice sites involved in the couling and sites not involved is
introduced®>3%3, The band structure of trilayer and folayer graphene in the absence of an
external field is shown iRigure2.7c,d. Athough the band structure takes into account higher order
terms, the monolayefike and bilayetike bands arenevertheless clearidiscernable When
applyingan externalperpendicularelectric field, the monolayelike and bilayetike bands start to
hybridize?®2°3°, Like inABC multilayegraphene, an external electric field introduces a potential
differences between the top and bottom layer of the graphene multilayjdowever the potential
difference opens aegligibleband gap in the range of a few meV 6ffj=°. More prominently the
interplay betweers- and the trigonal warpig term/ leads to a strong deformation of the band
structure and the emergence of a new set of six additigmahounceds A N>} O LR Ay (ia 06d&d5A NI C
in the vicinity of eachd point?®?°, These six gullies can be divided into two sets of three gullies
interconnected byd rotation symmetry®2°, Figure2.8a shows the band structure in the vicinity of
the 0 point at finite potential differences . The evolution of the band structure with increasing
potential differences- is shown exemplarly for trilayer graphenefigure2.8b-g. With increasing
3, the nonolayetlike bands start to shift to higher (lower) energies for electrons (hlesj the
same time, the Dirac gullies become more and man@minent andshift to higher moment&®2°,
This splitting of théband structure into Dirac gullies has furthiemportant consequences. & is
fixed at a norzero value, sweeping the chemical potentiatan lead to discontinuous changes of
the Fermi surface topolod$ a socalled Lifshitz transitio®®8!. Such Lifshitz transitions are
accompaied by a van Hove singularity with a logarithmically diverging density of $tates

2.1.4Hexagonal BoroNitride

In order to reveal the intrinsic electronic properties of graphene, an inert environment free of charge
impuritiesis prerequisiteThe ommonly used Sigsubstratedor graphene, however, are known to
have a substantial amount of surface traps and charge impurities that leads to unwanted charge
disorder and dopingn the grapheneflake®®. Onestrategyto prepare graphene samples with ulra

low charge disorder isuspending thenover theSiQ substraté?. As a result, when using ulttsigh
vacuum the influence of the environment on graphene can be minimizedihis technique,
however,also suffers fronsome disadvantages. For example, the electric fields and charge carrier
densities achievable in suclgaometryare very limited due to the fragile nature thfe suspended
structure®. Anotherapproachis to usehexagonal boron nitridas a substrate dielectrieiexagonal
boron nitride (hBN)s aninsulatingtwo-dimensional material that has the same hexagonal lattice
structure as grapherié®. In the hBN lattice, however, boron atoms occupy the sublatiicehile
nitrogen atomsoccupy the sublattice 6333, Since boron and nitrogen have different-site
energies, the band gapverylarge (3 =5.97eV) and hBN is essentially an insul&tdp. At the same
time, the lattice mismatch with graphene is orly7 %*2°. Due to the strong ionic #plane bonds,
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hBNis also expectedo beinert andfree of dangling bonds or surface charge tédps It has been
shown, that graphene device®n hBN showan orders of magnitude highemobility than on
conventional SiQ substrate$®. Furthermore, charge disorder in graphene was shown to be
significantly lower whe using hBN as a substré&t&’. Canpletely encapsulating graphene in hBN
layersyields even higher mobilis close to what has le@ achieved in suspended samplés

2.1.5Graphite

When ircreasing the layer number of multilayer graphene, the band structure stattsits two-
dimensional characteristic and becomes blike®*2 In the infinitelayer limit, graphite is a semi
metal with a small band overl&h For example, for ABA mubifer graphene the transition to
graphitelike behavior occurapproximatelyat layer numbersof 0 £ 10 according the theoretical
studie$”. In multilayer ABC, the energy gafbulk statesbecomes smaller when increasiag until
transport is essentially thredimensiond®. However signaturesof two-dimensionakurface states
(see sectior?.1.3 have been observeith devicesup to thicknesses of several tens of lay&dVith
its highconductivity, graphite is an attractive optioas a gate electmein combination with hBN as
dielectric®. It has been shown, that graphenehBNgraphite staks, chargeimpurities were even
further screened than in a configurationithout graphite®>. As a result, charge fluctuations in
grapheneare greatly suppressedn the presence of a graphite screening l&ydn addition, using
graphite as contact mat&l to contact graphenédias also proven tgield exceptionally loncontact
resistance®.

2.2 Quantum Hall Effect

In 1930L. Landau realizethat if a2Delectron system is subject to a strong perpendicular magnetic
field, electrons are forced onto quantized cyclotron orBitd-However,to observe this quantized
motion, highmobility samplesvhere charge carriersare tightly confined inone dimension, but
mobile in the remaining two dimensisnas well asow temperatures wergrerequisité’. Many
decadedater, in 1980 K.von Klitzingvas ableio overcome these challenges addmonstratedthe
quantized Hall effecas adirect consequence of the cyclotron motion of charge emsff. This first
demonstrationof the quantum Hall effect (QHE3 one of the most fundamentadliscoveriesin
modernsolid-state physics and has since thepened upa whole variety ohew researchopics”.
Traditionally,2D electron gasesvere realized by using either higjuality metal-oxide field-effect
transistorsor semiconductor heterostructurés. 2D materials, however, inherentlgupport two-
dimensionalelectronsystems and areherefore a novelandversatilesystemto explore quantum
Hall physic®. In the following, the gantum Hall effect is introduced anguantum Hall physics in
graphene is discusséx detail
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Figure 2.9 Quantum Hall Effect:(a) Schematical ransversal conductance (red) anc
longitudinal resistance (blue) as a function of the charge carrier densitthe quantum Hall
regime. (b) Schematic illustration of the emergence of edge channels in graphene. In the center
of the sample (light gray), chge carriers move in cyclotron orbits. Close to the edge of the
sample, charge carriers are reflected and form a pair of directional edge channels connecting
the two electrical contacts (dark gray). (c) The formation of edge channel from an energetic
point of view. Close to the edge of the sample (dotted lines), the energy of the Landau levels
increase. If the FernginergyO islocated between two Landau level, edge channels at the
crossing points between Fermi energy and Landau levels form.

2.2.1Classical Hall Effect

In 1879, E.H. Hall diseeredthat in a conductor subject to a magnetic field, a voltage transverse to
the electric current and perpendiular to the magnetic field buildsp®. This effect can be
understood classically in terms of the Lorentz foaotingon the charge carriers moving through
the conductof™. It can be shown, thathe transver® (Hal) voltage ¢y and the correspondig
transver conductanceg, are given b§*

(2.21)

wheret is the charge carrier densit@the thickness of the conductor (in direction of the magnetic
field),6 the magnetic fieldQthe elementay charge and@he current through the conductoHere,
the notation with w dndicatesthat the voltage accumulatesn transversewdirection, while the
current flows inwdirection. Thus, the Hall conductange is proportional to the charge carrier
density andinversely proportional to the magnetic fiel@he resistancé along the channel
however, remains constant regardless of the magnetic field.
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2.2Quantum Hall Effect

2.2.2TwoDimensionaElectron Gas

In the limit of a2Delectron gas and low temperaturethie conductance  becomes quantized™.
For example, whermmeasuring,, as a function ofthe charge carrier density, quantized
conductanceplateausat integer multiples of2 7'Qcan be observed (sd€igure2.9a)®’. At the same
time, the longitudinal resistance vanishes at the conductance plateaus but exhibits spikesn
the conductance increases to the next plateau (Begure2.9a). Thisbehaviorcannot be explained
within the framework of the classical Haffect. In order to understand these phenomeransider
a gas of free electrons in the uplane with a perpendicular magnetic field éndirection. The
Hamiltonianfor this systenis given b§f!
n @ n @

O - - Oh (222
ch ch

where== mh & dit is the vector potentialith || =1 =and'O is amomentumindependent
energy contribution from tk confinement imx direction. The magnetic field component forces the
electrons to move in quantized cyclotron orbigthin the w eplane. As a result, the energy
continuum of a free electron gasondenses into quantized energy levelse socalled Ladau
levels, asociated with these cyclotron orbit$8°%, TheLandau levelare given by”81

o 0 i g 3 R O mipics (2.23)
with the cyclotronfrequencyl 4 ='Q @& . TheseLandauevelsaredegenerate with a degeneragyf
¢ ='QdQeactf”, The Haltonductanceat the G -th Landau Level can then be calculated using
the formula forthe Hall resistance in the classical casdlugging in the degeneracy tbie Landau
levekyield$"8891

€ QQe 0Q Q
)

5h6 2.24
z ,,Quh 0 miphcB (2.24)

This correctly reproduces theonductancevalues of the plateaus Figure2.9a, but does explain
neitherthe steplike shape of,  nor the resistance spikesf ” . Consider a rectangular sample
hosting the 2D electron gas as shownFigure2.9b. As mentioned before, charge cars are
moving in quantized cyclotron orbits with a frequency inside the sampl¥. However, charge
carriers can only perform undisturbed cyclotron orbits in the center of the safaplEigure2.9b).
Close to the edges, their motion is limited by temple boundaryAs a resultcharge carriergre
reflected multiple times at the samplbeoundaryand forma pair ofedge channel in opposite
directions(seeFigure2.9b). In fact, each of these pairs of edge channel contributes a conductance
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quantum ‘Q 7Qto the Hall conductanc®. Furthermore, since no baedcatteringpathways are
available thelongitudinal resistance of the edgechannels vanishe® This can also be seen from

an energetic point of vievas shown irFigure2.9c. Due tothe repeated reflectionsthe energy of

the Landau levels are essentially bend upwards in energy the closer the states are to the sample
boundary?. If the Fermi energy lies between two Landau levels, edge chaantls energy levels
crossing te Fermi energy emerge In this framework, also the steps jn in Figure2.9a can be
explained. When the Fermenergy passethrough a bulk Landau level, the conductance jumps

by one conductance quantudue to the formation of an@ditional pair of edge charels.Since the
states close to the Fermi energy provide scattering pathwéyes,longitudinal resistancé
exhibits spike¥. However, if the Fermi enerdyin-betweentwo Landau levels, the number of edge
channel stays constatit Thus, theconductance, exhibits a plateawand the resistance
vanishe&. Throughout this discussn, degeneracies of the electron gas, such as spin, have been
neglected. Reintroducing a number of generic degenera€dasreases the degeneracy of each
Landau levelQfold and leads to steps 6fX2 7'Qin the Hall conductancd-urthermore, within this
thesis,measurements are typically twierminal measurements that can measure neither nor

by??

directly. Instead, the tweterminal conductanceg . smeasures a combination of the two given

" ” ” (2.25

Thus the twoterminal conductance still exhibits the same plateags . It is alsoworth noting,
that equation(2.25) is only valid forsquare samples anglenerally depends on the aspect ratd
the samplé2%, For higher and lower aspect ratios, plateaus arerdasingly distorted anthe
quantum Hall effect isbscured?®2,

2.2.3Monolayer and Bilaygsraphene

So far, onlyagas of free electrons has &e consideredIn graphenehowever, charge carriers are
chird as discussed in secti@il.1 Thechiral natureof charge carrierand the corresponding Berry
phase of* leadsto anunusualsequence of conductance plateaokthe quantum Hall effecthe
unconventional quantum Hall effe€89°4 Similar tothe free-electron case discussed in section
2.2.2 the sequence of Landau levels dam calculated by replacing® == ‘G=inthe Hamiltonian
of graphene(cf. section2.1.1) and calculating the energgigenvalue¥. The Landau levels for
monolayer graphene are given by

0 ¢ QEMOh 0 miphciB (2.26)
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Figure 2.10 Quantum Hall Effect in Graphenda) Schematic low energy dispersioh
graphene together with the Landau levels with spaein® W0 (b) Conductancg with
respect to the charge cader density. The density of states of the sequendeaoflau levels
are shown in blue and yellow for electrons and holes respéctig Schematic low energy
dispersion of graphene together with the Landau levels with spagify 0 0 p . (d)
Conductance, with respect to the chargeacrier density. The density of states of the
sequence ofandau levels are shown in bland yellow for electrons and holes respectively.
Adapted from Ref$%,

Notably,unlike in the convetional quantum Hall effecgraphene has aero-energyLandau levép.
Since graphene has bogipin and valley degreesf-freedom,each of these Landau levels is fourfold
degeneratelLike in the conventional case for a fourfold degenerate free electromgasitum Hall
plateausareseparated by steps afQ 7'Gn monolayer graphen€®. However, thdirst plateats are
shifted to+¢'Q 7Qunlike in the conventional Hiaeffect-®>. The sequence of Landdevels and the
conductance plateaus of monolayer graphesre shown schematically iRigure2.10a,b. Bilayer
graphene also hostchiral quasiparticles, buwvith a Berry phase d* (cf. sectior2.1.2. However,
even though a phase @f is indistinguishablérom zero, the Berry phase greathodifies sequence
of Landau levelsS®. In bilayer graphene, the Landau levels are given®h$f

D6, o
0 d—t 00 ph 0 miphkhs (2.27)

Here,the zero energy Landau levels has an additionafold orbital degeneracy, since both 1t
and0 pyield the ame energ$Ps5®°. Thus, the quantum Hall plateaus in bilayer graphene are
again separated byQ 7'Q°>%. In contrast to monolayer graphene, howevenetfirst plateas are
shifted to+1'Q 7'G>%%. The sequence of Landau levelshownschemattallyin Figure2.10c,d.

2.2.4Multilayer Graphene

As already discussed in secti®ri.3 the band structure of multilayer graphene depends strongly
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on the stacking orderConsequentlythe quantum Hall effecin multilayer graphenas stacking

order dependentas well First,the quantum Hall effect in ABC multilayer graphene is very much
analogous to monolayer and bilayer graphene. Since epeasicles are chiral with a chirality equal

to the layer number0, they acquire a Berry phase af( “ when goingalong a closed
patht®1826567275 ~ As g consequencezero-energy Landau level will have additional orbital
degeneracies giving rise to an ovemall degenerac$f®2 As a result, the first conductance plateaus
will occur & +¢0'Q 79275, All higherenergyplateaus will be separated byQ FQanalogous to
monolayer and bilayer graphete®.

Qurprisingly,in a first approximatiorthe situation is the same for multilaygraphenewith ABA
stacking As discussed before, multilayer graphene with ABA stacking order can be approximated as
a superposition of bilayer bandsgether with an extra monolayer band for odd layer numbgt%

1, Since monolayer has afdld and bilayer an 8old degererate zero energy Landau level, ABA
multilayer graphene as a combination of the two hasta degenerate zero energy Landau
level®718097 Consequently, the first conductance plateau witcur at+¢0 'Q 7'Qsimilar the ABC
multilayer graphen& 78297 All higher energyonductance plateaus inherit theQ T'Qstepssize

from mono and bilayer grapheffe8%% In fact, the same is true for multilayer graphene with
arbitrary stacking order, as the band structure can always be decomposed into chiral building blocks
(seealso sectior2.1.38°. Including higher order hopping parameters lifts the degeneracy of the
zeroth Landau level and leads taamplexlandscape of Landauvel crossings and antrossing
originating from the monolayer and bilayer baftfé<®®. Additionally, as discussed in sectii.3
applying gperpendicular electric field, gives rise to emergence of Dirac gully triplets. As a result, the
Landau level spectrum is expected to show a tHiid degeneracy ahighelectric fields in addition

to the spin and valley degeneragj %10,

2.3 ElectronElectron Interactions

So far, the properties ajraphene havenly beendiscussed within aingleparticle framework that
completely neglects electrealectron interactionsAlthough this approximation is very successful
in mostsituations,the singleparticle picturemaybreak downoncethe kinetic energy of electnas
becomes comparable to theCoulomb interaction enerd§ In this case,electronelectron
interactions can no longer be neglectethd may significantly alter the ground state of the
systent*192 Indeed, by appropriatelfuning the Fermenergy as well as electric and magnetic fields,
the ration between Coulomb interaction energy and kinetic energy can be tuned rencevegal
instabilities of the singlgarticle ground state experimentally accessible. In the followihe,
influence of interactions on the maryody ground state of multilayer graphene of either stacking
order is discussed in detail.

24



2.3ElectronrElectron Interactions
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Figure2.11 BrokenSymmetry Quantum Hall Statesllustration of the quantum valley Hall

(QVH) state, the quantum anomalous Hablitset (QAH), the layer antiferromagnetic state
O[!CU0UZX GKS ljdzr yiidzy aLAyYy 11ttt adadqdrasS ov{l o FYyR
indicated by the solid (dottedhomboids and the spiaalley dependent Hall conductivities

are indicated by the aows pointing to either sidef the rhomboids The QAH state, for

instance, has no net layer polarization, but exhibits a net charge Hall conductivity since the

Hall conductivity contributions of both valleys add up. The QVH state, however, has a net layer
polarization since all states are localized on the top layer, but remains insulating as the Hall
conductivity contributions cancel oWtdaptedfrom Ref'®,

2.3.1ABC Multilayer Graphene

It has been predicted that ABC multilayer graphene is particularly susceptible to interactioosphysi
due to its flat lowenergy band structuréhat strongly quenches the kinetic enefdsf1% Given the
power law dispersion that flattens with increasing layer numbefcf. section2.1.3, theratio i
between Coulomb energy and kinetic enespales approximately &2*

i 6¢ 7 (2.28)

For monolayer graphene((=1), this parameters remains finite and interaction effects are
independent ofthe charge carrier density. For bilayer and multilayer graphenieowever, the
interaction parameterdiverges close to charge neutrality aradectronelectron interactions
become dominantAs shown irsection2.1.3 quasi particlesn ABC multilayer grapherare chiral
with a pseudespin chirdity equal to the layer number andcquirea Berry phaseof 0 “ when
encirclingthe 0 or U awalleyrespectivelyln general, interactiomffects at charge neutralitgan be
captured byintroducing acorrectionterm into the singleparticle Hamiltoniatf28

01

O
r

AT ©%, OEd %o, +tQ (2.29)

Here,d=(, ,, ., )Iis a vector composed of Pauli matrices éfuation (2.8)) acting on the twe

component spinor wavéunctions(see sectior2.1.3. Depending on the orientation of the order
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parameter , different predicted symmetry breakingnechanisms can bdescribedwithin this

Hamiltonian. For instanceit has been predicted that is oriented along théxwplane giving rise to

gapless nematic states with broken rotational symme&#§; Yet experiment$%2® and perturbative

renormalization group analys$fs®’® strongly suggeshat aligns along theraxis breaking chiral

symmetryand likewise inversion symmetigimilar to explicit chiradymmetry breaking by applying

anelectric field (cf. equatiorf2.19)), spontaneos chiralsymmetry breaking opens up a gap in the

electronic spectrum giving rise to a giant Berry curvature in the vicinity to the band nifhima
Dependingon the sign of> with respect to valley and spin, a family of five competing breken

symmetry states as summarizedkiigure2.11 have beerpredicted The quantum valley Hall (QVH)

state, the quantum anomalousiall state (QAH), the layer antiferromagnetic state (LAF), the

j dzt yGdzy aLAy | €& &i et &s tiieycdnlbe distinguRhellykhSir valleyf £ ¢  ad I+
spin and charge Hall conductivities that arise from the-tronal Berry curvaturethey are often

referred to as pontaneous quantum Hall statfs Notably,the QVHand i K S & ! &xhibitaa G I G S
nonzeronetlayeNJ LJ2 f I NAT | GA2y ® CdzNI KS NI 2 &drEzerdid¢tial v! |+ YR
magnetic moment as well asnet (chargeHall conductivityevenin the absence afmagnetic field

(cf. Figure2.11). These properties are especially useful from an experimental point of view, as

specific states can be favored by tuning the electric and magnetics'figtd For example, with

increasing electric field, stasg¢hat exhibit a net layer polarization, such as the quantum valley Hall

states are strongly favoreld. So far, both the LAF phase and the QVH phase could be idebtified

in bilayer®%*andmultilayergraphen&®72193105 However, the full phase diagram remains unknown

with firstindication of KS LINBEaA Sy O0S 2F GKS v!I Il FyRMOEKS al ¢ ad

2.3.2ABA Multilayer Graphene

Asshown in sectior2.1.3 the electronicstructure of ABA multilayer graphene can be decomposed
into 0 7¢ bilayerlike bandsfor even layer numbers with an additionalmonolayerlike band for
odd layer numbersSince he bilayerlike bands areessentiallya limiting case of the previously
discuiesedABC multilayer graphenénteractioninducedchiral symmetry breakings expected to
opena bandgap in the electronic spectruiose to charge neutrali#}’®. In monolayer graphene,
however,interactionsare weak and the spontaneous gawas shown to beeither smaller than
0.1meV or completely absét’. As a result, ABA multilayer graphesehibitsa peculiarevenodd
effect: For even layer numbers, the band structure ispgaiout due to the spontaneous gapsati
bilayer band®°. For odd layer numbers, however, thmonolayer bandcloses ts gap and
obscures the spontaneous symmetnyeaking?®.

Nevertheless ABA rultilayer graphenealso offers an alternative pathway to tune interaction
physics via elgric fields. As shown igection2.1.3 strong electric fieldtead to the emergence of
two sets of three offcenter Dirac gullies that arinterconnected vi& rotational symmetryAs a
result, upon applying a weak magnetic field, threefojdasidegenerate Landau levelsiglets
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Figure 2.12 Spontaneous GulWPolarized Nematic t&te: (a) Energy evolution of the three
Landau levels (red, green and blue) that make up the gully triplet state. The insets show-the real
space probability distribution of the individual triplet wave functions close to theint. When
increasing thanterlayer potentialw by applying arelectric fieldthe energy bandwidth of the
triplet states decreases. The wave functions of the triplet states @bsymmetry and are gully
coherent. (b) Reapace probability distribution of the maipdy Hartre-Fock ground state

that spontaneously breaks symmetry Adaptedfrom Ref!%%,

X [a.u.]

associated with the Dirac gulliesnerge(cf. section2.2.4). When increasing the electric fielthe
Dirac gulliesnove further apart in momentum space and the triplet Landau levels becoore
and more degeneraté. Figure2.12ashows the energy levels comprisiag exemplanf.andau level
triplet and their evoluion in electric fieldln the absence of interactia)the triplet wave functions
preserved rotational symmetry and are gully coherent (see insefigure2.12a)°. However,
increasing the electric field strongly quenches the kinetic enéirgythe bandwidth of the triplet
state) until Coulomb energy dominates and interact are expected toprevaif®'%% Indeed,
variational HartreeFock analysis indicates, thabove a critical electric field) symmetryis
spontaneously broken wlding agully polarizedhematicground stateas illustrated irfFigure2.12b%,
First capacitance measurements have confirmed the spontaneous symmetry breaking by probing
the lifted triplet state degaeracy butthe transport properties of these states remain unkno\n

2.4 FieldEffect Transistors

Starting from the first demonstration of condiamce modulation in a tim film by W. Shockl€y8in
1948 field-effect transistor§FETshave found widespread use both researt and industry**1%,
Out of the great variety of fieléffect transistor types, the thifilm transistor isof particular
importance br research applicationand will be focused on in this sectiéh One of the great
advantages of thifilm FETSs is their low requirements for thetivetransistor material®. Besides
semiconducting materialshe active layer can also beade out of senmimetals or even biological
tissued®. This makes FETs a powerful toolineestigae charge carrier density and electric field
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Figure2.13 Field Effect Transistorga) Schematic of a thifilm field-effect transistor. The
active layerwith source ad drain contacts is separated from the gate electrode by an
insulating dielectric material. (b) Output curves of an ideal transistor, wiéck lines and
thin lines indicateéhe saturation and the linear reginrespectively (b) Transfecurves of an
ideal transistorwherethick lines and thin lines indicatiee saturation and the linear regime
respectivelyln (b,c) the threshold voltagg is set to zero, and the electron and hole mobility
are given by 3x10%cn? Vst and ° Ocn? Vst respectively.Reprinted from
Ref10°,

dependent transport propertiesf a wide range of material&n the following,the working principle
and characteristics of FETwIll be presented andheir application for investigating quantum
transport in graphene will be discussed.

2.4.1SemiconductoFieldEffect Transistors

The (thinfilm) FET consists of an actiager(e.g. a semiconductowith source and drain contacts
which is separated from a tmelectrock by an insulating gate dielectr{seeFigure2.13a)'%. In a
first simplification, theactive layer can be treated aguasi2D and the FET as parallel plate
capacitorwith the gate electrode and the active layplaying the rolesof the capacitorplates
Applying a voltage biag; sbetween drain and source electrodes will introduce a position dependent
voltagew @ insidethe active layerwherecomeasures along the channel from source to di@iee
Figure 2.13a). For pure materials(no traps or doping), the free chargearrier density

¢ @ accumulated in the channel is given#y

Ew 600 o IQ (2.30)

where & is the voltage between gate and souycethe gate capacitance per unit areand ‘Qthe
elementary chargeln real devices, however, the gate voltage netwldill all charge trapdirst,

before anyfree charge carriers can be induced. Thus, the gate voltage is effectively shifted by an
empirical threshold voltagey © @ 6y %112 With equation(2.30) the current through the device
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can be written a¥°

Oofy s Q' G A% (2.31)
where’ is the charge carrier mobility ard the width of thechannel In general, the charge carrier
mobility* can be different for electrons andles.Solving this differential equation yields the ideal
characteristicof a FETas summarized bthe output and the transfecurves(seeFigure2.13b,c)°.
Within the FET characteristics, there are two regimes:lifear regionfor o3 ;:<w oy g@and the
saturation regionat 6y 3> @ oy g(cf. Figure2.13b,0)'%91*112 |n these rgimes, thke solution to
equation(2.31) is given by

AG . L . P T 23
@ O_CU W We OAOE T Ty (2.32)
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where0 is the length of the channaindt ¢ A(bi ¢ is the mobiliy calculated in the saturation (linear)
region Of particular interest when investigatirgemiconducting materials also thedensity and
depth of charge traps®. Within the FET framework, the density of deep tréigs,far away from
the Fermienergyof the active materiabnd the density of shallow trap$; ,close to the Fermi
energy can be estimated usittg

8 Adpe
U3 4 3 Ry (2.39)
bes O Y CEOR 2 _ (2.39)
Q QY pm Al 1I'@g

Here "Yis the temperatureand “Ythe subthreshold swing.

2.4.2 DualGate Graphene Fieldffect Transistors

Besidesthe traditional semiconductor FET#e FET geometry can also be used to investigate
transport propertiesn graphene Whenusing single gate devices, both charge carrier density and
electric field are tuned at the same timalthoughthe electric fieldcomponent can be neglected
for most materials it has significant influence on chargearisportin multilayer grapheneas it
introduces a potential differencéetween bottom and top laye(cf. section2.1.3. Thus, it is
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Figure2.14 DualGate Field Effect Traigtors: (a) Schematic of a duglate graphene field
effect transistor. Graphene is separated from both the top and bottom gate by two insulating
dielectric layers. (b,c) Illustration of the electric field and charge carrier density that are
induced in a Exemplary bilayer graphenedevice (two dark lines) by two different
configurations obottom gateandtop gatevoltages.(b) Forw = @ (and equal bottom and

top gate capacitancesd nonzero charge carrier density is induced in the system, but no
electric field.(c) Forw =-w , the total charge carrier density is zero, but the electric field is
non-zero.

advantageouso disentangle the two comgnentsandtune chargecarrier dendly and electric #Id
independently. This can be done by using a diggite structure as shown Figure2.14a. In this case,
the charge carrier density can be decomposed intcontributions from boththe top gatevoltage
@y and the bottom gatevoltagew (similar toequation(2.30))%>1%.

0,03 0w 0- .

“a oh (2:36)

& k4 Q Q

where6, and0- are the capaitances per unit area from thiop gak andbottom gaterespectively
and| 0,470 is the ratio between theetwo. The electric fieldD perpendicular to the graphene
layer is given by the mean value of the electric field at the bottom and top gate electrode
yielding®1%

&
0O -0 © F‘Q ) (2.37)

Figure2.14illustrates these relations fawo different configurations oty and w . At thispoint, it
is worth noting, thatequations(2.36) and (2.37) are linealy independentand, thus, arbitrary
combinations of and'Ocan be set by an appropriate choices@fandw . Invertingequations(2.36)
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and(2.37) yields

, P, . , , P , ,
)y — Q¢ ¢- ) § —— Q¢ ¢ - 2.
) & € ¢-0 wWprn W a5 € ¢-0 wWin (2.39)

Here, in analogy to the introduction of the threshold voltagej, anddy ;have been introduced to
correct for charge traps screening the gate field.
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3.1Sample Fabrication

3 Experimental Methods

In this chapter, the main fabrication and measurement techrsdhat are employedthroughout
this thesis are presented. During the course of tiesis,great focuswas laid on adopting and
optimizing several state-of-the-art fabrication and measurement technigueBurthermore, a
modular measurement software tgerform electrical measurementwith several different
measurement devices has been deped. Thechapteris organized as follosv First, the general
procedurdor fabricatinghigh-quality 2D materiadevicedsgiven Second, the relevant methods for
characterizing structural and optical properties 02D materials are presented Third the
measurementsetupsusedfor investigatingthe electical transport propertiesof 2D materials and
perovskites are discusseth a last step, thebrief overview over the measurement software
developed during the course of this thesis is given.

3.1 Sampld-abriation

Within this thesis, two different sample geometriagere fabricated (see Figure 3.1). First,
suspended graphene multilayer devices wattsilicon bottom gate and a gold top gat8econd,
multilayer graphene évices encapsulated in hBN witloth graphite contacts angdraphite dual
gates. The procedure employed tproducethese two device typeis different but relied on several
commonfabrication techniguesin the followingall relevantfabrication steps argresented and
the corresponding process parameters are given

3.1.1Wafer Preparation

For suspended devicedegeneratelyp-doped Sivaferswith a300nm SO, top layerwere usedas
substrate The doping level was selected in order to ensure low gate resistiveven at
temperatures close to absolute zerthethickness of the Sidayer waschosento enhancevisibility
of graphene and hB an optical microscogePrior to exfoliation, the substrates wendeanedin
an acetone bath and a subsequent isopropanol bath fmirBeach After blow-drying withdry air,
they wereplasma cleanedPICO Plasma Cleaner, Dienfer) 5 min at 50W in 10sccmO,. For
encapsulated devicegraphene and hBN samples that comprise the final steele prepared on
slightly dopedSi substrates witla 300nm SiQ top layer. Here, thefocus wadaid on ensuringhat
the flakes could beeadily picked up from the substratesitihg theflaketransfer step.Thus, pior
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Figure 3.1 Graphene Device Structur@,b)Line cut along the graphene axis (a) and 3D vie
(b) of a dualgated graphene device witkilicon bottom gate and a goldtop gate (c)
Encapsulated grapherdevicewith graphie contacts and graphite bottormndtop gate

to exfoliation, the substrates wereleaned in Piranha acid for at leg&d min and etcha in 5%
hydrofluoric acid (HHjpr less than 1& removing pproximately 1¢ 10nm of SiQ. Thisenhances
the hydrophobiciy of the substrateand was found to increase the yield of flake pigk After
picking up all flakes of the stadke stack waid down onto a new substrateThis substrate was
preparedsimilar to thesuspended samp#an orderto enhance adhesiobetween thestackandthe
substrate.

3.1.2Exfoliation

Throughout this thesidew-layer graphene and hBMere obtained viamechanicakxfolation from
bulk. Thistechnique althoughbeing very simple and cheap, has proven to yield {ojgality flakes
with excellent electrical propertiésForfew-layergraphene, highly oriented pyrolytic graphied
natural graphitewas used as bulk materiaRoth materialsdisply comparable characteristics, with
the highly oriented pyrolytic graphite yieldingmaller and natural graphite largdlakes. For
exfoliation, a thin layer of graphite was peeled thfe bulk graphite with a adhesivetape (Magic
Tape, Scotch). By repedat peelingwith scotchtape, the graphite on the tapwasthinned down
until only fewlayers of graphite remain Directly prior to exfoliationthe substrates (see section
3.1.7) were preheatedto 100¢ 120°Cfor several minute. The scotch tape with the graphite was
pressed onto the substrate fdr0 ¢ 30sand then carefully removedFewlayerhBNwas exfoliated
from crystals obtained from K. Watanabe and T. Taniguchi (National Institute for Materials Science,
TsukubaJapan) The exfoliation of hBN isompletelyanalogous to graphite. Howevenstead of
scotch tape, blue Nitto tape (SWT20+, Nittegs usedFurthermore, in orderd increasehe yield,
hBN crystals were crushed into smaller grairier to exfoliation. After efoliation, promising flakes
on the graphene ohBN wafers were locatedsing optical microscopgnd further analyzedwith
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Figure3.2 Electron Beam Lithographya) First, the PMMA resist (red) is spin coated onto tt
substrate (grey) with the graphene or hBN flake (black)tap. (b) The regions that are
supposed to be etched are exposed with an electron beam. (c) Immersing the sample in the
developer dissolves the previously exposed areas. (d) The exposed graphene (or hBN) is etched
in the ICFRIE while the remaining graphe is masked by the resist. (e) In a final step, the
resist is dissolved and lifted off. (f) Variation of (e) if metals were deposited in step (d) instead
of etching.

Raman spectroscopy, atomic force microscopy acanning neaffield optical microscopysee
section3.2).

3.1.3Structuring

In order to improve the overall homogeneity and cleanliness of the samples, it is often inevitable to
remove undesiredegionsof the flake or stack. For examplestificking order is importanit is highly
advantageous to cut out the area$ the samplewith homogeneous stacking ordesince domain
walls between stacking domains are very likely to mavgredictably during processing®.
Furthermore, to enhancthe stability of suspended graphene structures, it is advisabgrtacture
graphene into ribbons of X; 2 um width. Within this thesis, two methods for patternirgraphene

(and hBNjvere used: reactive ion etching and scanning probe lithography. First, reactive ion etching
is a very versatile method to etch materials of arbitrary thiess by bombarding them with reactive
high-energy ions. In combination with electron beam lithography, it can be employed for
nanostructuring of both graphene and hBXcombinations of themFigure3.2 shows aschematic
overview of a typicateactive ion etchingvorkflow. First, a 4.5vt.% solution of the positiveesist
polymethylmethacrylat (PMMA) 930dissolved in anisole (AR672.045, Allresist) was spin coated
onto the sample at 806pm for 1s and then at @00rpm for 30s. After spin coating, the resist was
soft-baked at 150C for 3min. Contacts were patterned via electron beam lithography at\1@vith

a dose of 11uCcm? and 170u Ccm? for the 10pum and 60um apertures respectively. The
structureswere developed in a 1:3 solution of methylisobutylketon (MIBK) in isopropanolrfin 2

After development, the samples were rinsed with isopropanol and flded withdry air. Then the
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structures were etched via inductilyecoupled plasma reactiveon etching (ICHRIE Plasmalab
System 100, Oxford Instruments). By using appropriate parameters and gas mixtures;Himg
selectivity between graphene and hBN can be maximized. For selectively etching graphene, a flow
of 10sccm Q@and a pressure of @ Tor with an ICP power of AV anda RFpower of 144W was
used. This yielded an etching rate ofid min. For etching hBN, a flow of $8cm Sftogether
with 5sccm Ar and a pressure of @drorr with an ICP power of ¥ and a Rpowerof 50W was
used. Hre, the etching rate was approximately @t min. In order to liftoff the remaining PMMA
mask, the sample was submersed in acetone. Afterwards, the sample was soakdethptN
pyrrolidone (NEP) at 6@ for several hours to remowaost PMMA residuesand rinsed with
acetone and isopropanol.

Although reactive ion etching is very effective astdaightforward inevitable PMMA residues
strongly hamper subsequent flake transfdithus,reactive ion etchings not suitable to pattern
graphene flakes that arset for encapsulation in hBScanning probe lithographig an alternative
state-of-the-art method for patterning thin materials that completely avoids device
contaminatiort'®. In principle, iis basedn a standard contaahode atomic force microscedsee
section3.2.3for more detail$ with a metal tig*>. By applying a higfrequency AC voltage bias
between tip and substrate, the underlying material can be locally etched with nanometer resolution
via anodic oxidatiolt®. Moving the tip along a line or a predefined pattern allows for precise
structuring of the underlying materigf. Within this thesisa gold tip and @onstantcontactmode
force of 100¢ 150nN and a scanning speed 2fum s! wasused(see also sectioB.2.3. The best
etching results were achieved with &€ voltagdsiasof 10V and a frequency c40kHz.

3.1.4Flake Transfer

In order to fabricateencapsulated graphene devicestexhniqueto consistently pick up hBHNr
graphene flakeand transfethem toanothersubstrateisimperative In cooperation withS. Palmer,
S. Wakolbinger, R. Schelwald. Dembeckiand A.M. Seiler a transfer technique that avoids
interlayercontamination wasdapted fromP.J. Zomet®andD.G. Purdié'’. In thismethod, flakes
aretransferredby means of stampthat consistf ablock of polydimethylsiloxan(PDMS) and a
film of polycarbonate (PC). Twild the stamp, PDM$®as prepared using a commercially available
kit (Sylgard 184, Dowsil) with a mass ratio of 10.5:1 between base and curing Adtent.
preparation, PDM8Ims with a thickness opproximaely 2 mmwere castanddriedin vacuum for
24 h in order to remove bubble®C filmswith a thickness of approximately0 ¢ 20um were
preparedusinga film applicationmachine (ZAA 2300, Zehntnaxjth an 8wt.% solution of PC
(Poly(Bisphenol A carbongt&igmaAldrich) in chloroform Here, thetotal height of the blade (ZUA
2000, Zehntner) was set I675um and the speed t& mm s?. Afterwards, the PC films werkied
for at least 1h in air.Havirg prepared all components block of2 x 2 mm of PDMSwvascut out of
the PDMS filmand placed onto grecleanedglass slideA window slightly larger than the PDMS
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Figure3.3 Flake Transfer{a) First, &nBN flakdorming the basis of the stadias to bepicked

up. The hBN flake was positioned directly below the stamp and the substrate was heated to
40°C. (b) In order to pick up the hBN flake, the stamp was slowly brought into contact with
the substrateThen the temperature was ramped to 80 and back down to £C to bring the

PC in contact with the flake during heating and delaminate it from the substrate upon cooling.
(c) After pickup, the stamp with the hBN flakeasretracted. (d) Once all desirddkes had

been picked up using the technicgliown in(a-c), the substrate was heated to 180. (e) The
stack was laid down by slowly bringing the stamp and the stack into contact with the
substrate. (f) The PC was melted together with the stack ontaubstrate and the stamp

was retracted.

blockwascut into a doublesided adhesive tapand placed onto the glass slide, such that the PDMS
block satinsidethe window ofthe adhesivdape. The PC filmvaspicked up with aother tape(again
with a window slightly larger than the PDMS block) andgedon top of the PDMS blockThe
process of building a staci encapsulated graphene is shown schematicallyigure3.3. First the
top hBN flakewvaspicked up.Thiswasdone by heating thsample stage td0 °C andoringingthe
stamp into contact with thesubstrate. By heating theample stage over the course 20 min to
60°C, the contact arebetween stamp and substratecrease and bingsthe hBN in contact with
the stamp. Cooling down the stadmck to 40°C slowy retractsthe stamp andielaminateshe hBN
from the substrate It is worth noting, that these elevated temperatures are chogerder to
increasethe adhesion ohBN to PC relative to Si&. This proceswasrepeatedin orderto pick up
graphite contacts, the multilayer graphene flakbe bottom hBN flakeand, lastly, the bottom
graphite gateln this process,he strong adhesion of graphene to hidilitatesthe delamination
of flakes from the SiOExcept the first hBN flakeontactbetweenthe stamp andgubsequent layers
of the stacksminimizedgreatly reducingnterlayercontamination.Once all flakes hlhbeenstacked
onto each othera clean substratavas prepared andheated to 180°C above glasdransition
temperature of PC'Y £ 150°C1"118). Then, the stampvastilted by a few degrees and brought into
contactwith the substrae. Byslowlyadvancing the contact frontrappedinterlayercontaminants
can be pushed out yielding large, blisfeze areasAt 180°C, the P@rimarily adheres to the Si©
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Figure 3.4 Suspending Duabated Graphene Device&) Graphene on a Si/Si@ubstrate
with gold contacts together with an additional Si€pacer and the gold top gateefore
etching. (b) Etching the structure with HF completely removes thes@@er due to its low
guality and isotropically etches parts of the S@Dthe substrate. Regions masked by the
contacts remain protected, while regions directly below graplaeestched uniformly.

instead of the PDMS. Thusfter 30 mins, the stamp carslowlybe peeled away Bving the stamp
together with the PC melted onto the substrate.a laststep, the PQvasremoved by soaking the
sample in chloroform for at leasttl Thereafter, the staclwasannealed in aacuumchamber at a
pressure of less thahx 10 mbarand 200°Cfor 12 hto reduce the amount of bubbldarther. The
top gatewasadded by repeating this procegsrst,anhBN andsubsequentlya graphiteflakewere
picked up Then, both flakesvere melted onto thealready preparedstack. Finally,the PCwas
removed with chloroform andhe stackwasannealed again.

3.1.5Contacting

In order toelectrically contact the graphene flakeontact lines and padsere defined viastandard
electron beam lithographgnd metals were depositedn encapsulatedamples, electridecontact
to the graphene flake was establisheid graphite contacts. Thus, ortlye graphite contacts and
the two gateswere contacted rather than the graphene flake itséif suspended samplelsowever,
the graphene flakesvere contacted directly.The contacts were fabricated simildo the recipe
presented insection3.1.3 After defining the electrical contacts via electron beam lithograguny
developing the resistmetals were depositedin an electronbeam physicalvapor deposition
chamber(electronbeam PVDat pressures of less than&l0’ mbar (see alsd-igure3.2f). First,a
5nmadhesion layer ofhromiumat a rate of 0.1 0.3 A s* wasevaporated Second, dayer of gold
at arate of 0.8¢ 1.4 As® wasdeposited. The thickness of the gakhs chosen according the
application, but ranged between 50m ard 150nm. For suspended samples, the contamashad
been cleaned for Min in a UV/Ozone cleandd{ Ozone Cleanddssih)prior to metal evaporation
in order to improve the contact resistané&<!2%,
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Figure3.5 Current Annealing(a) Twepoint resistance (including the line resistance of th
cryostat) as function of the top gate voltage before (black) and after (red) current mmpea
After current annealing, the resistance peak associated with the charge neutrality point of
multilayer graphene is clearly visible. (b,c) Drain current and resistance of the final drain
voltage ramp during the current annealing procedure. The draitage was ramped up to
0.7V above the onset of the resistance increase at approximatélyréd arrow). The curve

in (a) was measured directly after this ramp.

3.1.6 Suspending and Wet Etching

In order to sispendgraphene devicgsa mehod developed by K.I. Bolotfrand extended by R.T.
WeitZ” wasadapted. This methoduses the fact, that HF based bufferedxide etch (BOEgtches
SiQ, but leavesgrapheneas well asgold and chromiumunetched. Thus, sbmersinga fully
processed graphene devigeHFuniformly and isotropically removédke SiQ includingat the area
below the graphene flak@egionsmasked byontactsthe remain uretched®2. The uniform etchirg
below the graphene flake is rather surprising, but can be explained by a raping prapegfatie
HF along the graphene/Si@terface®. As a result, the graphene flake is suspended between its
metallic contactsIn order to fabricate dual gate devices, first a spacer of S Figure3.4a) was
defined usinglectron beam lithographyThe processvasanalogoudo the recipe insection3.1.3
However instead ofusingone layer of resistwio layesand a deviopment time of 3:30min were
used.Then, 80 nm of SiQ wasevaporatedviaelectronbeam PVt a rate of8 ¢ 20As™. In a next
step, gate contactsvith 5nm of chromium and 168m of goldwere defined in a similar wafsee
Figure3.4a). In order to suspend graphene, the structwassubmersedn BOE 1:Tor 100swhich
removes approximately 150m of the SiQ substrate The Si@spacerthat had been evaporated
previously however,was etched almost instantly delto itsinferior quality. In order to prevent
collapse during dryindhe devicesveretransferred into an ethanol bath ardtied in a critical point
dryer (K850, Quorum TechnologigBhe resulting structure is shown Figure3.4b.

39



Chapter3: Experimental Methods

3.1.7Bonding

Beforemeasuringthe electrical propertiest cryogenic temperatures, the samplegre mounted
onto a sample holdewith silver conductive paint. The contact paslere connected to thesample
holder pins with gold wireasingawedge bonder (MEI 1204W, Marpet Enterprises)

3.1.8CurrentAnnealing

Suspended graphene devices typically have a substantial amount of contaminants and residues on
the graphene surface that greatly reduce the quality of the devizerent annealing is an eabyt
yet very effective methodo remove these contaminanis-situ by forcingalarge currentthrough
the graphene devicdé>'% Due to dissipation, thénigh current densityis accompanied by strong
heating that removes the absorbed contamination$??!?3 Figure 3.5a shows an exemplary
measurement illustrating thencrease in device quality during annealikgjthin this thesis, current
annealingwas implemented as followsThe drain voltage across the graphengas rampedin
consecutive rungo higher and higher value8etween each rampghe quality of the devicavas
monitored via gate sweep#t some voltage, therain current starts to saturateand the overall
deviceresistance starts to increasgsee Figure 3.5b,c). The best resultsvere achieved, when
annealing up to drain voltagepproximately 0.% 1.5V above the onset of the resistance increase

3.2 Microscopy and Spectroscopy

In order to find suitable and higguality mutilayer graphene flakeas well as to characterize their
structural properties, various microscopy and spectroscopy methoele employed within this
thesis. Firstmultilayer graphendlakeswere located and theitayer numbemwasdetermined using
optica microscopyln order to verify thenumber of layersaandto determine the stacking order,
Ramanspectrawere taken. The amount of dirt on the flakes or the presence of folds and wrinkles
was determined via atomic force microscopyAFM) Lastly, tovisualze stacking order domains
within the flake with nanometer resolution scattering scanningnearfield optical microscopy
(ssSNOMwasemployed. In the following, these methods are presented in more detail.

3.2.1OpticalMicroscopy

After exfoliation,optical micrecopywasused to locatepromising flakesand determine their size
homogeneityand number of layersCompared to other methods, optical microscopgs the
advantage of beingimpleand efficientin mapping out an entire waferin a reasonableamount of
time. In addition it provides afirst measure of the layer thicknesBespitebeing only one atom
thick, monolayer graphene absorbs a significant fraction of2 & the incidentvhite light'?%. The
absorbance of graphenis a direct consequence of gxotic electronic propertis and is solgl
defined by the fine structure constahif. Furthermore, theabsorbanceof a graphene flake scales
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Figure3.6 Optical Microscopy(a) Graphee flake on a Si/SiQubstrate with both bilayer (2L)
and trilayer (3L) regions. The backgrotomirected grayscale image was calculated using the
green channel only. The original fodilor image is shown in the inset. (b) hBN flake on a
Si/SiQ substrate The backgroundorrected grayscale image was calculated from the red
channel. The original image without the bapdss filter is shown in the inset.

approximatelylinear with layer thicknes$®. The contrast in an optical microscope, hewer, is not
only determined by the opacity ofultilayergraphene, but also bthe thickness of the Si@ndby
the wavelength of the incident light?>125, For examplemultilayergraphene withup to fivelayers

is wel distinguishableon a substrate with a Si@hickness of 30@im and white lightillumination,
but almostindiscernibleon wafers with 200nm SiG'?°. An example of an optical image and the
optical contrast of graphene is shownhigure3.6a. In order to determie the lagr number,the
optical contras® of the green channel is used as it yisttle bestresults. In this context, the optical
contrast is defined as

where©and’©: arethe intensities of the grapheneflake and the background respectiveWithin

this thesis, gorogramto correctfor a polynomiabackgroundstemmingfrom inhomogendies in
illumination intensity) and to determine the contrast ofgraphene flakes was developed. This
allowed for fast imge processing and provided a robust and consistent way to obtain graphene
contrast valuesThe experimentally determined optical contrast values for graphene multilayers up
to five layers are summarized fable3.1. However, due to the high standard deviation of the
contrast valuesthe layer numberhas always been verifiadith Raman spectroscopy (see section
3.2.2.In contrastto graphene thelayer numberof hBN flakesn a 300hm SO, substratewasbest
discerniblewhen using a bangass filter with_=650+20nm (see Figure3.6b). However, the
optical contrast only provided a rougtstimate of the layer number and the AFM was used to
determine the thickness of the hBN flakasge sectior8.2.3. For all contrast mesurements, a 100
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Figure3.7 Raman Spectroscopya) Raman spectra of grapne with layer numbers of one
(black) up to five (yellow). The spectra are normalized and offset’lbyL00cnt* from the
trilayer spectrum for clarity. For more than two layers, the spectra corresponding to ABA and
ABC stacking order are shown asdahd dotted lines respectively. (b) Raman spectra of ABC
trilayer graphene (black) together with a Lorentzian fit (red) that allows to determine the
FWHM.

Measurement | Stacking 1L 2L 3L 4L 5L
Optical
Both 26+1.0 | 58+15 | 87+15 | 11.9+15 | 159+2.0
Contrast [%]
FWHM ABA 49.3+1.1 | 50.9+0.9 | 53.0+0.6
26.5+1.2 | 45.9+1.2
2D Peak ABC 54.6+2.4 | 57.5£1.9 | 58.0+1.3

Table 3.1 Graphene Layer Number and Stacking Order Determinatidéxperimersl
calibration data of both theoptical contrastof the green channel anthe FWHM of the 2D
Raman pealirom monolayer to tetralayer graphene

objective (LD EC Epiptteofluar 100xZeiss) has been used.

3.2.2Raman Spectroscopy

After selecting promisingmultilayer graphene candidates via optical microscopy, Raman
spectroscopy was used to verithe number of layeras well ago determine and majthe stacking
order of the flakeFor this purpose, the 2Ramarmode of multilayer graphene is especially suitable
as isshape is very sensitivte stacking order anthyer numbet?’. The 2D peak originates from a
secondorder Ramarprocessthat involves two transverse optical phondfA%!?°, The line shape of
the 2D peaks determined by the relative contributions of different scattering pathslving boh
conduction andralence band<€’?%, Thus, ifs sensitive tahe band $ructure of the materialat the
given excitation enerdy"!?°. As the bad structure exhibits strong dependenceon both layer
number and stacking order (cf. secti@nl.3, the line shap®f the 2D peak is a powerftbol to
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Figure 3.8 sSNOM and Raman Maps of Trilayer Grapher(@) Backgound-corrected
grayscale image of a trilayer graphene flake. (b) Raman map of the flake shown in (a) with the
color indicating the FWHM. Higher values correspond to areas with ABC stacking order, lower
to ABA stacking order. (c) Map of the SNOM scatteintensity of the flake shown in (a).
Correlating the stacking order domains with the Raman map in (b) yields that blue domains
correspond to ABA and white/red domains to ABC stacking order.

assess the structural properties of graphéhié”*%. However,it is worth noting, that other factors
such as strain or doping can influence time shape of theD pealkas wel] but are expeted tobe
much weaket*%133 To reduce complexityfitting a single Lorentzian to the 2D peak and extracting
the FWHM was shown to providefacile and effectivaneasureof the layer number and stacking
order*®0, This also allowsor generatingmaps of the stacking order bscanning the flake and
extractingthe FWHMof the 2D pealat eachposition. Unfortunately, the resolution is limitday the
spot sizeof the laserof approximately Jum. Withinthis thesis, an excitain wavelength of 538m
(Thorus 532, Laser Quantyimvas used. Thiaser was focused onto the sample usingiaroscope
with a 100xobjective(MPlanFL N 10@Ilympusg and spectra were recorded using spectraneter
(Spectrometer iIHR550, Horiba Scienjifidth a 1800 lines per mngrating. Calibrationspectra of
the 2D peakhat wereobtained for graphene flakes with up to five layare shownin Figure3.7.
The spectra are imood agreement withthe data presented in literaturé?’. Furthermore, the
correspondingFWHMvaluesare given inTable3.1. A Raman map of a trilayer graphene flake
together with the optical image flake is shovexemplarilyin Figure3.8a,b. For hBN, however,
obtaining the layer numbervia Raman spectroscopg much moredifficult asvery low wave
numbers in the range of 56m? have to be resolvednd only layernumbers belowten are well
distinguishablé&*. SincenBNflakes used for stampintgpicallyhave more than 1@m thicknessvith
several tens of layers, Raman spectrosdgpyot suitablefor hBNthicknessdetermination.Instead
within this thesisthe thickness of hBN flakésdeterminedvia AFM.
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