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Chapter 1

Introduction
The discovery of graphene opened a new chapter in materials science in 2004, since this is the first one atom
thick two-dimensional (2D) material ever isolated, despite the previous expectation of 2D crystals being
unstable at finite temperature.1 In the next years, intense study revealed its outstanding electronic properties
including the massless Dirac nature and the chirality of the charge carriers originating from the non-trivial
Berry phase, the Klein tunnelling, quantum electrodinamical effects at 300 times lower speed than the speed
of light, or the half integer quantum Hall effect.2–8
There exist other layered crystals as well of which a single crystalline layer can be produced via the same
micromechanical cleavage as in the case of graphene.9 These include metals, semiconductors, insulators,
furthermore semimetals, superconductors or strongly correlated materials.10, 11 Atomically thin layers show
novel electronic properties compared to their bulk counterparts, such as an indirect-to-direct semiconductor
band gap transition and emergent photoluminescence in MoS2 with decreasing number of layers,12, 13 the
magnetic structure of CrI3 that depends on the number of layers,14 or the appearance of a topological
insulating phase in single layer WTe2 .15–20 Further advantage of the thin layers is the possibility of tuning
the Fermi potential and thus the charge carrier density using electrostatic gating.3
In addition, stacking these layers on top of each other is also possible, where covalent bonds stabilise the
atoms in the component layers, which are held together by the van der Waals (vdW) interaction.10, 21 There
are multiple techniques that can be used to make such vdW heterostructures, among which the one that yields
the best quality results is the dry stacking assembly method.22 It allows to combine single or few layer thick
crystal flakes of any suitable material with an arbitrary orientation angle with respect to each other, which
leads to a much larger range of possibilities than any layer-by-layer epitaxial growth process. The interaction
between the component layers further modifies the electronic properties of the heterostructures and results in
a plethora of interesting systems, which have been the subject of extensive research in recent years.23, 24
Combining different layers and creating various designs, vdW heterostructures exhibit a large variety of
transport phenomena. This technique results in devices that benefit not only from the protective nature of
hexagonal boron nitride (hBN) layers that can be used to encapsulate a vulnerable one like graphene,25 but
also exhibit different behaviours to the individual component layers due to interlayer interaction, e.g. proximityinduced SOC in heterostructures consisting a graphene and a transition metal dichalcogenide (TMDC) crystal.
A thin hBN layer can act as tunnel barrier between two conducting layers,26 which is widely used in spin
valves.27–32 Magnetic insulator layers can be used to locally modify the magnetic field acting on the charge
carriers.33 An improved version of the stacking method also opened the possibility to align the component
layers’ crystal orientation, or to misalign them at an arbitrarily specified angle, thus leading to the observation
of various exotic phenomena. Due to the small difference in the lattice constant of graphene and hBN,
aligned graphene/hBN heterostructures exhibit moiré effects in the transport: secondary Dirac points, the
Hofstadter’s butterfly and Brown–Zak oscillations appear.34–40 Moiré effects also appear in graphene–graphene
heterostructures, where for certain rotation angles, called magic angles, flat bands form where correlation
effects dominate leading to Mott insulator or superconducting phases.41, 42 Orientation angle can determine
whether neighbouring layers are coupled or decoupled in twisted double bilayer graphene.43, 44
7
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CHAPTER 1. INTRODUCTION

My PhD thesis reports advancements on various parts of the fabrication and study of vdW heterostructures.
Possible directions in the development of vdW heterostructures include the search for new component materials.
However, some of the layered crystals are challenging to use due to various reasons,45 especially, the easy
exfoliation of thin flakes is crucial. Among the promising candidates, the ternary bismuth tellurohalides (BiTeX,
X= Cl, Br, I) represent a notable class. Due to the component atoms and the inherent polar structure,46
these materials show giant Rashba-type spin-orbit coupling (SOC), the strongest in BiTeI,47, 48 which is a
promising building block in developing graphene-based spintronics devices. However, exfoliating single layers
of BiTeI (SL BiTeI, a single triplet of Bi, Te, and I atomic layers) remained elusive for a long time. Generally,
the possibility of cleaving a single or few layers thick flake is provided by the large difference in the bonding
strength of the intra- and interlayer bonds. In contrast, the polar structure of BiTeI implies an interlayer
coupling with more ionic character than the vdW force in case of graphite or hBN. My early experiments
using the conventional mechanical exfoliation process produced flakes of thickness only about 50–100 nm, with
very limited lateral size, which is unsuitable to building layered heterostructures. As presented in this work,
a possible solution to overcome this problem is to perform mechanical exfoliation on a gold surface, which
proved to be efficient in producing SL BiTeI with lateral size up to 100 µm. This result is an important step
towards the application of this giant Rashba material in vdW heterostructures.
In transport experiments, an important detail of the heterostructures is the design of the electrical contacts
to the conducting layer, which is graphene in the cases discussed in this thesis. Since it is usually covered
with another material in a heterostructure, most often with hBN, contacting is done conventionally using
one dimensional (1D) contact interfaces at distinct points of the boundary of the conducting layer of the
heterostructure.49 In contrast, I present hBN/graphene/hBN heterostructures with point-like contacts inside
the graphene sheet using a pre-patterned top hBN layer at the stack assembly. These contacts, called
inner point contacts (PCs), are far away from the boundary of the graphene flake and, therefore, they are
topologically separated from each other. This separation leads to an insulating behaviour between any of the
PCs in the quantum Hall regime, as I demonstrated using measurements at high magnetic fields.50
Another experimental degree of freedom in studying vdW heterostructures is the interaction strength of
the component layers which depends primarily on the interlayer distance. Although the interlayer coupling
is generally fixed for each device at fabrication time by rotation angle or interface contamination, among
others, it is possible to tune the interlayer coupling at post-fabrication time by applying hydrostatic pressure
on the device. Later in this thesis, an example is shown, where layer distance is reduced by 10%. Despite
being widely awaited theoretically, only few experimental studies appeared until recently,51–53 because the
conventional way of performing transport measurements on nanocircuits is incompatible with the hydrostatic
pressure environment. In this thesis, I present a measurement method that overcomes this problem by using
a dedicated sample holder head in a piston-cylinder hydrostatic pressure cell.54 This method can be used
to conduct hydrostatic pressure experiments more easily and, therefore, faster with higher yield than the
alternatives in the literature. Furthermore, it does not require modifications in the nanocircuit design like
oversized bonding pads or uncommon size restrictions. As a result, experiments can be performed on samples
that have not been originally designed with hydrostatic pressure studies in mind. I also show how a top hBN
layer can protect the heterostructure against chemical degradation in the organic pressure medium.54
The hydrostatic pressure is expected to push the component layers closer to each other, which increases
the interlayer coupling. This effect is demonstrated in this thesis on a WSe2 /graphene/hBN heterostructure.
The high-SOC material WSe2 , as other transition-metal dichalcogenide (TMDC) materials, is known to
induce proximity SOC in graphene in a heterostructure.29, 55–65 The hydrostatic pressure increases the
proximity-induced SOC in the graphene layer, which is demonstrated in a series of magneto-conductance
transport measurements.66 These results prove the usability of the measurement setup, which continues to be
the most used at BME Nanoelectronics Lab in the study of 2D materials and planned to be a cornerstone of
numerous future experiments.67
This thesis is organized as follows. After a brief theoretical introduction in Chapter 2, the general methods
of creating vdW heterostructures are presented in Chapter 3, including exfoliation, characterisation and the dry
stacking assembly method. Then, in Chapter 4, a detailed description is presented of the mechanical exfoliation
of SL BiTeI flakes along with characterisation measurements that prove that the surface is continuously
covered by a single layer of the material. In Chapter 5, devices featuring PCs are presented and characterised
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both without and with magnetic field. Then, we turn to the hydrostatic pressure experiments. In Chapter 6,
I present the dedicated sample holder and the corresponding experiment preparation method to conduct
high hydrostatic pressure transport measurements on a nanocircuit, and present experimental evidence of the
protective role of the top hBN layer. In Chapter 7, hydrostatic pressure experiments are discussed that reveal
the potential usability of this method and the effect of the applied pressure on the proximity-induced SOC in
a graphene/TMDC structure. Finally, in Chapter 8, I summarise my findings.
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Chapter 2

Theoretical introduction
In this chapter theoretical models and formulas are briefly summarised that will be used throughout the thesis.
We start with the van der Waals force and its role in the solids. Then, a short description is given of the
relevant properties of the component materials of vdW heterostructures studied in later chapters. Finally, we
turn to the transport phenomena that are needed to interpret the measurement results.

2.1

The van der Waals interaction

Solids are composed of atoms bound by different types of bonds. In metals, the electrons of the outer shell,
hence bonding electrons, become delocalised and leave behind a positive ion core. In the case of covalent and
ionic bonds, the bonding electrons are localised between the ion cores or on one of the cores. In all these cases,
the interaction between the atoms is mediated by the electrons of the outer shell. In case of noble gases, the
outer shell is closed as well as the inner ones, which hinders the formation of any of these bonds. However,
the much weaker van der Waals (vdW) interaction can be formed, which will be discussed below.
Two stable and inert closed-shell atoms or molecules form molecular crystals, where cohesion is provided
by quantum fluctuations. A fluctuating dipole moment of one atom polarises the closed shell of the other and
induces a dipole moment, then the spontaneous and the induced dipoles can interact via the Coulomb force,
as shown schematically in Figure 2.1a-b. This interaction is called the vdW interaction, and the corresponding
force is the vdW force. The electric field of a dipole moment has a distance dependence |E| ∝ R−3 , where R
is the separation of the two atomic centres. The interaction energy between the fluctuating and the induced
dipoles therefore shows a R−6 dependence, and its precise form can be calculated using perturbation theory:68
EvdW = −6

e20  a0 5
,
4π0 R R

(2.1)

where a0 is the Bohr radius and e0 is the elementary charge. The vdW force does not only decay faster, but
it is much weaker than the Coulomb force in real crystals, since the atomic separation is much greater than
the Bohr radius, and the ratio in the parenthesis is much less than 1. For this reason, the presence of this
interaction is only significant where there is no other interaction between the atoms. This is the case in many
layered crystals and heterostructures.
Due to the vdW force, even the neutral atoms with no permanent dipole moment attract each other. This
attractive interaction would cause the vdW crystal to collapse if it were not balanced by an inter-atomic
repulsion at some distance. This repulsion comes from the overlap of the electron clouds and the Pauli
exclusion principle, which becomes significant as the separation parameter R becomes comparable to the radii
of the atoms. At this point, the atoms can be modelled as rigid spheres, which is usually simply represented
by a high-power repulsive potential. For computational simplicity, the R−12 power is widely used, which
constitutes the Lennard-Jones potential, see Figure 2.1c,68
11
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Figure 2.1: (a) Two neutral atoms placed close to each other. Due to the lack of electric charge and dipole
moment, no interaction is present. (b) However, an attractive interaction can be formed between a spontaneous
dipole moment and an induced one, which is the vdW interaction. (c) Lennard-Jones potential. Strong
repulsion for R < σ prevents the crystal from collapsing, and also to hold balance to an external pressure.
(d) Schematic structure of bonds in graphene, a single layer of graphite. The strongest, in-plane covalent
bonds have a σ-type character. The out-of-plane π bonds give rise to conduction electrons of semimetallic
behaviour in the layers. The vdW interaction between the neighbouring layers in graphite is much weaker
than the in-plane bonds. (e) Stacking of different layered crystals on top of each other results in new, artificial
crystal heterostructures. (f) Few Lego bricks assembled analogously to the principle of stacking crystals in
vdW heterostructures. Panels e–f were adapted from Ref. 10.

U (R) = 4




σ 12  σ 6
−
.
R
R

(2.2)

The parameters  and σ are characteristic of the elements. This potential shows a well defined minimum,
which determines the equilibrium distance between the atoms. This inter-atomic distance can be reduced,
however, by applying an external pressure on the crystal, which is one of the main goals of this thesis.

2.1.1

Graphite, an example of layered crystals

Most atoms that do not have a closed outer shell are capable of forming multiple bonds with their neighbours.
These bonds are not necessarily of the same nature, which often leads to a complex structure of bonds in a
crystal, e.g. in the case of graphite. It is composed of carbon, the element of atomic number 6. Its electronic
configuration in the atomic ground state is correspondingly 1s2 2s2 2p2 . The 1s orbital is closed and therefore
inert. The 2s orbital is roughly 4 eV lower than the 2p orbitals in the isolated atom case, but in presence of
other atoms such as H, O or other C atoms, excitation of one 2s electron onto the third 2p orbital is favourable.
This opens the possibility for the 2s and 2p orbitals to form bonds, which can take place in different forms.
In case of acetylene and other organic materials, sp1 hybridisation can take place. In case of diamond, sp3
hybridisation of the orbitals leads to four identical covalent bonds between a single carbon atom, and its
neighbours and the corresponding crystal structure is a diatomic face centred cubic lattice.69
In contrast, graphite consists of hexagonal layers of carbon atoms, named graphene long before its
discovery.70 Graphene layers are built up by sp2 covalent bonds, the remaining fourth, pz electrons of each
carbon atom forming a delocalised π cloud leading to a semimetallic behaviour, as presented in Figure 2.1c.
Due to their symmetric structure and neutral charge, neighbouring graphene layers can be only held together
by the vdW force in a graphite crystal. Since this form of interaction is much weaker than the covalent σ
bonds, it is possible to isolate single layer graphene flakes using mechanical exfoliation without breaking the
layer’s internal structure, and also leads to the working principle of ordinary pencils. The energy difference
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Figure 2.2: (a) Real space lattice of a graphene sheet. The hexagonal structure corresponds to a diatomic
trigonal lattice with lattice vectors a1 and a2 and the vectors pointing toward the nearest neighbours
δi , i = 1, 2, 3. (b) The first Brillouin zone of graphene. The reciprocal lattice vectors are denoted as b1 and
b2 . Γ is in the origin of the (kx , ky ) coordinate system, K and K’ are the two non-equivalent Dirac points.
Figure adapted from Ref. 74.
between these interactions was demonstrated experimentally by observing the interlayer shear modes via
Raman spectroscopy a few years ago.71–73

2.2

The building blocks of vdW heterostructures

There is a wide range of layered crystals that, like graphite, can be cleaved into few or one layer thick 2D flakes
for a similar reason.9 Among them we can find insulators, semiconductors, semi-metals, metals, magnetic, or
correlated materials such as superconductors or Mott insulators.10 Stacking different 2D crystals on top of
each other is possible, a process that is similar to combining Lego blocks, as shown in Figure 2.1e–f. In the
resulting heterostructures, the interlayer cohesion is provided by van-der-Waals-like forces, which are strong
enough to stabilise the stacks under ambient conditions. Interaction between the neighbouring layers can lead
to proximity effects, for instance, spin–orbit effects or magnetic ordering can appear in layers that originally
do not show any of them. This will be addressed within this thesis. Moreover, the hybridisation of states
of different layers can radically change the electronic structure, which can lead to, e.g. the moiré physics of
crystallographically aligned heterostructures.41, 42
In the following, we introduce some of the building blocks of vdW heterostructures. We start with
graphene, which is the first and most studied material of this class. We elaborate on its electronic structure
and describe transport phenomena in it, since it is usually the layer that provided electronic conduction
in our heterostructures. Then we turn to transitional metal dichalcogenides (TMDCs), which are layered
semiconductors with larger SOC than graphene. Their role is to induce proximity SOC in the graphene layer.
Their conducting properties were not directly measured in our case, because all the measurements took place
in the band gap of the TMDC material.

2.2.1

Graphene

The lattice structure of graphene
Graphene has a 2D hexagonal (or honeycomb) lattice, which can be described as a trigonal Bravais lattice
with a diatomic basis labelled A and B sites, as shown in Figure 2.2a. The network of the A and B sites
construct the A and B sublattices of the crystal. The lattice vectors are

14
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Ek
K
K'
kx

ky

Figure 2.3: The band structure of graphene generated from Equation 2.8 using parameters t = 2.7 eV and
t0 = −0.2t. The lower (π ∗ ) and the upper (π) bands touch at the Dirac points. Inset: close-up of the
quasi-linear touching bands near the K point. Figure adapted from Ref. 7.
√
√
3a
a1 = ( 3, 1)
2

√
√
3a
a2 = ( 3, −1)
,
2

(2.3)

where a = 1.4 Å is the bond length, i.e. the distance of neighbouring carbon
√ atoms. The lattice constant of
the trigonal Bravais lattice is the length of the lattice vector, i.e. ã = 3a = 2.4 Å. The vectors pointing
toward the nearest neighbours (NNs) are
 √ a

√ a
δ1 = 1, 3
, δ2 = 1, − 3
, δ3 = (−1, 0) a.
(2.4)
2
2
The hexagonal Brillouin zone is shown in Figure 2.2b along with the two reciprocal lattice vectors b1 , b2 as
well as the high symmetry points K and K’, called Dirac points, which are of particular interest:
2π √
(1, 3),
3a

b2 =

√
2π
(1, − 3)
3a

(2.5)

2π √
2b1 + b2
= √ ( 3, 1),
3
3 3a

K0 =

2π √
b1 + 2b2
= √ ( 3, −1).
3
3 3a

(2.6)

b1 =
K=

In this section, we highlight the key features of the commonly used tight-binding model describing the
low-energy behaviour of graphene based on Ref. 7 presented by Wallace.75 The strong covalent σ bonds form
states far from the Fermi energy compared to the states of the π band, so in the following we describe the
latter. The Hamiltonian of electrons in graphene that takes into account the hopping between the NNs and
next-nearest neighbours (NNNs) terms, in second quantised form is as follows:
X †
X
H = −t
(ai,s bj,s ) − t0
(a†i,s aj,s + b†i,s bj,s ) + H.c.,
(2.7)
hi,ji,s

hhi,jii,s

where hi, ji and hhi, jii marks the summation over the pairs of first and second neighbours, respectively,
a†i,s creates an electron with spin s on site A of the unit cell Ri , which corresponds to a pz atomic wave
function ϕ(r − RA,i ), whereas bj,s annihilates an electron of spin s on site B of the unit cell Rj . The first sum
represents the NN hoppings, which always take place between sublattices, whereas the second sum belongs to
the NNN hoppings, which preserves the sublattice degree of freedom. The value of the hopping integrals can be
estimated using ab initio calculations, which result in t ≈ 2.7 − 3.0 eV and −0.2t / t0 / −0.02t.76, 77 Cyclotron
resonance measurements indicate t0 ≈ −0.1 eV.78 During the NN hopping the electron also changes sublattice,
whereas at NNN hopping, the electron stays on the same sublattice.
The energy bands of the above Hamiltonian are described by
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p
E± (k) = ±t 3 + f (k) − t0 f (k),

(2.8)

∗

where the ± sign corresponds to the upper and lower (or π and π) bands, respectively, and the structure
factor f (k) comes from the geometrical arrangement of the NNs:
f (k) =

3
X

ikδ α

e

√

√

= 2 cos( 3ky a) + 4 cos

α=1




3
3
ky a cos
kx a .
2
2

(2.9)

By simple substitution, it is easy to see that E± (K) = E± (K0 ) = −3t0 , therefore the π and π ∗ band touch in
these points, which are called Dirac points (DPs). The band structure is shown in Figure 2.3 with a close-up
to the vicinity of one of the DPs, which shows the touching bands with a nearly linear character. These
touching bands are also called Dirac cones due to their shape and are surrounded by regions called K and K’
valleys. Due to the spin degeneracy, the one 2pz electron per carbon atom, and the total number of states in
the π and π ∗ bands being equal, the π band is filled and the π ∗ is empty in pristine graphene, therefore, the
Fermi energy is exactly at the touching point, which is therefore also called charge neutrality point (CNP).
Using the substitution of q = K − k (or K’) near the two DPs, the second order approximation of the energy
can be written in the form
 0 2

  
9t a
3ta2
q 3
0
2
E± (q) ≈ −3t ± ~vF |q| −
±
sin(3θq ) |q| + O
,
(2.10)
4~
8~
K
where the Fermi velocity vF = 3/2 ta/~ ≈ 1 · 106 ms−1 and the angle in the momentum space
 
qx
θ(q) = arctan
qy

(2.11)

were introduced. The threefold symmetry in θq of the quadratic term is called trigonal warping.79, 80 Since t0
does not appear in the linear term in q, it is often neglected for low energy excitations. Then, the bands
touch at zero energy, and the expressions 2.8 and 2.10 become symmetric to electrons and holes. Keeping
only the linear term of Equation 2.10 close to the CNP, the massless Dirac fermion spectrum is found
  
q 2
E± (q) ≈ ±~vF |q| + O
.
(2.12)
K
We now investigate the above approximation in the description of the electrons near the DPs. After
linearisation, the electron states can be described by the amplitudes Ψ = (aK , bK , bK0 , aK0 ) (note the switch
of sublattice indices in the K’ part). In the effective Hamiltonian, also called Dirac Hamiltonian, both the
valley and the sublattice degrees of freedom act as pseudospins called valley and sublattice pseudospins (or
sometimes called isospins and pseudospins, respectively), operated by the Pauli matrices τz and σ = (σx , σy ),
respectively, with their conventional indexing of x, y, z. The Hamiltonian can be written in the form
H = vF τz ⊗ σ · p,
where p = ~q, and the opposite phase evolution in the K–K’ valleys is represented by τz :


σ
0
τz ⊗ σ =
.
0 −σ

(2.13)

(2.14)

An electron (or hole, according to the ± sign) in each of the valleys can be represented in the reciprocal space
as
 iθ(q)/2 


0
e
iθ(q)/2 

0
1 
1 
0
±e
 ΨK


ΨK
(2.15)
± (k, r) = √ 
∓ (k, r) = √ ±eiθ(q)/2  .

0
2
2
iθ(q)/2
0
e
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Due to the appearance of θ(q)/2 in the exponent, if an electron completes a cyclotron orbit, it accumulates a
Berry phase of π. The implications of this will be discussed in Chapter 7. Another remarkable feature of the
electron states in graphene is their chirality, i.e. the locking of the sublattice pseudospin to the momentum, as
a conserved quantity in case of low excitations, without NNN hopping.
Taking into account the spin and valley degeneracies of gs = 2 and gv = 2, respectively, the electron
density can be calculated as a function of the Fermi wave number:
n(kF ) =

gs gv 2
kF2
k
π
=
,
(2π)2 F
π

(2.16)

therefore, kF2 = |n|π. It is useful to convert n to a function of energy, using Equation 2.12:
n(E) =

1 E2
.
π ~2 vF2

(2.17)

The Fermi level dependence on the charge carrier density and the density of states per unit area are found
using straightforward algebra:
E(n) = ~vF
ρ=

p

π|n|,

(2.18)

dn
2|E|π
2kF π
= 2 2 =
.
dE
~ vF
~vF

(2.19)

The Rashba SOC
So far, we did not take into account the spin of the electrons. Electron spins are rotated by a magnetic field
or as a result of the electron moving in the presence of an electric field, which also results in an effective
magnetic field in the frame of reference of the electron according to the Lorentz transformation. Both fields
can be of external origin induced by the experiment apparatus, or due to the crystal structure, which is a
form of the SOC. In the graphene-based vdW heterostructures, an asymmetric layer structure can lead to
such an electric field, which is called the structural inversion asymmetry. This asymmetry is represented in
the microscopic model by the Rashba–Bychkov SOC Hamiltonian (or simply Rashba SOC):81, 82
HR = λR (sx ky − sy kx ),

(2.20)

where sx , sy are the Pauli matrices acting on the electron spin and λR is the Rashba parameter that characterises
the coupling strength. Across this thesis, SOC is studied in different systems. The Rashba SOC has a major
influence on the band structure of BiTeI, as discussed in Chapter 4, whereas the appearance of both the
Rashba and valley–Zeeman SOC in the graphene band structure is studied in Chapter 7.
Graphene in magnetic field
In this section, we discuss the behaviour of π-band electrons in the presence of an out of plane magnetic
field, the same findings apply to the π ∗ -band holes. In the semi-classical approach, the electrons follow a
closed orbit in the reciprocal space called cyclotron orbit due to the Lorentz force. Although the electrons
in graphene are called massless due to the linear dispersion and therefore zero effective band mass, one can
define a cyclotron mass as
m∗ =

1 ∂A(E)
2π ∂E

,

(2.21)

E=EF

where A(E) is the area of the cyclotron orbit. In case of electrons in graphene close to the DP, the
band is isotropic and the cyclotron orbit is circular with a radius of the Fermi wave number, therefore
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A(E) = π · q 2 (E) = π · E 2 ~−2 vF−2 and the cyclotron mass of the Dirac fermions depends on the Fermi level of
the system, which is in contrast to the regular materials with quadratic dispersion:
√
1
1
π √
∗
=
m =
·q
kF =
· n.
(2.22)
~vF
~v
~v
F
F
q=kF
To describe the electron states in the Dirac picture in the presence of a homogeneous, out-of-plane magnetic
field B, the vector potential A is used as B = rotA. In the following, we choose the Landau gauge , i.e.
A = (−By, 0, 0).The presence of the magnetic field introduces the magnetic length and the cyclotron frequency
using the elementary charge e0 :
r
~
lB =
,
(2.23)
e0 B
√
2vF
ωc =
.
(2.24)
lB
The Hamiltonian presented in Equation 2.13 is therefore modified as the vector potential is added to
the momentum operator. Here, we only consider K valley electrons for simplicity, i.e. our 2D basis is
(ψK,A (k, r), ψK,B (k, r)), and p = −i~∇:
~vF [σ(p + e0 A)]ΨK (r) = EΨK (r).

(2.25)

Motivated by the translational invariance of the Hamiltonian in Equation 2.25 we use the ansatz7 for the
spinor ΨK (r) = ϕ(y)eikx x and the substitution
ξ=

(y − y0 )
,
lB

2
y0 = lB
kx

(2.26)

to arrive to

ω
0
√c
2 ξ + ∂ξ


ξ − ∂ξ
ϕ(ξ) = Eϕ(ξ).
(2.27)
0
√ −1
√ −1
By introducing O = 2 (∂ξ + ξ) and O† = 2 (−∂ξ + ξ) 1D oscillator annihilation and creation
operators, respectively; the common interpretation of Equation 2.27 is a set of oscillators centered at y0 with
a vertical dimension on the order of lB . Using the step operators on the sublattice space σ± = σx ± iσy ,
Equation 2.27 can be transformed into
(Oσ+ + O† σ− )ϕ(ξ) =

2E
ϕ(ξ),
ωc

(2.28)

which demonstrates that creation and annihilation also induces a sublattice switch. The ground state can be
first determined by choosing E = 0 in Equation 2.28, which is found to be on sublattice A:


ψ0 (ξ)
ϕ0 (ξ) =
,
(2.29)
0
where ψ0 is the ground state of a harmonic oscillator. Note that the ground state of the K’ valley is centred on
sublattice B. The existence of a zero energy mode is an unusual consequence of the linear dispersion relation
and is the reason of the appearance of the anomalous half-integer quantum Hall effect, which will be detailed
in Section 2.3.2. The creation of the subsequent states in both direction from the CNP can generate all the
2
solutions, which are described by the usual solutions of the harmonic oscillator ψN (ξ) ∝ HN (ξ)e−ξ /2 , where
HN is the Hermite polynomial of the Nth order:


ψN −1 (ξ)
ϕN,± (ξ) =
.
(2.30)
±ψN (ξ)
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Figure 2.4: (a) Structure of a multilayer hBN crystal. Individual sheets are similar to that of graphene, but
the two sublattices are filled with B and N atoms. Figure adapted from Ref. 84 (b) Optical micrograph of
hBN flakes of different thickness exfoliated on a polypropylene carbonate (PPC) transfer foil. (c) Optical
micrograph of hBN flakes of different thickness exfoliated on a 300 nm thick SiO2 substrate. The colour of
the flakes indicate their thickness and is a result of an interference effect of light beams reflected on various
interfaces in the Si/SiO2 /hBN structure.
The energy of these solutions called Landau levels follows a square-root dependence:83
p
√
EN,± = ±~ωc N = ±vF 2e0 ~|B|N .

(2.31)

This square-root dependence results in non-equidistant Landau level spacing, unlike in semiconductors or
other electron gases with quadratic dispersion relation. The level of degeneracy gLL can be calculated as
follows. In a sample of lateral dimensions (Lx , Ly ), the periodic boundary condition implies that
kx =

2π
·b
Lx

b ∈ Z,

(2.32)

while the centre point of the oscillators also have to be in the sample, i.e. 0 ≤ y0 ≤ Ly . Using Equation 2.26,
this limits the available values of b, and the number of available states is
∗
gLL
=

Ly Lx
2 2π .
lB

(2.33)

At the K’ point, a similar set of states appears effectively doubling the available states at a Landau level, and
the electron spin also adds a factor of 2 if the Zeeman energy is negligible. Altogether, the degeneracy of a
Landau level in graphene is
gLL =

2Lx Ly
2 .
πlB

(2.34)

In the following, the spatial degeneracy will be omitted and the degeneracy will be treated as four-fold.

2.2.2

Hexagonal boron nitride

Due to its 2D nature, graphene is particularly vulnerable against surface contamination. More or less any
kind of atoms, ions, organic or inorganic molecules deposited on the surface of the graphene flake impose a
rough perturbation in the electrostatic potential that contribute to scattering processes,7 thereby reducing the
electronic quality of the flake, e.g. the charge carrier mobility or the mean free path. Graphene is unavoidably
exposed to this kind of contamination during different sample fabrication steps: the substrate of the mechanical
exfoliation, the air environment (unless exfoliated in inert atmosphere in a glove box, which complicates the
process), and the chemicals used during the lithography process that provides electronic contacts, all contain
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materials that can contaminate the graphene flake. Since its successful synthesis a few years ago,85–87 hBN
became the most used form of protection.
The hBN crystal is a layered structure very similar to graphite, but in this case, the hexagonal layers
contain boron on sublattice A and nitrogen on sublattice B. The bond length is 1.4 Å and the layer spacing
is 3.2 Å, which is also similar to graphene.84, 87 Due to the composition of a group III.A and a group V.A
element, this crystal is an indirect gap insulator with a gap size of Eg ≈ 6 eV.85, 87 However, similar to direct
gap semiconductors, a bright luminescence can be measured, but this is due to phonon-assisted indirect
exciton recombination.88, 89 Due to the large band gap, hBN does not play a role in the transport of charge
carriers in an hBN-encapsulated graphene sheet, which takes place at much lower energies.
Due to the sp2 hybridisation, hBN layers are, like graphene, mechanically and chemically very stable.87 Exfoliating hBN flakes is therefore a relatively straightforward task that produces a large amount of 10–30 nm
thick flakes, which is ideal for most applications of protection or layer separation, therefore these types of flakes
are the most widely used. It has been shown that hBN bottom layers can serve as an exceptional substrate to
the graphene flake,90, 91 and two-sided encapsulation can preserve its high electronic quality making visible
even the fractional Hall effect.25, 92 Contamination originating from the kerosene exposure, a pressure medium
that is an organic compound containing various molecules, can completely smear any characteristics of
graphene, but a hBN layer can protect it successfully, as will be shown in Chapter 6. Furthermore, many
layered materials are unstable in an ambient environment, such as black phosphorus or mostly metallic
TMDCs such as CrI3 and In2 Se3 .93, 94 These materials require special care: they must be exfoliated in an
inert environment, and some additional protection is also needed. Encapsulation by hBN before exposure to
air is an efficient way to protect these layers as well.94, 95
Flakes below six atomic layers (ca. 2 nm) of thickness start to exhibit tunnelling effects through defects,
which can limit their usability as a gate dielectric.96 Flakes of three layers or less exhibit tunnelling even without
the presence of defects and can be used as tunnel barriers in spin valves and other tunnel contacts.28, 97, 98 It
is possible to exfoliate even single layer flakes of hBN on SiO2 , however, the yield of the process is relatively
low and the detection by optical microscope requires narrow-band color filters.99
Furthermore, the lattice constant of hBN is ã = 2.5 Å,84 which is ca. 2% larger than the lattice constant
of graphene. Stacking graphene and hBN with careful crystal orientation alignment leads to the formation
of a moiré supercell. The moiré effect induces minibands in the band structure, i.e. smaller replicas of the
hexagonal Dirac structure in the momentum space.100 The lattice constant of the moiré supercell is ca. 15 nm
if the layers are perfectly aligned,101 which is large enough that the Brown–Zak oscillations and Hofstatter’s
butterfly can appear.37, 38

2.2.3

Transition metal dichalcogenides

Graphene was the pioneer of 2D materials and continues to be the target of intensive research and industrial
development due to the high charge carrier mobility, long electron spin lifetime, the unique nature of massless
fermions, and many more interesting properties. However, the semi-metallic behaviour, i.e. the lack of band
gap of pristine graphene hinders many applications in electronics and optoelectronics. Although a band gap
can be induced using electric field in bilayer graphene,105, 106 this leads to substantial increase in device design
and fabrication complexity. Confinement potential in graphene nanoribbons can also produce a gap, but
this also reduces the design possibilities of 2D devices, furthermore, edge roughness can quickly destroy the
gap, which hinders many practical uses of this approach.107, 108 Therefore, alternative, semiconducting 2D
materials were needed. This need was met by the transition metal dichalcogenides (TMDCs), but their use
became recently much more prevalent in vdW heterostructures.
TMDCs are a class of composition MX2 , where M denotes a transition metal (Mo, W, Nb, Ti, Re, Hf,
Zr, V, Pd, Pt, and more) and X the chalcogen (S, Se, Te). Electronic properties vary from metallic through
direct and indirect gap semiconducting to superconducting, correlated or topological insulating.109–114 We
discuss below the TMDC compounds that are the most extensively studied and most commonly used in
vdW heterostructures, the group VI.B TMDCs, where M is Mo or W, with a distinct attention to the most
important material in this thesis, to WSe2 . Nevertheless, some of these findings also apply to other members
of the TMDC family. They are composed of hexagonal layers that are not atomically thin but a ca. 6–7 Å
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(a)

(c)

(b)

(d)

Figure 2.5: (a–b) Atomic coordinations for WSe2 . The six Se atoms reside on the vertices of the solid, whereas
the W atom is placed in the centre. (a) A right trigonal prism. This polyhedron, unlike the octahedron,
does not contain inversion. (b) An octahedron, or trigonal antiprism, is a Platonic solid possessing inversion
symmetry. (c) Bird’s-eye view of the crystal structure polymorphs of a typical multilayer TMDC crystal, e.g.
MoS2 or WSe2 . (d) Top view of the 2H polymorph, which is equivalent to the hexagonal 2D lattice. Panels
a–b were adapted from Refs. 102, 103, whereas panels c–d from Ref. 104.
thick sandwiched triplet of X–M–X atoms. They are considered 2D materials because the interlayer vdW
interaction provides the possibility of cleaving few or single layer thick flakes.3, 12
In the TMDC layer, each transition metal atom forms covalent bonds towards the six neighbouring
chalcogen atoms and obtain an oxidation state +4, whereas a single chalcogen atom is in the oxidation state
−2, bonded to three metals. The lone-pair electrons of the chalcogen atoms are placed in the outer face of the
triplet making the layer chemically inert towards the environment.111 The crystal coordination of the metal
atom in a single layer can be of two kinds: the trigonal prismatic and the octahedral, see Figure 2.5a–b.
In multilayer crystals, the combination of the atomic coordination and the layer stacking order results in
different polymorph phases, which are presented in Figure 2.5c. The trigonal prismatic coordination can form
the 2H polimorph phase, which tends to lead to semiconducting behaviour. This is the thermodinamically
favoured structure in most Mo and W compounds. Layers of this coordination following a rhombohedral
stacking order results in the 3R phase, which we do not discuss here.111 The alternative crystal coordination
is the octahedral, or trigonal antiprismatic structure that forms the 1T phase, which usually results in metallic
or semi-metallic behaviour with exceptions of the Hf and Zr compounds that are semiconducting.112, 115
In many cases, e.g. in case of MoS2 or WSe2 , the compound is a semiconductor in its 2H phase whereas it
shows metallic behaviour in the 1T phase.116, 117 An atomic layer gliding transition transforms one phase to
another,112 which opens the possibility to change artificially between the phases using electron beam,118 ion
intercalation,119, 120 or laser irradiation.121 The most relevant type of external manipulation tools in the current
context is the possibility of polymorph transformation under pressure. While the 2H phase being transformed
into 1T as the pressure grows, the semiconducting behaviour turns into a metallic one.122–126 Since the 2H is
more stable than the 1T phase, thermal annealing results in a 1T→2H transition.120
In the 2H polymorph phase for multilayer crystals as well as in the trigonal prismatic monolayer, the
atoms are arranged following a 2D honeycomb lattice viewed from the top, as shown in Figure 2.5d. This
honeycomb lattice leads to a hexagonal BZ, where the two valleys are formed around the nonequivalent K and
K’ points. Due to the absence of inversion symmetry and a strong SOC induced originating from the heavy
W atoms, a strong spin splitting is found in the two valleys. The two valleys have opposite Berry curvatures,
therefore the spin splitting is opposite in the K and the K’ valleys, as shown in Figure 2.6a, which is called
the valley–Zeeman effect and causes that the electron spin be locked to the valley. Other implications include
the possibility of valley manipulation via magnetic moments; or circular dichroism, where circularly polarised
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Figure 2.6: (a) Valley–Zeeman effect in WSe2 in the conduction band (CB) and valence band (VB). The
spin splitting is opposite in the two valleys. The figure is adapted from Ref. 127. (b) Top row: calculation
of band structure without SOC, bottom row: SOC included. The valence band splitting does not depend
strongly on the number of layers. Adapted from Ref. 128.
light can induce excitations only in one valley.129–132 The extent of the spin splitting appears not only in the
monolayer, but also in few layer flakes according to ab initio calculations, see Figure 2.6b.128 The link between
the circular polarisation and the valley can also be exploited by polarisation-resolved photoluminescence,
which is a good tool to demonstrate the valley–Zeeman effect in monolayer WSe2 or other TMDCs.133–140
Although WSe2 itself shows interesting phenomena, it can also be used in combination with graphene.
In these heterostructures, the low energy graphene states in the gap of the WSe2 are modified due to the
interaction between the layers. The role of WSe2 in the current work is to provide proximity-induced SOC
to the interfaced graphene layer. In addition, the various properties of the TMDCs open the possibility of
applications in various fields other than electronics such as lubrication due to the low friction coefficient
of MoS2 originating from the interlayer vdW interaction,141 electrocatalysts for the hydrogen evolution
reaction (i.e. the hydrogen production by water electrolysis, H+ + 2e− → H2 ), energy storage, or other surface
chemistry uses.111

2.3

Transport phenomena in graphene-based vdW heterostructures

Electronic transport measurements are an efficient way to reveal many details about a physical system. In
this thesis, each transport experiment involves a graphene-based van der Waals heterostructure, which is
contacted using metallic leads that can act as source or drain electrodes, voltage probes or can be left floating
if not used. Additionally, the device is equipped with one or more gate electrodes, the role of which is to
modify the electrostatic potential in the sample. An example of such a device is shown in Figure 2.7a and is
detailed in the next section. The measurements are carried out in cryogenic environment, where the external
magnetic field and the sample temperature are also tunable. The technical realisation of the experiments is
detailed in Chapter 3.
In this work, voltage-bias measurements were performed, which involves the application of a voltage
VSD on the source electrode and the measurement of the current ISD that flows through the sample, then,
the differential conductance G = dISD /dVSD is calculated, which characterises the device. In some cases, a
four-terminal measurement provides more detailed information about a part of the device using additional
voltage probes. To take into account the sample dimensions, conduction is then transformed into conductivity
by σ(Vg ) = G(Vg )LW −1 , where L and W are the length and width of the sample, respectively, for a measured
segment of rectangular form. If the device is not rectangular, additional considerations are to be made. Such
a situation is described in Chapter 5. In this part, we detail transport phenomena that can be captured using
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these measurements. In some cases, the resistance R = G−1 and the resistivity ρ = RW L−1 are used.
An electron propagating in a graphene layer encounters various kinds of scattering events that modify some
of the graphene’s properties. The frequencies of these scattering events are characterised by corresponding
lifetime and length parameters, which are the expected time and the displacement the electron performs
between two scattering events, respectively. The relation between these length scales and their relative size to
the dimensions of the sample determines the effects visible in the device.
The Fermi wavelength λF = 2π/kF is the scale at which the behaviour of electrons is dominated by strong
quantum mechanical effects, e.g. quantised conductance. This is the working principle of quantum point
contacts, which can be fabricated in graphene sheets in various ways, e.g. by constrictions patterned by AFM
cleavage lithography, as we showed in a collaborative work.142 The condition of the semi-classical approach is
that the Fermi wavelength should be smaller than both the sample dimensions and the other length scales
listed here.
The momentum relaxation time τm is the expected time elapsed between two subsequent scattering events
that result in a momentum change with the corresponding mean free path lm = vF τm , which is the length that
the electron propagates in a ballistic way. Devices at or below this length scale exhibit ballistic effects, like
electron refraction, reflection, or magnetic focussing. However, conventional graphene samples exfoliated on
SiO2 substrate usually exhibit lm ≈ 10–100 nm, at which length scale device fabrication is almost impossible
in standard laboratory environment. Therefore, graphene-based ballistic experiments became feasible only
in suspended samples,143 or in encapsulated samples,92 where lm ≈ 1–10 µm can be reached. If the length
scale of the device exceeds the mean free path, the motion of the charge carriers become diffusive. This is
the regime we will face throughout this thesis across various samples. The motion can be described using a
random walk model and the Langevin equation.
The τso spin relaxation time and the τϕ phase relaxation time are the characteristic times of losing the spin
and phase information, respectively. The spin information is usually lost by scattering on magnetic impurities
or via spin–orbit interaction, which is explained later in this section. The phase relaxation time corresponds to
inelastic scattering events and sets the time scale below which the phase coherence is conserved and interference
effects can occur. Since these time scales are usually larger than τm , the electrons propagate√diffusively
while p
they lose spin and phase coherence. Therefore, the corresponding length scales are lso = Dτso and
lϕ = Dτϕ , where D is the diffusion constant. The value of D can be obtained for the sample from the
conductivity using the Einstein relation:
D=

σ
,
e20 ρ

(2.35)

where ρ is the density of states of the graphene sheet obtained from Equation 2.19, and e0 is the elementary
charge. The further discussion of these time and length scales is in Section 2.3.3.

2.3.1

Electrical response to gate voltage

Due to its 2D nature, the charge carrier concentration n in graphene can be tuned using a single or multiple
gate electrodes that are interfaced to the heterostructure, see an example in Figure 2.7a. A gate electrode on
the top of the heterostructure, separated by a hBN or a grown oxide layer, such as MgO or HfO2 , is called top
gate. A gate electrode on the SiO2 surface of the substrate, beneath the lowest layer of the heterostructure is
called bottom gate. Whereas both of these are carefully positioned with respect to the sample in order to
tune a part or the whole of it, the doped bulk Si under the SiO2 layer can also be used as a global back gate
electrode, which affects the whole surface of the substrate. Multiple electrodes can be used to tune different
lateral regions of the graphene sheet separately, which opens the way to different kinds of pn-junctions. In the
following, we assume a simple case of a single gate electrode and the graphene sheet. First, we investigate the
behaviour outside the charge neutrality region, then we elaborate on additional effects at the CNP.
Here, the electrode acts as one plate of a parallel plate capacitor while the graphene is the other, and
the insulating layer between the two serves as gate dielectric. Both electron and hole concentration can be
induced due to the semi-metallic nature of graphene. To perform calculations for both, we introduce the
electric charge of one charge carrier
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Figure 2.7: (a) Schematic side view of a hBN/graphene/hBN heterostructure equipped with electric side
contacts and various gate electrodes as detailed in the main text. (b) A typical measurement data of a
two-terminal gate response experiment, where the conductance G is plotted against the back gate voltage
Vbg . The conductance minimum is at VCNP , where the Fermi energy is at the CNP. Above (below) VCNP ,
the Fermi energy is tuned in the electron (hole) band, as indicated by the two insets, and the conductance
increases due to the increasing number of conducting electrons (holes).

q = αi e0

i ∈ {e,h}

(2.36)

with e0 being the elementary charge and αi = ±1, where the negative (positive) sign corresponds to the
electrons (holes). A naive approach to calculate n does not take into account the finite density of states of
graphene and assumes fully metallic behaviour. If a voltage Vg is applied to the gate electrode, the induced
electron concentration can be calculated as
n=

1
C̃geom (VCNP − Vg ),
q

 −2 
m

(2.37)

where q is the charge of one charge carrier, C̃geom is the geometrical capacitance, i.e. the capacity over unit
area, [AsV−1 m−2 ], and VCNP is the CNP voltage, above (below) which electrons (holes) populate the graphene
sheet. Although in the ideal case, the Fermi level in a standalone, charge neutral and pristine graphene sheet
is exactly at the CNP, i.e. VCNP = 0, a real graphene sample is exposed to various effects by its environment.
The presence of charged particles in the proximity of the sheet creates electrostatic potential in the graphene,
into which additional charge can be transferred via the ground electrode. This results in a finite VCNP voltage,
which is directly related to the chemical doping of the sample. The geometrical capacitance is calculated using
the parallel plate capacitor model. For a capacitor with one homogeneous layer of dielectric, the capacitance
can be calculated as


As
ε0 εr
C̃geom =
,
(2.38)
d
Vm2
where ε0 is the vacuum permittivity, εr is the relative permittivity of the dielectric, and d is the thickness of
the dielectric. If there are multiple layers of different materials between the graphene and the gate, e.g. a
SiO2 and an hBN layer in case of an encapsulated sample and its back gate, each layer should be calculated
−1
−1
−1
according to 2.38, and added as if these capacitances were in series: C̃geom
= C̃geom,1
+ C̃geom,2
. With all the
considerations here, a shorthand for Equation 2.37 can be written as
n = αVeg

(2.39)

using Veg = (VCNP − Vg ) and the parameter α (without subscript) called the lever arm of the gate.
In the measurements discussed below, a semi-classical picture describes the electron propagation reasonably
well. The measured conductivity both in the electron and hole bands can be expressed using the charge carrier
density as
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σxx (Vg ) = σyy (Vg ) = µ(Vg )e0 n(Vg ),
2

(2.40)

−1 −1

where µ(Vg ) [m V s ] is the mobility of the charge carrier, which, by definition, connects the velocity of
the charge carriers in a semi-classical picture and the in-plane electric field as v = µ|E|. The increasing
conductivity leads to increasing conductance of the sample, as shown in an example two-terminal measurement
in Figure 2.7b. The value of mobility is used as a figure of merit to assess the quality of the device in the
measured segment, since it directly reflects the value of the mean free path lm :
µ=

e0 lm
.
~kF

(2.41)

Typical mobility values of graphene flakes exfoliated on a SiO2 substrate are found roughly gate independent
and in the order of 103 cm2 V−1 s−1 , while encapsulated and suspended graphene flakes generally show mobility
values in the range of 104 − 105 cm2 V−1 s−1 , with the best samples in the literature exhibiting µ up to the order
of 106 cm2 V−1 s−1 , where the mean free path and the mobility are practically limited by device size.90, 144, 145
The value of the mobility can be different for electrons and holes; as well as in different segments of the
same device for the same charge carrier. The simplest way to give an estimation for the mobility is based on
a linear fit of σ(Vg ) at the steepest part of the curve for both sides. The slope is then converted to mobility
using Equation 2.40.
However, in case of a two-terminal measurement, this picture is only accurate if the series resistance due
to the electrical contact interface between the lead and the graphene sheet is negligible with respect to that of
the graphene itself. At high gate voltages, where large charge carrier densities provide high conductivity in
the graphene sheet, the role of the contact resistances increases. This results in the saturation of the σ(Vg )
curve far from the CNP.
At voltages close to the CNP, the conductivity decreases, but it does not become zero, and correspondingly,
the resistance does not become infinite, as opposed to what is expected in the naive picture of Equation 2.40
due to multiple reasons. In a realistic sample, the chemical doping of the sample is inhomogeneous, which
causes that the Fermi level in various parts of the sample cross the CNP at various gate voltages. Therefore,
there is no gate voltage at which the entire sample is tuned to the CNP, but electron and hole populated
regions coexist in the sample within the proximity of the CNP. This results in the conductance curve becoming
shallower and wider near the CNP, as shown in Figure 2.7b. The width of the peak characterises the charge
homogeneity of the sample.25 In addition, there is a minimal conductance even at the CNP due to the
Zitterbewegung, a kind of jittery motion of the electrons, which is characteristic for two dimensional chiral
fermions.7, 146, 147 This behaviour of the sample close to the CNP can be taken into account by introducing a
minimal conductance G∗ in parallel with the linear term. The minimal conductance along with the contact
resistances leads to a more elaborate fitting formula of the two-terminal gate response:
Ri (Vg ) =

1
+ RC i ,
∗
αi µi C̃(VCNP − Vg ) W
L +G

i ∈ {e,h}

(2.42)

for electrons (Vg > VCNP ) and holes (Vg < VCNP ), respectively.
Furthermore, if the Fermi level is close to the CNP, the metallic picture of graphene does not hold any
more, and the finite density of states ρ must be taken into account commonly known as quantum capacitance.
−1
−1
This shows up as an additional term in the capacitance as C̃tot
= C̃geom
+ (e20 %(E))−1 .148 This leads to a more
complicated electrostatic situation, where ρ depends on the Fermi level and thus on the gate voltage itself.

2.3.2

Transport in magnetic field

Measurement in a Hall geometry
In this section, we discuss how the electronic transport in a rectangular segment of a 2D device in out-of-plane
magnetic field can be described. In vdW heterostructures-based nanocircuits, devices are often shaped into a
Hall bar shape, which is depicted in Figure 2.8a. A long straight central segment is equipped with extensions
on both sides and on both ends toward electronic leads, numbered from 1 to 6 on the figure. There are many
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different permutations to carry out the measurement, we now revise the case when the technical current I is
driven through the sample from contact 1 to contact 4 due to a source–drain bias voltage VSD . Additional
voltage probes are used to measure the longitudinal Vx and transversal Vy voltages, which are linked to the
corresponding electric fields Ex and Ey . We assume that the current in the central segment is homogeneous
and only flows in the x direction due to Kirchhoff’s first law. The current density can be written in form of a
2D vector as
  

jx
IW −1
j=
=
.
(2.43)
jy
0
Ohm’s law links the electric field E of the central segment and the current flow using the resistivity tensor
  
 
Ex
ρxx ρxy
jx
E=
=
= ρj.
(2.44)
Ey
ρyx ρyy
jy
In practice, measurements are carried out in circumstances where the linear approximation of the dispersion
relation of graphene does hold, and the effect of trigonal warping in Equation 2.10 is negligible. Therefore,
graphene-based heterostructures are regarded as isotropic, which simplifies the ρ matrix as ρxx = ρyy . For the
interpretation, the conductivity tensor σ is often used instead of the resistivity:

 
σxx σxy
Ex
j = σE =
,
(2.45)
σyx σyy
Ey
where trivially σ = ρ−1 .
Weak magnetic field and the classical Hall effect
In weak magnetic field, the orbit of the propagating charge carriers with charge q (see Equation 2.36) is curved
due to the Lorentz force which induces charge accumulation on one side of the sample. The accumulation
continues up to a point where the corresponding electric field holds balance with the Lorentz force F = qv × B
and the charge carriers propagate straight on. This leads to the resistivity tensor
!
B
ρxx − qn
ρ= B
.
(2.46)
ρxx
qn
The current in Equation 2.43 induces a finite Vy = Ey · W , which is called the Hall voltage. The Hall
resistance, calculated by dividing the Hall voltage by the current, provides information about the charge
carrier density:
RH =

Vy
Ey
B
=
= ρyx =
.
I
jx
qn

(2.47)

Historically, the classical Hall measurement was an important step in understanding hole conduction in
semiconductors. In graphene, the charge carrier concentration can be tuned by gate potentials and thus the
value of the Hall resistance varies as well as its sign changes by switching from the electron to the hole band.
Hall measurements can be a proof of the presence or absence of magnetic field in the sample. Inversely, if the
magnetic field strength is known, it can be used to determine the charge carrier concentration as well as the
(electron or hole) character of the charge carriers.
Increasing the magnetic field strength: phenomenology of the quantum Hall effect
When the magnetic field strength is increased, the Hall resistance ρxy increases linearly with the magnetic field
strength in the classical Hall regime. Then, distinct plateaus appear superimposed to the linear dependence at
certain electron concentrations, as shown in Figure 2.8c. Transformed to conductivity, these plateaus become
equidistant and are exactly at integer multiples of the conductance quantum G0 = e2 /h:
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Figure 2.8: (a) Schematic view of a Hall bar in a Hall measurement in an out-of-plane magnetic field B.
The current I is driven through contacts 1 to 4 due to the source–drain bias voltage VSD . The longitudinal
four-terminal voltage Vx is measured between contacts 6 and 5, whereas the transversal four-terminal voltage
Vy is measured between contacts 2 and 6. (b) Schematic representation of the Landau levels bent due to the
confinement potential. Blue lines represent Landau levels that are flat in the bulk and bent near the edge of
the sample with the numbers noting their index. The 0th Landau level is split into two doubly degenerate
levels, whereas all the others remain four times degenerate. At the crossing point of the chemical potential
and the Landau levels edge states appear that constitute conducting channels along the boundary of the
sample. (c) Quantum Hall effect. The transversal conductance σxy forms plateaus at values of certain integer
multiples of the conductance quantum, while the longitudinal resistivity ρxx drops to zero at these places.
Panel c is adapted from Ref. 3.
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e2
= νG0 ,
(2.48)
h
where ν ∈ Z is called the filling factor, the value of which depends on the underlying physical system and
reveals important features of the device. In graphene, the plateaus are at values ν = ±2, ±6, ±10 . . . , as
discussed below.
In the longitudinal resistivity ρxx , which starts constant for weak fields, oscillations appear in the magnetic
field for intermediate field values, which are called Shubnikov–de Haas oscillations (SdHO). The onset of the
SdHO gives information about the device quality and the charge carrier mobility can be estimated. The
appearance of the cyclotron orbits and the formation of the Landau levels are only possible if scattering occurs
more rarely than the time needed to complete a cyclotron orbit, i.e.
σxy = ν

ωc τm ≥ 1.

(2.49)

This translates into µq Bonset ≥ 1, where the Bonset onset field is measured and the parameter µq can be
calculated as an estimate to the charge carrier mobility. This estimate is often called the quantum mobility of
the sample.
In high enough fields, the minima in the SdHO of ρxx become zero at charge carrier concentrations where
ρxy has a plateau, whereas peaks appear at inter-plateau concentrations. This is the quantum Hall effect,
which has been discovered in silicon-based mosfet by Klaus von Klitzing,149 who has been awarded the 1985
Nobel Prize in Physics for this discovery. This effect is so strong in graphene that it is measurable even at
room temperature for high enough magnetic fields.150
Localised and edge states, cyclotron and skipping orbits
In strong magnetic field, as discussed in Section 2.2.1, harmonic oscillator states are formed in the bulk of a
graphene sheet. These harmonic oscillator states in the bulk of the graphene sheet are spatially localised and
form dispersion-less, discreet energy levels called the Landau levels, which are four-fold degenerate due to spin
and valley, for each y0 parameter. Therefore, the Landau levels are insulating in the bulk of the graphene
sheet if the Fermi energy is tuned in the gap, i.e. between two Landau levels. Due to the confinement potential
at the boundary, the Landau levels bend near the edge: the π band (positive energy) levels bend up, and the
π ∗ band (negative energy) levels bend down, as shown in Figure 2.8b.151, 152 A special case is the zero-energy
level, which is split into a doubly degenerate up bending part, and a doubly degenerate down bending part.
The bent Landau levels that originate from between the Fermi energy and the CNP cross the Fermi energy
near the edge of the sample (see Figure 2.8b), where each level forms a conducting edge state (degeneracy
excluded). Due to the substitution in Equation 2.26, a bending in the y axis corresponds to a bending in kx
as well, and a finite group velocity vx ∝ dE/dkx indicates the propagation of charge carriers in the edge state.
Therefore, these edge states can carry an electric current if attached to contacts.
In the classical picture, the localised oscillator states correspond to the charge carriers orbiting along
closed cyclotron paths. At the edge, the orbiting carriers bounce back after a specular reflection on the hard
wall of the sample. Orbiting then begins along another cyclotron path, which is different from the incident
one due to the time reversal breaking of the magnetic field. Subsequent bounces and cyclotron motion leads
to skipping orbits that propagate along the boundary of the bulk.
As it can be seen in Figure 2.8b, states with opposite group velocity are spatially separated and bound to
the opposite edges of the sample. This provides a topological protection against backscattering along the edge
of the sample and makes the edge states dissipation-less. The edge channel becomes equipotential along the
boundary between the source and the drain contacts. Therefore, the longitudinal resistivity becomes zero, as
it can be observed at plateau regions in Figure 2.8c. The transversal conductance, meanwhile, connects the
potential difference of the source and the drain and reflects the number of conducting channels in the edge
states at the Fermi energy.
The existence of the zero-energy Landau level provides at arbitrary non-zero energy two electron or two
hole conducting channels, whereas every subsequent level adds 4 more channels, which sets the possible
values of ν in Equation 2.48. The name of the filling factor comes from the fact that it counts the number of
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electron (or hole, for negative values) edge channels, i.e. the filled Landau levels (including degeneracies). The
transversal conductance can be expressed in the number N ∈ Z of Landau levels crossing the Fermi energy as


σxy

1
=4 N+
2



e2
,
h

(2.50)

which makes clear the name half-integer quantum Hall effect. This feature is markedly different both from the
case of a conventional semiconducting 2D electron gas (2DEG), where only spin degeneracy is in the system
and plateaus are present at ν = N · 2; and also from the case of bilayer graphene, of which the parabolic bands
lead to ν = N · 4, where N is a non-zero integer due to the eight-fold degeneracy of the zero energy state.
The measurement of the conductances σxx and σxy as a function of the magnetic field strength as well as
of the charge carrier density tuned by a gate voltage, which is commonly called quantum Hall experiment
(QHE), opens a way of discrimination between single layer and multilayer graphene and provides a tool for
the verification of the optical detection detailed in Chapter 3. Using Equation 2.39, one can transform the
gate voltage Vg to the charge carrier density n. Due to the finite quantum capacitance of graphene, this
corresponds to a Fermi energy given by Equation 2.17. Transitions between xy plateaus correspond to a
coincident Fermi level and Landau level described by Equation 2.31, and the disappearance of edge states. At
the same places, peaks in the xx data are present. By straightforward substitution, the evolution lines of the
plateaus in the measurement data can be expressed by the filling factor and correspond to
Vg =

νe0
B.
αh

(2.51)

However, the discrimination based on the analysis of the quantum Hall plateaus has a limited usability. In
ultra-clean graphene samples, Zeeman energy can break the spin, whereas electron-electron interaction can
lift both the spin and the valley degeneracies, which results in either doubly degenerate plateaus or even a
complete lift of all degeneracies, where ν can obtain every integer number.69, 153–155 If disorder is removed
even further, the fractional Hall effect can emerge.156, 157 It is also worth to note that edge states can occur
not only at the edge of the graphene sheet but also along the boundary between two homogeneously gated
areas, where the filling factor is different, e.g. the case of a local gate that partially covers the graphene
flake.158
The topological protection of the edge states breaks down as scattering becomes permitted between the
opposite boundaries. One situation, where this kind of scattering can occur is the case if the graphene strip
is too narrow with respect to the scatterer density and subsequent scattering events can connect the two
sides by – in the classical picture – a chain of broken cyclotron orbits through the bulk. This is the case at
magnetic field strengths too weak to satisfy the condition in Equation 2.49. Increasing B will increase ωc and
eventually the robustness of the edge states against backscattering increases.
Another case is when the Fermi energy is close to a Landau level. As mentioned in Section 2.3.1, charged
contamination and crystal defects can lead to potential fluctuations in the graphene flake. If the Fermi level is
far above the highest occupied Landau level and far below the next one, these potential fluctuations are not
important, since they do not alter the occupation of the levels in the bulk. But if the Fermi energy is fixed
close to a Landau level, then, due to the fluctuations, the Landau level can cross occasionally the Fermi level
at various points of the bulk. This results in forming different regions around the graphene sheet with different
filling of the Landau levels. The boundary between two such region hosts edge states that can carry current
around the perimeter of the enclosed region, or puddle. The shape and size of these puddles is completely
irregular and changes substantially along with the energy difference between the Fermi level and the Landau
level. Since the puddles can reach in size the order of the dimensions of the sample, scattering between the
opposite edges mediated by the puddles becomes possible and the longitudinal resistance becomes finite again,
which is the cause of the resistance peaks in ρxx .

2.3.3

Phase coherent effects

As we discussed before, in samples where the mean free path lm is sufficiently large, i.e. much larger than the
Fermi wavelength λF , the semi-classical description of the electron motion can be used. However, within the
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Figure 2.9: (a) The weak (anti-)localisation effect originates from the interference of partial waves propagating
along closed loops and their time-reversed counterparts. (b) In presence of SOC, the electron magnetic spin
performs a random walk on the Bloch sphere during the electron completes the loop. The time-reversed
process includes an exact opposite walk. Adapted from Ref. 160.

length scale of the phase coherence length lϕ , the quantum mechanical phase of the particles are preserved
and thus interference effects can occur between waves of different origin. Phase coherence is destroyed by
inelastic scattering events, e.g. electron–electron scattering or electron–phonon scattering. Therefore, the
phase coherence length and time is strongly temperature dependent, i.e. phase coherent effects are first
smeared and then suppressed completely as the temperature of the sample rises.

Universal conductance fluctuations
In the case when electric current flows through some segment of the sample, e.g. a strip or a constriction with
length L and width W , where lϕ > L, W , the transport is phase coherent in that area. In this case, large
number of various scattering events can happen in the segment with the phase still preserved resulting in
a complex interference pattern. The probability of the transmission (as well as that of the backscattering)
depends on the amplitude of the interference pattern at the drain (source) connection of the phase coherent
region. As this pattern strongly depends on each of the scattering centres, the behaviour of the coherent region
is chaotic and can not be treated analytically for a real device. In the Landauer–Büttiker formalism, where
incoming and outgoing wave amplitudes are used as a basis of description, the coherent region is therefore
represented by a scattering matrix of which the elements are random variables. Using random matrix theory,
some statistics and phenomena can be derived of the scattering matrix, e.g. distribution and level repulsion of
the transmitted/reflected modes, but in overall, the result of the scattering is an unpredictable contribution to
the classically expected conductance. The order of these fluctuations is e20 h−1 independently of the segment
size (as long as lϕ > L, W is fullfilled) and disorder strength. Due to this property, this contribution is called
universal conductance fluctuations (UCF).148
By changing the Fermi wavelength λF , the interference pattern changes and the contribution is different.
To reduce the effect of UCF in the transport signal in a graphene sample, conductance measurements at
different λF are needed. Since λF depends on the charge carrier concentration n, which can be tuned via
electrostatic gating in graphene, averaging multiple measurements with slightly different gate voltages can
indeed reduce the UCF. A sample that is larger than the phase coherence length lϕ can be regarded as an
ensemble of phase coherent parts that are uncorrelated. Whereas each of these parts produce UCF in the
signal, their contribution is also averaged out in the sample, therefore, the UCF is suppressed. Similarly, since
lϕ decreases in growing temperature, warming up a sample with fixed size leads to smaller phase coherent
areas, and the UCF disappears.159
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Weak localisation
In case of lm  lϕ , the electron can scatter elastically multiple times before losing its phase coherence. Among
the many possible trajectories along which an electron can propagate phase coherently, closed loops can also
appear, see e.g. the blue set of arrows in Figure 2.9a. Meanwhile, the electron can also propagate along the
same trajectory but in opposite direction, which we call time-reversed counterpart and mark with red arrows.
At the starting point P , the back-scattered probability can be described as the interference of the two partial
waves. Using the notation Ψ+ and Ψ− for the corresponding wave functions, we can describe the probability
of the coherent backscattering as:
Pcoh (P ) = |Ψ+ + Ψ− |2 = |Ψ+ |2 + |Ψ− |2 + 2Ψ∗+ Ψ− = Pcl + Pcorr .

(2.52)

This can be regarded as the sum of a classical part Pcl = |Ψ+ |2 + |Ψ− |2 and a correction due to coherence
Pcorr = 2Ψ∗+ Ψ− . If the time reversal symmetry is preserved in the system, propagation along the time-reversed
counterpart of this closed loop also takes place with exactly the same amplitude, i.e. |Ψ+ | = |Ψ− | = A,
and with the same accumulated phase, which results Pcorr = 2Ψ∗+ Ψ− = 2A2 . Therefore, the probability of
backscattering is Pcoh = 4A2 , whereas in the classical case without phase coherent effects, one only expect
Pcl = 2A2 . This enhancement of the backscattering probability is called weak localisation (WL) effect.148 This
is in the case of ordinary metals and semiconductors without SOC. The time reversal symmetry can be broken
using an external out-of-plane magnetic field. In this case, a finite phase difference appears between the two
outgoing waves, because the magnetic flux penetrating the loop is enclosed in opposite direction in the two
cases, and the accumulated Aharonov–Bohm phase will be opposite. Therefore, the last term of Equation 2.52,
which is the correction term, is now
Pcorr = Ψ∗+ Ψ− = 2A2 cos(4πe0 BSh−1 ),

(2.53)

where B is the field strength and S is the area of the loop. As B increases, the backscattering probability
starts to decrease and then oscillates for the loop considered in this example. However, there are many
different arrangements of closed backscattering loops with various areas, therefore an ensemble average of all
the occurring loops is needed. Since the different loops have different areas, the oscillations quickly dephase
and average out, thus the B dependence of the ensemble starts with a peak in backscattering probability (and
therefore resistance) at B = 0 and then simply decays without any oscillation: Pcorr (B → ∞) = 0. The rate
of dephasing corresponds to the maximal loop to be considered, which is limited by τϕ−1 . In a second order
approximation, Pcorr (B ≈ 0) ∝ −B 2 τϕ−2 .6
So far, we considered spinless particles and scattering processes that do not flip the electron spin. In the
presence of SOC, the electron spin undergoes a series of infinitesimal rotations on the Bloch sphere. When
propagating on the time-reversed counterpart, the spin is rotated exactly in the opposite direction, as shown
in Figure 2.9c. At the end of the closed loop, the relative rotation of the two-component spinor is 2π with
respect to the time-reversed counterpart. Since the spin rotational periodicity is 4π, this rotation results
in opposite sign between the two partial waves, which interfere destructively in this case, Pcorr = −2A2 ,
therefore, the backscattered amplitude is reduced to zero. In general, this is the dominant behaviour in case of
strong SOC,160, 161 which is called weak anti-localisation (WAL) effect. Again, adding out-of-plane magnetic
field leads to the appearance of the Aharonov–Bohm phase, which destroys the exact anti-phase and the
correction term again vanishes with increasing magnetic field strength.
A common way to probe the presence of the SOC in a conducting layer is the study of WL and WAL
in magneto-conductivity (MC) measurements. In these measurements, the conductance G is measured in a
range of the out-of-plane magnetic field and converted to conductivity σ according to Section 2.3. However,
MC measurements in graphene can exhibit WAL characteristics due to the sublattice pseudospin as well. This
method is further discussed and used in Chapter 7.

Chapter 3

Experimental techniques
In the early phase of my PhD work, I made a five-month visit to the University of Basel, where my task
was to learn the procedure of the building of vdW heterostructures, then to establish a similar fabrication
system in the BME Nanoelectronics Lab. This comprises the mechanical exfoliation process, the stacking
process, the related chemicals and the optical transfer microscope with all its submodules. As a result, vdW
heterostructures now can be fabricated in the BME Nanoelectronics Lab. This chapter summarises the
experimental techniques related to (a) building vdW heterostructures and (b) their electric characterisation
at low temperatures.
The structure of this chapter follows the temporal order of the experimental work phases. We start with
the details of the mechanical exfoliation, which is the method to create the component flakes of a future
sample. Then, we describe the optical microscopy and scanning probe microscopy (SPM) techniques, which
are the main tools of quality investigation of the produced flakes. Then, we turn to the dry stacking assembly
procedure that combines the exfoliated flakes into a vdW heterostructure. The stacking machine I built as
a part of my PhD work is also presented. This is followed by the fabrication of nanocircuits around the
vdW heterostructure, i.e. the creation of electric contacts on the surface of the substrate. Finally, electrical
measurements on the devices are discussed in cryogenic environment.
During my PhD work, I fabricated dozens of samples of different kinds based on vdW heterostructures
both in the BME Nanoelectronics Lab and in the University of Basel. In this thesis, devices originating from
an external source, which are marked in each case, were also fabricated via a similar process. The description
below aims to give a general picture of the process with additional notes on variations of it. At the end of this
chapter, I present two examples how the stacking process using the transfer equipment can be used in the
creation of other nanostructures, which illustrates the versatility and usability of this technology. The first
example is the placement of a thick crystal on the top of a graphene strip to enrich the transport properties of
the system, while the second example is the application of a hBN layer as a gate dielectric in a nanowire-based
quantum dot device. Note that we do not detail in this chapter the hydrostatic pressure system and its use,
since this constitutes a separate achievement of the PhD work and Chapter 6 is dedicated to this topic.

3.1

Mechanical exfoliation

Since every vdW heterostructure is composed of 2D crystals, or flakes, the first step towards building a sample
is the exfoliation of suitable flakes. There are a few requirements that makes a flake suitable concerning
the flake size and shape, cleanliness, and integrity. Flakes smaller than a threshold, generally a few µm, in
the lateral size are too small to host enough electrical contacts, local gates or any other structure. A good
quality device is built on a heterostructure with only a modest amount of contamination between component
layers. It is also important to use as intact flakes as possible: free of crystal defects, grooves or wriggles.
The investigation of the flakes is detailed in Section 3.2. All the component flakes have to meet these quality
requirements, however, the most important is the case of the graphene flake. Therefore, the exfoliation
of graphene flakes is detailed below, but it can be applied to other materials as well, except special cases
31
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Figure 3.1: (a) Comparison of graphite grains. Left: a grain with rough and matte surface, which is less
promising. Right: a grain with a shiny and flat surface can yield large area flakes of intermediate thickness.
The grid in the background corresponds to 5 mm in each picture. (b) The dark blue tape with graphite flakes
on it after a few foldings. (c) Bulk hBN crystals in a plastic carrier. One piece of this sugar-like crystal is
enough for one (or multiple) exfoliation yielding hundreds of potential flakes.

including materials that need inert environment to avoid degradation, or the case of BiTeI, where, due to the
crystal structure, a substantially different exfoliation method is used, which is detailed in Chapter 4.
The usual process of mechanical exfoliation is quite simple and well known to the public: put a piece of
graphite (or other bulk crystal to cleave) on a strip of adhesive tape, fold a few times, then push the tape
on a standard Si/SiO2 chip substrate, and voilà, the graphene is on the substrate ready to be located with
an optical microscope. However, many small details can improve (or deteriorate) the yield of the suitable
graphene flakes.
First, the type of the graphite grain matters. Mined graphite grains were used for various samples during
this PhD work, although highly-oriented pyrolytic graphite (HOPG) can be used equally well as a shiny grain.
The best result is obtained using grains with shiny and smooth surface. In contrast, grains with matte and
rough surface yield fewer platelets on the tape, see Figure 3.1a for the grain comparison. In case of a good
grain, one can even observe easy separation of large (in the order of 0.1 mm) platelets during the first few
folding of the tape, as can be seen in Figure 3.1b. All the hBN flakes originate from bulk crystals grown by T.
Taniguchi and K. Watanabe at NIMS, Japan.162 The sugar-like bulk crystals are pictured in Figure 3.1c. The
WSe2 flakes originate from bulk crystals commercially available at HQ Graphene.
Then, the type of adhesive tape used and the number of foldings also affects substantially the result.
Generally, the stronger the tape, the higher the density of flakes, regardless of their thickness, will be on the
substrate surface, but the drawback is a higher level of glue residues that can be found all over the target chip
surface by optical microscope (see in Section 3.2). Although the process works with ordinary office tapes as
well, various types of Nitto® tapes proved to work better. At BME, the Nitto BT-150E-CM (the “light blue”)
and Nitto SWT20+R (the “dark blue”) tapes were used. Both tapes are weaker than the office tapes, the
dark blue yielding much more flakes but leaves more contamination. The light blue tape is seemingly cleaner,
but the flake density is much less than in the case of the dark blue. In conclusion, the dark blue tape was
preferred due to the higher flake density. However, glue residues matter only on the flake surface or its closest
surroundings. High glue residue density on the chip surface far from the target flake is only an indicator of
the overall chip cleanliness.
As the tape is folded, the tape surface covered by graphite flakes increases, but the size of the graphite
fragments decreases, and the single crystal regions tend to crack into smaller ones. Too many foldings result
in mainly too small flakes that do not meet the size criterion. On the other hand, if not folded enough times,
the tape is only sparsely covered with graphite grains and the number of flakes on the chip surface is very low.
Since only a small fraction of the flakes is monolayer, this can result in chips without usable graphene flakes
on them. Therefore, a good strategy is to populate a small part of the tape as densely as possible with as
few foldings as possible, typically around 5–10 foldings, starting from a shiny grain that yields large graphite
platelets on the tape.
The next step is the exfoliation on the substrate surface, where two methods were tested for graphene
during initial trials. In the first method, the tape is pushed on the surface and pressed by an earstick or other
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soft and blunt tool to limit the applied pressure and to make it more homogeneous. Then, after a waiting
time of between a couple of seconds to half a minute, the process ends with the tape being pulled off. Again,
factors that increase adhesion between the tape surface and the substrate, such as higher pressure, higher
room temperature, or increased waiting time, they all result in higher flake density on the substrate but also
lead to increased amount of glue residue. A single adhesive tape can be reused for multiple chips and tend to
reproduce the result in terms of flake density, occurrence of monolayers and lateral size of monolayers, i.e.
tapes that produced good monolayer flakes on a chip are worth to be kept and used again for further samples.
In the second method, the tape is not pulled off, but the chip is submerged into acetone until the tape floats
off as the adhesive is dissolved by the solvent. Then, the chip is rinsed in isopropyl alcohol (IPA) and dry
blown using N2 gas as a standard procedure of the chip surface cleaning. Exposure of 2 minutes to 150◦ C
on a hot plate increases the adhesion between the flakes and the surface. Finally, another adhesive tape is
pushed on the surface and pulled off in order to remove the contaminated top layers of the flakes.
In practice, the yield can largely depend on the details listed above. The control over these details is
modest, therefore the yield varies between trials but can be increased with operator experience and fine tuning
to the actual laboratory circumstances. The second method produces much more single layer flakes and also
flakes of larger lateral size. However, these flakes are more difficult to pick up, see Section 3.3, and the surface
of these flakes is dirtier than that in the first method due to the exposure of chemicals. Therefore, the first
method was used for the production of flakes for heterostructures.
The mechanical exfoliation was carried out on Si wafers with thermally grown SiO2 insulating cover layer
of ca. 290 nm thickness produced in the Microsystems Laboratory of the Institute of Technical Physics and
Materials Science (MFA) lead by dr. Péter Fürjes.163 This thickness is proved to be the most suitable to
achieve optical contrast of monolayer graphene flakes.8 Exfoliation of single layer flakes is possible if the
attraction between the SiO2 substrate surface and the top graphene layer in the graphite platelets is higher
than that between the top and the second-to-the-top graphene layers, so that at the time the graphite platelet
is torn away, the top layer is cleaved off and stays on the substrate. The top surface of the exfoliated flakes
on the substrate are assumed freshly cleaved and clean, unless glue residue can be seen on it using optical
microscopy. However, the bottom interface of the flake is necessarily in contact with the substrate surface,
therefore, initial contamination on the SiO2 surface can appear in the end result. Due to its polar structure,
the surface of SiO2 is hydrophilic, but dangling bonds on the surface tend to adhere any kind of contamination
and in practice, the chip surface is hydrophobic. Removing this layer of material is not an easy task. UV
ozone treatment of the substrate as well as reactive ion etching can clean the surface to an extent depending
on the power and time of application. In the semiconductor industry, the piranha solution is used for standard
chip cleaning, which is a mixture of concentrated (98w%) sulphuric acid and concentrated (30w%) hydrogen
peroxide, which is highly corrosive and potentially explosive, therefore requires special treatment in the lab
environment. I performed tests at the University of Basel of piranha cleaning by submerging the substrate
prior to exfoliation, and the hydrophilic character was indeed restored. But this resulted in lower adhesion
between the graphite platelets and the substrate surface and did not result in enough suitable monolayer flakes.
UV ozone and ion etching tests were also carried out with similar results. With the advent of contamination
treatment techniques applied during stacking, as detailed in Section 3.3, super-clean flakes and these methods
became less important and were abandoned.

3.2

Characterisation of the flakes

Before diving into the details of flake characterisation, we first elaborate on the quality requirements of the
flakes listed in the previous section. The size requirement depends on the role of the flake in the heterostructure
as well as the purpose of the sample. The central graphene flake have to reach every contact, therefore its size
limits the useful area of the final sample. Layers interfaced to graphene in order to modify its behaviour, e.g.
TMDC flakes for proximity-induced SOC, usually have to stretch at least over the device area, i.e. roughly
to the same area as the graphene, to provide homogeneous proximity effect, unless designed only for partial
cover. Both the top and bottom hBN layers for encapsulation are usually required to be larger to provide a
homogeneous, contamination-free environment and avoid unnecessary mechanical strain in the graphene layer.
If an hBN layer is used to separate the top gate from the sample, as used in the second example in Section 3.6,
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Figure 3.2: (a) Optical micrograph of a heterostructure with the component layers highlighted. The flake is
at the final phase of the stacking assembly and is covered by a thin layer of transfer foil (see Section 3.3 for
details). The presence of the polymer foil enhances the optical contrast inside the stack. The image contrast
is slightly enhanced to mimic the visual impression of the observation by naked eye. The scale bar is 25 µm.
insulation from the electrical contacts has to be taken into account as well, which increases the minimum size.
In Figure 3.2, an optical micrograph of a heterostructure is shown with the component layers highlighted.
Of course, the bigger the better, but some minimum requirements of the lateral sizes are now estimated.
Hall bar devices and other geometries with many electrical contacts are necessarily of the larger kind since
the size of the contacts are kept above a minimal size of ca. 0.5 µm for technological reasons. Taking into
account the spacing between the contacts as well, these samples are typically 6–10 µm long and 4–6 µm wide.
In contrast, the size of a two-terminal strip can be as small as 1 µm in one dimension, but larger devices
exhibit more diffusive behaviour, which can be a goal in specific cases. If the graphene flake is big enough, it
can host multiple devices defined at the nanofabrication step, detailed in Section 3.4.
The next requirement is about flake cleanliness. A good quality device is built on a heterostructure with
only a modest amount of contamination between the component layers. As a rule of thumb, clean flakes
are needed for a clean heterostructure, although the stacking process also plays an important role: it can
compensate a small amount of contamination, and it can also introduce further deteriorating factors as well,
as discussed in Section 3.3.
The intactness requirement comprises the flake being uniform in thickness, free of grooves, wriggles and
folded regions, i.e. areas, where a part of the flake is folded on the top. Crystal defects, as we will see below,
are relatively hard to monitor and depend mainly on the source of the material, therefore a uniform quality of
the flakes is assumed and not investigated any further.
Mechanical exfoliation can produce a batch (4–6 pieces) of 1 cm × 1 cm chips in roughly an hour of work.
There are hundreds of flakes of various thickness and lateral size on each chip of which at most only a few are
suitable. Optical microscopy is a perfect tool to scan large amount of flakes quickly (roughly 20 minutes a chip)
and check their suitability as well. Usually, this is the only characterisation I performed, although further
investigation can be done using scanning probe microscopy (SPM) techniques. Since these investigations take
much more time, typically 2–3 flakes can be investigated in a session of 1–2 hours, SPM techniques were
mainly used in Chapter 4.

3.2.1

Optical microscopy

Since the flakes are exfoliated on an opaque Si substrate of thickness of ca. 0.5 mm, only epi-illuminated
optical microscopes are used both for the flake detection and for the monitoring of the stacking process. In
case of epi-illumination, the sample is illuminated from above and the light is reflected from the chip surface
into either the eyepiece or directly on a digital camera sensor. Both bright field and dark field microscopy
techniques are used along with objective lenses of typically 10×–100× magnification.
In case of the bright field epi-illumination, the light beam is conducted through the main optical path across
the microscope objective and the incident light beam is perpendicular to the chip surface. If we investigate
the pure surface of a Si/SiO2 substrate in bright field illumination, e.g. the background in Figure 3.3a, the
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Figure 3.3: (a) Bright field optical micrograph of exfoliated graphene flakes on a 290 nm thick SiO2 substrate.
Different shades correspond to a different number of layers in the flake, as indicated by 1L–4L. The scale bars
are 5 µm both in panels a and c. (b) Close-up photo of a microscope objective lens capable of dark field mode.
Note the light conducted in the mantle of the lens. (c) Dark field optical micrograph of the same monolayer
graphene flake, which is a good tool to detect contamination on the flake.
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Figure 3.4: (a) Optical micrograph of an exfoliated hBN flake on a 290 nm thick SiO2 substrate with regions of
various thickness. The transparent flakes have different colour depending on the thickness due to interference
of light reflected from the different interfaces of the structure. (b) Colour scale corresponding to flake thickness.
Panels a-b were obtained from the unpublished work of György Frank. (c) Optical micrographs of exfoliated
hBN flakes of various thickness on a 380 nm thick SiO2 substrate (various scaling). The thin hBN flakes
obtain pink colour on this substrate, making it easier to detect in the eyepiece.
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beam reflected from the top surface of the SiO2 layer interferes with the beam reflected from the Si/SiO2
interface, which leads to a wavelength filtering of the reflected light and results in a coloured surface in the
micrograph. This colour is very sensitive to the oxide layer thickness.
In case of the used substrate oxide thickness of 290 nm, the substrate is purple in white light illumination,
but as the thickness varies ca. ±10 nm between Si wafer batches due to technological reasons, a slight variation
in the colour between brownish and blueish shades can occur.8 In the presence of a 2D crystal flake, the light
is either reflected from the top of the flake, or transmitted through the flake and then reflected from another
interface. Therefore, the interference condition is different and the flakes exhibit a colour contrast with respect
to the bare substrate. Graphene crystals can be identified as blue flakes of different shades corresponding
to different thickness. As a rule of thumb, the weaker the contrast, the thinner the flake. This thickness
dependence is so strong that flakes of different numbers of graphene layers appear in visibly different shades,
see Figure 3.3a, thus enabling the identification of monolayer flakes by purely optical detection.1 Graphite
flakes are completely opaque above a thickness of ca. 10 nm and show uniformly a pale yellow colour.
Optical microscopy can also be used as a tool for flake quality assessment. Folded regions are thicker than
the other parts of the flake and therefore have different colour, which is easy to spot in bright field. Glue
residue and other large particle contamination can also be identified along with cracks and wriggles in the
flake using dark field illumination. In this type of illumination, the illuminating light beam is conducted in
the mantle of the objective lens and shone on the substrate from the perimeter of the view field, almost in
parallel to the chip surface plane, see Figure 3.3b. Light scattered from the plane surface does not propagate
into the microscope lens. In contrast, out-of-plane objects reflect the light in every direction including the
objective lens and give contrast on the otherwise dark background in the micrograph. This technology is
able to show the presence of glue residues or other contamination on the flake surface along with cracks and
wriggles, which are hardly visible in bright field illumination, as shown in Figure 3.3c. Contamination that is
too small or covers the flake uniformly can not be detected by dark field microscopy, but it can be handled
during stacking.
While the WSe2 and other crystals that are opaque in bulk form have similar properties to graphite and
graphene, the bulk hBN crystals are transparent and exfoliated show a different behaviour: their colour
changes cyclically with thickness in bright field. After a calibration using SPM techniques, this colour changing
can be used to estimate the flake thickness, as shown in Figure 3.4a–b. Changing the oxide layer thickness,
the thickness-to-colour relation also shifts, which results e.g. in the thinnest flakes shifting from blue to pink
in case of an increase in oxide thickness from 290 nm to 380 nm. This change, along with the green bare
surface colour in the latter case makes the detection of thin flakes easier, see Figure,3.4c. However, producing
monolayer flakes turned out to be more challenging with low yield, and their detection needs a careful choice
of oxide thickness along with suitable colour filtering as well.99
Furthermore, top hBN flakes were exfoliated directly on the surface of the transfer foil, where no interference
effect occurs and all the flakes remain gray. In this case, flake lightness gives an idea about the thickness,
which can be enough precision in many cases, see Section 3.3.

3.2.2

SPM

SPM comprises two technologies in this thesis: atomic force microscopy (AFM) and scanning tunnelling
microscopy (STM). In both cases, a sharp tip scans over the sample surface, and the interaction between the
tip and the sample is then detected using various methods. The usual realisation of the scanning involves the
tip moving along a meander path on a selected rectangular (or square) area in the surface plane (xy-plane
in this context), see Figure 3.5a, while a feedback loop of the measurement signal and PID control is used
to maintain constant height (in some sense) over the sample surface, i.e. z-direction (Figure 3.5b–c). The
tip is moved by piezoelectric actuators in all three directions. The forward and backward moving tip scans
the surface slightly differently due to the control mechanism, therefore, data from these two directions are
stored separately and can be used during post processing to increase accuracy. For both technologies, the
typical size of the scanned area is between a few 100 nm and few 10 µm, the typical scanning frequency in the
fast axis is in the order of 0.1 Hz to 10 Hz, and an image typically consists of 256 or 512 lines. In case of the
1 The

optical classification can be verified using quantum Hall measurements, as discussed in Section 2.3.2.
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Figure 3.5: (a) Schematic representation of the meander scanning procedure over a square sample. Data of
the forward (blue) and backward (red) direction is stored and post-processed separately. (b) Basic concept of
AFM. Figure adopted from Ref. 164. (c) Basic concept of STM. Figure adopted from Ref. 165.
STM, the resolution tends to be higher and can reach the sub-nanometre scale both in vertical and horizontal
directions, which is enough to resolve atomic patterns on the surface. Although the resolution of the AFM is
slightly worse, a big advantage of the AFM over the STM is the possibility of investigating insulating surfaces
as well. However, it is possible to reach atomic horizontal resolution in the AFM but only in exceptional
circumstances and is not commonly achievable. Furthermore, the general operation of the AFM is somewhat
faster than that of the STM and was used during my PhD work for stack characterisation. The use of STM
was limited to the investigation of exfoliated BiTeI flakes in Chapter 4.
AFM
In the case of AFM, the interaction between the tip and the sample is provided mainly by the long-range
attractive and the shorter repulsive component of the Lennard-Jones potential, see the two arms of the plot in
Figure 2.1c and also Equation 2.2. In the case of non-charge-neutral samples, dipole–dipole and electrostatic
forces can also appear, but these are not relevant in our case. The tip is fixed on the free-swinging end of an
elastic cantilever and is most commonly made of silicon, borosilicate glass or silicon nitride with the tip radius
in the order of few nm to few tens of nm. As the tip approaches the sample surface, the sample interacts
with the tip and deflects the cantilever, which can be monitored using various ways. The commonly used
optical method uses a laser beam directed on the back side of the cantilever and the reflected beam is then
detected by a photodetector. In tapping mode, which is the most frequently used measurement mode, the
cantilever is driven to oscillate near its resonance frequency by a piezoelectric actuator placed at the fixed end
of the cantilever. In the presence of a sample, the oscillation amplitude, phase, and the resonance frequency
are modified and are recorded, while the control aims to keep the tip at constant distance from the sample
surface using the z-axis piezo actuator.
The AFM is a good tool to investigate surface topography qualitatively without the need of establishing
electric contacts to the flake. Presence of even atomic-scale contamination can be detected as well as wriggles
and cracks, or bubbles in heterostructures, see Section 3.3. Quantitative measurement of flake thickness is also
possible, however, it should be taken into account that different materials on the surface interact with the tip
in different ways, thus, different tip–sample distance induces the same amount of tip deflection. Therefore,
height measurement is less reliable between different surfaces, e.g. graphene on bare SiO2 surface has been
measured between 0.7–1.6 nm thick.9, 166 The most precise measurements therefore are expected to be done
on internal steps in few-layer graphite flakes. However, the interplay of attractive and repulsive forces can
induce further measurement artefacts,167 leading to contradictory height results even in few layer graphene
flake steps.107, 168, 169 It has been demonstrated that the proper drive of the cantilever is the key to measure
the thickness reliably.170
Tapping mode AFM offers higher sensitivity than contact mode AFM while remaining less invasive.
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However, in some cases, the goal is opposite: e.g. contact mode AFM can be used to define constrictions
in bare (uncovered) graphene sheets that can act as a quantum point contact, as we have demonstrated in
Ref. 142. Many more applications of the AFM are available but these extend beyond this discussion.
STM
In case of STM, interaction is based on the quantum tunnelling effect. Both the STM tip and the sample are
conducting, therefore, as the tip approaches the sample close enough, electric tunnelling current can flow. The
tunnelling probability is an exponential function of the tip–surface distance d, which provides high precision
in the vertical direction. In a simple 1D rectangular barrier model,171 the transmission of an electron with
energy E and mass m through a barrier of height Φ representing the vacuum in the tip–surface gap can be
described as
!
p
2m(Φ − E)
T (E) ∝ exp −d ·
.
(3.1)
~
The tip, which is fastened to the piezo actuator without a cantilever, is usually made of a Pt-Ir alloy
wire that is torn manually using a pair of pliers prior to each use. This provides an atomically sharp tip
that is stable over the measurement time scale even at room temperature. Due to the exponential distance
dependence and the tunnelling current kept at low level, we can assume that tunnelling only occurs between
the sample and the closest atom in the tip. This can be modelled as a point source, therefore, if the tip is
biased to a voltage Vt , the tunnelling current can be described as
Z
It ∝

Vt

ρs (εF ) ρtip (εF + e0 V ) T (εF + e0 V ) dV,

(3.2)

0

where ρs and ρtip are the density of states (DOS) of the sample and the tip, respectively. Using small enough
bias voltage implies constant transmission, and assuming a constant DOS of the metallic tip leads to
Z
It (Vt ) ∝

Vt

ρs (εF + e0 V )dV.

(3.3)

0

Importantly, the DOS of the sample can be extracted as
dIt (Vt )
∝ ρs (εF + e0 Vt ).
dVt

(3.4)

In this thesis, the STM is used in the study of exfoliated BiTeI samples for two purposes. First, recording
the sample topography in a 2D area to get a visual representation of the sample surface. The tip moves along
the meander path while the bias voltage is kept at a small level. The recorded maps include large range
landscapes and also atomic resolution images, where the pattern periodicity is an indicator of the crystal that
constitutes the surface. Furthermore, crystal defects of various kinds can be detected using STM imaging, e.g.
the presence of point defects, antisites, vacancies and many more. Since the barrier height Φ also depends on
the work function of the top atom on the surface, different materials on the top can induce a difference in the
observed effective surface height. This can be used to map the different terminations of the BiTeI surface
related to stacking faults in the crystal.172
In the second mode of usage, the tip is not moved, therefore its position is fixed over a specific point
of the sample. Then the bias voltage is swept through a pre-specified range, and It (Vt ) is recorded. This
measurement mode, which is also called Scanning Tunnelling Spectroscopy (STS), is used to map the local
DOS of the covering layer using Equation 3.4 and to further support the material analysis of the sample. It is
important to note that due to curve averaging needed to increase signal-to-noise ratio, the STS measurement
over a specific location can take seconds or even a minute. The longer the measurement the better the SNR,
but keeping the tip over the same location of the sample in nanometre scale for extended period of time can
be challenging due to drift effects in various parts of the setup.

3.3. STACKING

39

(a)

(b)

A
DE

BC

B

C

Figure 3.6: (a) Overview of the transfer microscope with the microscope body (A), the manipulator stages
(B,C), the temperature controller (D), and the heater power supply (E). The stacking process can be controlled
and monitored on the PC behind. (b) Close-up photo of the manipulator stages with a transfer stamp clamped
in the upper stage.

3.3

Stacking

Once the flake characterisation is done, the next step is the stack assembly. Here, the dry stacking assembly
method is presented,22 which consists of so called pick-up steps performed at a dedicated optical microscope
called transfer microscope, which can be seen in Figure 3.6a–b. We now briefly summarise the process of a
general pick-up step, then, elements of this process and the setup are detailed.
At a starting point of a pick-up step, a single flake or an already partly composed heterostructure called
half-stack is on a transparent transfer stamp, which is a manually prepared disposable tool; while the flake to
pick up, called target flake, has been exfoliated on an opaque substrate as described in Section 3.1. The target
flake on the substrate is placed upright under the microscope on the lower stage, above which the half-stack on
the transfer stamp is mounted upside-down on the upper stage, both actuated by manual micromanipulators.
The flakes are then moved to visually overlap seen from above, and the transfer stamp is lowered until it
contacts the lower chip. After contacting and some heating procedure depending on the details of the recipe,
the transfer stamp is retracted along with the half-stack now with the target flake on it. This pick-up step
can be iterated as many times as one wishes, but in practice, stacks of 3–4 layers are generally built. As a last
step of the assembly method, a stamp-down is performed, which is similar to the pick-up step, except that at
the end the stack is released on the lower substrate surface instead of being retracted with the transfer stamp
using a different heating cycle. Thus, the vdW heterostructure is completed and can be post-processed as
detailed in Section 3.4.
Transfer microscope
The transfer microscope is a fixed-stage optical microscope, i.e. focussing is carried out by moving the
microscope body on a vertical stand. Large working distance objective lenses of magnification between
5×–100× are used to provide enough space beneath for the manipulation. The microscope is epi-illuminated,
i.e. the light source is mounted on the moving microscope body and the illuminating beam comes from above.
The 50× and 100× objectives are compatible with dark field illumination. Under the microscope, two separate
stages were established next to each other, as shown in Figure 3.6b.
The lower one accommodates any kind of chip on the surface of a copper disk shown in Figure 3.7c. The
disk can be heated using heater wires embedded in the bottom, while a small hole in the center of the
top side provides the possibility of fixing the chip by vacuum. The stage is equipped with manually-driven
micromanipulators using thumbscrew adjusters with a range of 13 mm in the x- and y-axes as well as a
rotating element that can rotate the chip. The manipulators can reach a precision of ca. 1 µm in overlapping
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Figure 3.7: (a) PPC transfer foil spanned by the scotch tape window with the top hBN flakes already
exfoliated on it. (b) The PPC foil stretched on the surface of the PDMS pad and fixed by the tape to the
microscope glass slide. (c) Close-up of the stamp over the target chip. Note the upside-down orientation of
the former.
vertically the component flakes, which is monitored in situ. Although the rotating element could provide a
full 360◦ turn, wires of the heating and the vacuum connection limit rotation to ca. ±20◦ . In practice, this is
not an important constraint for any of the two potential use cases. The first case occurs in the fabrication of
every ordinary heterostructures. Before each pick-up step, a careful planning is done to obtain the largest
useful stack area by a relative rotation of the component flakes by taking into account their shapes. Any
angle of rotation might be needed, but the substrate can also be placed on the copper plate in any orientation
using a pair of tweezers. This kind of orientation is precise enough that the fine tuning can be done using the
rotating stage. The second case is the fabrication of magic-angle twisted bilayer graphene samples or similar
structures using the “tear and stack” technique, known from the litterature,173–175 which has not been tested
in our lab yet. Here, two consecutive pick-up steps are performed with a small angle of rotation between
them, and of which the first picks up deliberately only the half of the target flake, whereas the second step
picks up the second half. In this case, the rotation angle between the two steps is only 1.1◦ , which fits in the
available range or our rotating stage; however, its angle precision can limit the yield of the process.
The upper stage is equipped with an xyz manual micromanipulator stage, which can accommodate a
microscope glass slide and fix it by screws, as shown in Figure 3.7. Note that while this stage is the one that
approaches the target in the z-direction, both stages can perform motion in the xy-plane, which is needed to
move both the target flake and the half-stack in the fixed microscope view field.
The heater equipment consists of a Lakeshore 335 temperature controller and a power supply that drives
the heater wire. The slowest temperature ramp rate is 0.1 K/min using the controller built-in logic. Trials
were conducted to investigate ramp rates down to 0.03 K/min, which was obtained using PC control via
GPIB protocol and the Grayscale 2 universal measurement control software that was also developed by me,
see Section 3.5. The elements of the transfer microscope setup are all fixed on a 25 mm thick Al plate using
threads and appropriate spacers. The plate is then separated from the underlying desk using rubber and
polystyrene spacers to reduce vibrations.
One of my initial tasks during my PhD work was to manage the purchase and installation of this setup
and develop the stacking process at BME Nanoelectronics Lab. Note that the system is constantly evolving
according to the needs, including a modified heating mechanism, additional vibration isolation, electronic
motion control in the z-direction and additional tip-tilt-rotation stage instead of the original rotating one.
The transfer stamp
Since the whole pick-up process is monitored in the optical microscope through the transfer stamp, transparency
and satisfactory optical quality of each element is needed. First, the stamp top layer is discussed. Polypropylenecarbonate (PPC), polycarbonate (PC) or poly-methyl-metacrylate (PMMA) can be used as the transfer foil,
of which I used PPC for most of the times. A thin layer of PPC is spin-coated on an arbitrary silicon substrate
of roughly 1 cm × 1 cm and baked on a hot plate. This results in a colorless, transparent, shiny, and elastic
foil on the substrate with a thickness of 1 µm. Then, a small window is cut with a razor blade on a double
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layer of the 3M Scotch® Magic™ tape (called white tape). This type of tape and its double structure, due to
its elasticity and mechanical stability, is less prone to accidentally tear when making shaped cuts in it. The
tape is then used to fix the substrate on a glass slide with the window positioned to leave the middle region of
the PPC foil open.
For simplicity, the top hBN layer can be exfoliated directly on the PPC foil to spare a pick-up step. In
this case, hBN is colourless and only the optical contrast in the lightness of the flake can give information
about the thickness. This is slightly less precise than the colour-based identification, but sufficient in the case
of regular top hBN flakes, where protection is the main goal.
As the central element of the transfer stamp, a poly-dimethyl-siloxane (PDMS) pad is used. PDMS is a
colourless silicone elastomer purchased from Sigma–Aldrich under the name Sylgard™ 184. Supplied as a
two-component kit, the PDMS is mixed thoroughly in a Petri dish to fill the dish 1–1.5 mm deep. De-gassing
and levelling is crucial during the cure phase of 48 h at ambient conditions. Proper levelling makes the top
and bottom surface of the PDMS layer parallel to each other, which is needed to avoid ghost images when
looking through in the transfer microscope during the pick-up steps. The levelling should be maintained
during the whole cure time, but most importantly in the beginning. De-gassing provides a bubble-free layer to
increase transparency and is achieved by minutes of intensive stirring, then – optionally – placing the dish in
a desiccator for roughly an hour. A dish of PDMS can be used to create several transfer stamps and usually
kept in stock without expiration time.
At the time of creating a transfer stamp, a rectangular pad is cut out of the layer and placed on a glass
slide in a dust-free environment. Dust-free surfaces both on the top and bottom side of the pad are essential
since air bubbles neighbouring any contamination degrade the optical quality significantly, in practice making
it useless. Furthermore, dust particles trapped at the interface during pickup may prevent proper connection
between the surfaces. The lateral size of the pad is slightly smaller than the window cut into the white tape
and the height corresponds to the thickness of the PDMS layer.
The PPC foil along with the exfoliated hBN flake can be lifted off the substrate surface using the white
tape window, as shown in Figure 3.7a, and placed on the PDMS pad, see Figure 3.7b. The transfer stamp,
carried by the glass slide, is then ready for its first pick-up step and can be clamped into the upper stage of
the microscope, see Figure 3.7c.
Details of the pick-up and stamp-down steps
The most delicate part of the stacking assembly method is the pick-up step. The final device quality depends
on the amount of contamination trapped in between the interfacing layers of the heterostructure and the
induced mechanical strain in the layers. Although major contamination can be avoided or at least detected
and filtered out from further use, chemicals such as organic solvents or water is unavoidably present on the
surfaces of the flakes. However, a self-cleansing process takes place during the assembly of graphene, hBN and
TMDC layers, which squeezes out contamination from most of the interface.92 If the surface contamination
can not leave the whole stack to the perimeter, it assembles into bubbles, or blisters, on the surface. It
has been demonstrated that this self-cleansing process does not occur if graphene is interfaced to flat oxide
substrates such as mica, bismuth strontium calcium copper oxide or vanadium oxide due to their hydrophilic
nature. These heterostructures exhibit consistently low electronic quality and are not discussed here any
more.92
The presence of bubbles in graphene–hBN–TMDC heterostructures, however, can be detected in AFM
very well, and to some extent, they are visible even in optical microscope, as presented in Figure 3.8. These
bubbles stretch the layers and induce mechanical strain, furthermore they act as scattering centres, therefore
the presence of the bubbles is an indicator of low electronic quality. However, regions without bubbles are
proved to be of excellent quality.176 Two strategies are available to deal with the bubbles in order to achieve
good devices. The first one is the proper mapping of the bubbles using AFM, then designing a device on a
bubble-free region. This method is slow and the final device size is limited by the largest bubble-free region in
the heterostructure.
The second strategy is to get rid of the bubbles by excluding as much contamination as possible completely
from the interface. However, our thermal annealing attempts early in my PhD did not alter the bubble pattern,
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Figure 3.8: (a) AFM micrograph of a graphene sheet on a hBN flake. Surface contamination is collected into
small bubbles enclosed in between the elastic graphene layer and the more rigid, several nm thick hBN flake.
Here, the measured tapping amplitude is plotted using the photodiode voltage, which proved to be the best
of all recorded signals to represent the bubbles. (b) Optical micrograph of the same half-stack. The image
has been cropped, rotated and contrast enhanced to increase feature visibility. A yellow box highlights the
approximate region of the AFM image. (c) Further contrast enhanced close-up of a feature-rich region of the
half-stack marked by the black box in panel b.
once a stack had been stamped on the final substrate. Later it has been demonstrated that synchronous
thermal annealing and “ironing” of the heterostructures using contact mode AFM can significantly improve
the final quality.177 We found it more efficient to fine tune the stacking procedure in an attempt to avoid
bubble formation. Below, we summarise two alternative strategies for this.
1. The reduction of both mechanical strain and the amount of bubbles is closely related to how the touch
down of the transfer stamp on the target chip takes place. The regions where the transfer stamp touches
the bottom chip is visible in the optical microscope as light green colour in Figure 3.9. Since the stamp
is usually not parallel to the target chip, only a small part of the stamp touches the bottom chip first,
then the contact front (CF) advances across the whole stamp surface, which is usually the smaller of the
two. During an ideal touch-down, see Figure 3.9, the top flake rolls over smoothly the bottom one, i.e.
the CF crosses the overlapped flakes in one straight direction and the contamination is pushed out to
the other perimeter. This way, not only the amount of the trapped-in contamination is less, but random
mechanical strain is also less likely to build up in the sheet. Furthermore, a slow advance of the CF is
needed for the contamination to be able to leave the interface and the crystals to relax.
A good strategy is that the the stamp is lowered using the mechanical manipulators only until the CF is
close to the stack, but does not reach it. Then, increasing temperature induces further advance of the
CF, which tend to be much slower than in case of the mechanical movement. By setting the temperature
ramp rate, one can roughly control the advance of the CF, but many parallel relaxation effects reduce
the correlation and can also induce sudden jumps. To avoid these problems, ramp rate was reduced from
3 K/min to 0.03 K/min in various trials. This resulted in good quality flakes but the process is very slow,
and combined with the low general yield of a pick-up step and stacking process, this method was not
proved to be an efficient strategy. Variations of this method were developed by many groups. Generally,
increased temperature increases the mobility of the contamination and contributes to the self-cleansing
process, however, careful choice of the transfer foil is needed to avoid melting of the polymers (PMMA
has the highest stability and melting point). Furthermore, increased temperature also results in more
intensive relaxation of the flakes on the bottom substrate surface, which leads to increased adhesion to
it, and it is harder to pick them up. This is the reason why the graphene exfoliation method using the
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Figure 3.9: Optical micrographs of the contact front (CF) advance at a pick-up step. On all images, flakes
on the surface of the target (lower) chip are pictured in focus through the transfer stamp. Regions where the
transfer foil touches the surface of the target chip obtain a different (here green) shade than the colour of the
substrate surface (here blue). Flakes on the surface of the transfer foil are out of focus in the not-touching
regions. The composed heterostructure is marked by a yellow arrow. A magenta arrow marks a large dust
particle stuck between the surfaces, which obstructs them from touching. This illustrates the importance of
surface cleanliness of the components. The scale bar is 25 µm. (a) CF in front of the stack. (b) CF on the
stack. (c) CF passed over the stack and reached almost the target chip edge.
thermal cycle (described in Section 3.1) is less effective in the case of vdW heterostructures: due to the
annealing step, the graphene flake sticks much more to the substrate than in the alternative method,
and often it is impossible to pick it up.
2. However, it is possible to squeeze out the contamination from all levels of the stack at once, in the
last step of the process.178 In this case, no care is needed to be taken during each pick-up step, but in
the last one, the bottom-most flake has to be taken up as well. The stamp-down step takes place at a
separate, clean target chip heated to high temperature (typically 80–110◦ C). As the sample is pushed
to the hot substrate, the contamination is pushed towards one side of the heterostructure. In the end,
this has a similar effect to that of the AFM ironing, but without the need of actually sweeping over the
heterostructure, which is faster and does not need an AFM. For simplicity, I call this method a beautiful
roll-over, which is illustrated for a simple case of hBN/graphene/hBN heterostructure in Figure 3.10.
In the last step of either process, the temperature surpasses the melting point of the PPC foil, which
remains on the substrate and has to be dissolved in chloroform before the sample is finished. However, the
presence of the PPC layer enhances the visibility of the graphene inside the stack and can be used to localize
the final position of the flakes, as shown in Figure 3.2.

3.4

Fabrication of electrical contacts and sample shaping

Once the dry stacking assembly is finished, the next step is to establish the electrical contact leads to the
sample. In most cases, samples with regular geometrical shape are needed, which is rarely provided by the
exfoliated flakes, thus the heterostructure also needs a shaping step using reactive ion etching (RIE).
The standard lithography process to establish electrical leads is the following. PMMA is spin-coated and
baked on the chip surface to establish a resist layer of 300 nm thickness. This is followed by the patterning of
the leads using electron beam (e-beam) lithography. Typically, a single layer resist was used and leads of
0.5–1 µm width were established. Then, the exposed pattern is developed, i.e. the resist at the exposed area is
dissolved, leaving the chip surface (bare SiO2 or the heterostructure) open. Then, the electron beam physical
vapour deposition (EBPVD or simply evaporation) technique is used to deposit a thin (5–10 nm) adhesion
layer, mostly chromium, and a thicker (ca. 50 nm) layer of gold as lead material. Finally, the unexposed part
of the metallic layer is lifted off by dissolving the remaining resist layer. As the result, the sample surface is
covered by the metal at the patterned areas.
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Figure 3.10: Schematic overview of the composition of a simple hBN/graphene/hBN heterostructure using
the beautiful roll-over technique. (a) The top hBN flake is exfoliated on the transfer foil and approaches the
graphene flake exfoliated on the SiO2 surface. (b) If the hBN does not overlap fully with the graphene, it
is usual to see the graphene flake to be torn when the hBN picks it up. (c) The half-stack is placed on the
bottom hBN flake. (d) The full stack is picked up. (e) The stack is dropped to the target substrate, which is
heated up to increase the mobility of the contamination. Inset: during a beautiful roll-over, as the contact
front advances, it pushes the contamination out of the interfaces. Figures adopted from Ref. 178.

However, the graphene sheet is encapsulated in insulating hBN flakes that are usually larger, therefore
contacting it using the above process alone is not possible. It is possible – although complicated – to design a
heterostructure where the top hBN flake does not cover entirely the middle graphene layer and leaves parts
of it uncovered. Evaporating metallic top contacts on such uncovered areas proved to be of inferior quality
relative to the 1D line-contacts, or edge contacts, created along heterostructure boundaries where the edge of
the graphene layer has been exposed by etching.49 Multiple strategies can be followed to establish such edge
contacts.
According to our initial process, the shaping of the device and the contact boundary preparation are both
accomplished by the same etching step by RIE using a mixture of CHF3 /O2 gases prior to the creation of
the leads. In this method, a standard cycle of resist–lithography–evaporation–lift-off steps is performed to
establish a copper hard mask of ca. 1 µm thickness over the planned geometry of the sample, which has to
overlap the graphene flake entirely. Then, a RIE step etches every part of the heterostructure that is not
covered by the copper mask. Finally, the copper layer is dissolved by submerging the sample into a copper
etchant solution for ca. a minute. This results in the graphene edge being exposed all around the perimeter of
the shaped heterostructure, therefore the metallic leads that reach the sample contact the graphene sheet
automatically.
A modified version of this method uses hydrogen-silsesquioxane (HSQ) resist instead of the regular PMMA.
HSQ is a negative resist, i.e. the area exposed to the e-beam at lithography time is the one that is not
dissolved during development. This resist can be used as hard mask instead of the copper layer, thus sparing
the steps of evaporation and lift-off. However, using a negative resist is always more complicated than a
positive one and leaves the border more irregular. The problem with both methods is that the exposure to
e-beam at the lithography step can degrade the graphene crystal structure. Moreover, either the etching of
the copper layer or the dissolution of the HSQ involves putting the sample in a solution that can contaminate
the heterostructure.
The 1D interface between the graphene edge and the metallic lead is extremely sensitive to the presence of
contamination, which can lead to a strong increase in the contact resistance. Better contact interfaces can be
obtained if the evaporation of the leads is done straight after the RIE step exposing the graphene edge to the
environment. In this process, the leads are created first using the lithography process described above, but
with an additional RIE step between the development and the evaporation. After the lift-off step, the sample
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Figure 3.11: (a) Scanning electron micrograph (SEM image) of a wire-bonded sample. In the centre of the
image, electrical leads and contact pads are visible, which were established using electron beam lithography
and thin film evaporation methods. The leads connect specific parts of the sample to the contact pads, where
the bonding wires connect to the chip surface. The scale bar is 1 mm. (b) A bird’s eye view photograph of a
sample wire-bonded in a chip carrier. The Al bonding wires connect the on-chip contact pads to that of the
chip carrier banks. On the side of the carrier, the external connection of these pads is visible. The chip is
fixed in the carrier using silver paste, which is also used to connect some of the on-bank pads to the central
back plate in the topmost corner in the image. The scale bar is 5 mm. (c) A chip carrier in a chip socket,
a close-up view of the head of a dipstick. The sample orientation is perpendicular to the long axis of the
dipstick in this photo, leading to the “z-axis” magnetic field of the cryostat appear in the plane of the chip
surface. (d) The tail of the dipstick, the connecting cable, and the BNC breakout box.
is contacted and electrical test measurements can be done in a needle probe station. The sample shaping
comes after the creation of the leads. The least invasive way of shaping the sample is the patterning of narrow
stripes along the perimeter of the target shape using a positive resist. Then the stripes are developed (opened)
and etched by RIE. Attention should be paid that every conducting layer should be cut between the leads
outside the defined sample area by additional narrow stripes. This process does not only minimise the exposed
area and leaves the remaining sample unexposed to e-beam, but it is also the fastest and simplest of these
methods. For this reason, this is the only method used nowadays.

3.5

Electrical measurements

As the electrical leads has been established on the chip surface, the device is ready for electrical measurements.
In this section, I briefly present the low temperature environment used to investigate the samples as well as
the general tools for electrical measurements, which were applied to the high pressure environment discussed
in Chapter 6.
Low temperature is needed in order to observe quantum mechanical phenomena such as phase coherent
effects, which are detailed in Section 2.3.3, or superconductivity, which is used in superconducting magnets
to generate magnetic fields up to 15 T for the measurements in this thesis. The thermal broadening of
the Fermi–Dirac function, which describes the occupation of the electron states at different energies, along
with the intensifying scattering processes as the temperature increases reduce the resolution of the electrical
measurements. The overall thermal background at room temperature is in the order of kB · 300 K ≈ 26 meV,
which can be reduced by cooling down the sample to cryogenic temperatures.
Measurements presented in this thesis were conducted in liquid 4 He environment in two forms. The boiling
point of the liquid 4 He at ambient pressure is around 4 K, which is equivalent to a thermal background level
of 0.34 meV. Measurement in a 4 K environment is carried out in an ordinary wet cryostat, where thermal
isolation layers divide the cryostat inner volume into an outer chamber filled with liquid nitrogen and an inner
chamber filled with liquid He. The sample can be cooled down by submerging it directly into the He in the
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inner chamber. During sample cooldown, care should be taken to limit the temperature decrease rate.
The temperature can be lowered further to ca. 1.5 K (0.13 meV) using evaporation cooling, a technique
where the pressure of the gas chamber is reduced by an external pump. This can be achieved using a variable
temperature insert (VTI), which is placed inside the He chamber of a similar wet cryostat and accommodates
the sample in its internal chamber. Since the sample is not in a liquid He bath in this case, higher temperatures
can also be achieved using a heater.
Each exfoliated flake is different, and their combination results in a unique vdW heterostructure. Each
device built from a heterostructure is different in terms of size, location, and orientation on the chip surface,
moreover, the number and the geometrical location of the contact pads defined by lithography is also unique.
These unique contact pads can be connected in a needle probe station for basic tests of a functioning sample.
However, more advanced electric measurements are performed using standardized tools and instruments. The
alignment of the prototype to the standard environment is done using standardized chip carriers produced by
Kyocera Inc., Japan. These chip carriers comprise a ceramic body with a central hole for the sample and
a bank around it. The bank is decorated by contact pads, which have contact interfaces on the side of the
carrier as well. The chip is fixed in the central hole using conventional silver paste2 , which is a conducting
glue. The electric connection between the standardised contact pads of the chip carrier and the unique set
of the lithographed on-chip contact pads is done by wire-bonding them using 0.02 mm Al wires. The chip
carrier with the sample bonded in it, shown in Figures 3.11a–b, constitutes the device that can be tested in
any standard measurement environment throughout the life cycle of the sample. The advantage of the silver
paste over the silver epoxy glues is that it can be dissolved in acetone and the sample can be retracted from
the carrier at the end of the measurements.
Inside a cryostat, the device is placed on the head of a dipstick, see Figure 3.11c, that holds the sample in
the appropriate position, i.e. in the center of the magnet of the cryostat, which is also a thermally optimal
place. The device is accommodated by a dedicated chip socket, which connects the outer pads of the chip
carrier to the electrical wires of the dipstick. The pairwise twisted wires run along the dipstick to its tail,
where they are soldered to a 25-pin D-sub connector. The connector then breaks into BNC connectors in a
separate home-made breakout box, as shown in Figure 3.11d. BNC connectors and standard 50 Ω coaxial
cables are used to connect the box to measurement instruments.
Electrical measurements presented in this thesis were performed using Stanford SR–830 lock-in amplifiers
at low frequency (from 70 Hz to 1.5 kHz). DC voltages were provided by Yokogawa GS200 DC voltage sources
or the SP927 low-noise/high-resolution DAC instruments made by the Basel Precision Instruments (BPI) at
the University of Basel. Measurement of current was performed by using the Femto I/V converters or the
BPI SP983. Voltage measurements in four-terminal setups were amplified by the BPI SP1004 differential
amplifiers.
Automated data acquisition and instrument control was conducted using standard SCSI protocol over the
GPIB interface. During my MSc and early years of PhD work, I developed a general measurement control
and data recording software in .NET environment called Grayscale 2. This software was a more developed one
than the previously used Greyscale in BME Nanoelectronics Lab since it offered the possibility of measuring
along any N dimensional orthogonal and equidistant (within one dimension) raster in a parameter space and
record arbitrary number of measurement parameters. Data processing and visualization were carried out
using Matlab. Since 2019, I developed a new set of measurement control and data processing routines using
Python. Measurement routines were partly based on the QCoDeS data acquisition framework developed by
the Copenhagen–Delft–Sydney–Microsoft quantum computing consortium. Processing routines were based on
the Numpy, Pandas, and Matplotlib packages in Python.

3.6

Applications

The dry stacking assembly method developed by me at the BME Nanoelectronics Lab became widely used in
our research group. The large variety of the fabricated devices is not limited to the presented graphene-based
2 The

paste was purchased from CMR-direct.
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Figure 3.12: (a) Schematic bird’s eye view of the sample described in Section 3.6.1. The hBN layer is marked
as the transparent blue layer between the local gate electrodes and the nanowire. (b) Schematic cross section
of the device. The scale bar is 300 nm.
vdW heterostructures, for which two examples are given below. In these experiments, I was involved in the
fabrication of the samples, while the measurements were conducted by my colleagues.
The first example, as published in Ref. 179, shows that the stacking procedure can also be used to combine
thicker components into a single structure. The ternary compound BiTeBr, similarly to BiTeI discussed in
Chapter 4, also has a polar structure and exhibits a giant SOC, which can be used as a spin manipulation tool
in graphene-based structures. If a bulk BiTeBr crystal is placed on the top of a graphene strip, spin polarised
current can be injected in the graphene. Due to the Rashba–Edelstein effect, the polarisation depends on
the current direction inside the bulk of the BiTeBr crystal, therefore, the spin polarisation can be tuned
electrically.

3.6.1

Observation of magnetic Weyl points in InAs nanowire quantum dots

In the second example, we see a circuit built on an InAs semiconducting nanowire illustrated in Figure 3.12.
These nanowires are thin (W ≈ 50–100 nm), and long (L ≈ 2–5µm) semiconducting rods, which, due to the
confinement potential, can be treated as a 1D conductor. Furthermore, the SOC in InAs induces a large
Landé g-factor, which makes this system a good environment to manipulate electron spin by the Zeeman
effect. This g-factor is anisotropic and can be described using a 3D tensor.180, 181 When placed on an array of
local gate electrodes as shown, an arbitrary profile of electrostatic potential can be applied along the nanowire.
The dimensionality of the electron states in the conduction band can be further reduced using electrostatic
potential along the wire, as depicted by the red line hovering over it. Here, two quantum dots are created
where the on-site potentials and tunnel barriers are defined by the various gate voltages. This device was
used to investigate a double quantum dot system and the experiment was published in Ref. 182.
However, the realisation of this device is challenging. Fabrication of thin and closely spaced local gate
electrodes requires cutting edge e-beam lithography technology and operator expertise.183 In a typical array,
local gate stripes with width of 20–50 nm are deposited with a similar spacing along a length of typically
2–4 µm. The lithography and the metal deposition of the electrodes is followed by a deposition of a gate
dielectric. This layer has to be as thin as possible to avoid the smearing of the potential induced by the
local gates, which decreases the tunability of the quantum dots. On the other hand, the gate dielectric
has to withstand the electric potential difference between the nanowire and the local gates as well as that
between the neighbouring gates without breaking down. The criterion of electrical breakdown is in practice
a serious issue at 20–25 nm thickness typically used in these systems and applied voltages in the range of
1–10 V. Furthermore, high relative permeability is also desired to increase the capacitive coupling between the
wire and the gates.
ALD deposition of oxides such as aluminium and hafnium oxide, which is technically available to our
group, did not result reliable insulation since it produced leaks and gate instabilities. The problem originates
from the amorphous nature of the above materials, therefore, the single crystalline and chemically inert hBN
flakes are a good candidate to serve as the gate dielectric. The lack of surface dangling bonds due to the
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Figure 3.13: Experimental demonstration of magnetic Weyl points. (a) Zero-bias charge stability diagram
of the double dot. The brackets denote the electron number on the dots. The system is in the (1,1) filling
state in the following. (b–c) Finite-bias differential conductance plot vs. bias voltage and magnetic field in
different magnetic field directions. High conductance lines correspond to energy states in the two electron
double dot system. The gray lines are theoretical fits for the S and T− states that serve as a guide to the eye.
The vertical dotted lines correspond to a field strength B0 , at which the data of panel d is acquired. (b) The
presence of the SOC lifts the degeneracy and an anti-crossing is visible in a general direction. (c) At a specific
direction, the degeneracy is restored and the magnetic Weyl point is found. (d) Azimuthal angle dependence
at B0 = 75 mT, also marked in panels b–c, which is the degeneracy field strength. The two crossing points at
θ = 130◦ and θ = 310◦ correspond to the two Weyl points at the opposite directions. The direction of the
maps in panels b–c are marked by vertical dotted lines.

chemical composition and the low density of crystal defects in the material due to the high growth quality of
the crystal lead to fewer charge traps and make electrical breakdown failures less likely. A previous study
showed that hBN is a good insulator with potential leaks across its layers only through a chain of crystal
defects.96 These chains become less and less likely as the number of layers is increased as well as the defect
concentration is decreased, which is also expected as growth techniques evolve. In practice, defect-mediated
conduction can be neglected in hBN flakes thicker than 6 atomic layers, which is easily satisfied at a thickness
of 20 nm or above.
In addition, using hBN as a gate dielectric is an easy and fast option. An hBN flake with suitable lateral
and vertical dimensions can be found in large amounts as the result of a typical exfoliation. This flake can be
placed on the top of the local gate structure by using the dry stacking assembly technique. The deposition of
a single flake from exfoliation to the final device takes no more than ca. an hour. Furthermore, the deposition
can be performed at BME Nanoelectronics Lab, which further reduces the required time and does not need
any collaboration. Once the dielectric layer has been established, the nanowire is deposited using a manually
operated high precision hydraulic micromanipulator under the transfer microscope, to the installation of
which I also contributed during my MSc work.184 Then, electrical contact leads are created following the
standard procedure detailed in Section 3.4.
The experiments detailed below took several weeks, during which long-term stability of the gate voltages
were required. The hBN dielectric proved to be more stable and lead to better results than the previously
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used techniques.
The obtained structure is used to form two quantum dots in series along the nanowire between the contacts
at the ends. These quantum dots are characterised by the stability diagram shown in Figure 3.13a, where
the zero-bias conductance G across the two of them in series is plotted in the relevant range of the two local
gate electrodes gL and gR that tune the on-site dot potentials for the corresponding dots. The electrostatic
interplay of the two dots results in a honeycomb structure of high conductance lines that separate regions of
low conductance, where the filling of the quantum dots is fixed.185 This plot is used to determine the proper
gate voltages to tune the system into the (1,1) filling state, where each dot hosts exactly one electron above
the completely filled orbitals.
The experiment targets only the electron spins and assumes an antiferromagnetic coupling between the
electrons in the dots. The two-electron system has a singlet ground state (S) and a three-fold degenerate
triplet excited state (T− , T0 , T+ ) in zero magnetic field. In the presence of an increasing magnetic field B, the
singlet state energy is not affected, while the triplet degeneracy is lifted and the energy of one of the states,
T− , decreases. At a certain B0 value, the energy of the S and T− states becomes equal, then the energy
of T− becomes the ground state. In a system without SOC, the two states are degenerate at B0 regardless
of the magnetic field direction. In the presence of the SOC, as in InAs nanowires, the singlet and triplet
states are mixed and this ground state degeneracy is lifted in an arbitrary magnetic field direction. However,
the main finding of our experiment and the corresponding theoretical work is that the crossing points are
topologically protected magnetic Weyl points, and one pair of them is always present in the parameter space
of the magnetic field (Bx , By , Bz ).
In Figure 3.13b–c, the evolution of the ground state energy is investigated in different magnetic field
directions, which are described by the field strength B, and the polar (φ) and azimuthal (θ) angles; and
were obtained by using the rotation of the sample holder and a vector magnet. The finite-bias differential
conductance G is plotted in a Vbias bias voltage range as the magnetic field increases in the marked direction.
If the bias voltage window is large enough to extend to an excited state of the system, the latter also
start contribute to the conductance and the observed differential conductance increases. Therefore, high
conductance lines in the color plot correspond to the energy evolution of the lowest lying excited state of the
two electron system. The solid gray lines on the plots are theoretical fits for the S and T− states showing the
evolution of the gap along the B direction.
Although the degeneracy is lifted by the magnetic field in a general direction, as shown in Figure 3.13 b,
this ground state gap is closed in a specific direction of the magnetic field and at the field strength of B0 , see
Figure 3.13 c. In these directions and field strength, the ground state degeneracy is still present, which are
the magnetic Weyl points. Due to time reversal considerations, a Weyl point at B0 implies that the other
one should appear at −B0 . As shown in Figure 3.13d, rotating the magnetic field of strength B0 around the
azimuthal angle at a specific polar angle of φ = 90◦ , both of the Weyl points are revealed at the opposite
angles of θ = 130◦ and θ = 310◦ .
In conclusion, hBN proved to be a useful material as a gate dielectric in a sensitive electrostatic system,
where electrical insulation and long-term stability were crucial. Its flat surface, chemically inert behaviour
and lack of charge traps in the material made possible the realisation of a complex transport experiment,
which took months of sensitive transport measurements at low temperature, in a dilution refrigerator. The
experiment demonstrated that although the exact behaviour of such a two-electron system in the magnetic
field is complex, topological considerations imply characteristic features regardless of the microscopic details
of the sample.
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Chapter 4

Exfoliation of single layer BiTeI flakes
The emergence of the vdW heterostructures opens the possibility of combining electronic properties of the
component layers, which can be used in many different fields of research. Spintronics is one of them, which
aims information manipulation and storage encoded in electron spins. For this end, both spin-conserving
and spin-manipulating media are needed as building blocks. Graphene is known to provide very long spin
lifetimes due to the the absence of SOC,186, 187 which is useful for the conservation and transfer of spin
information, therefore it is a good candidate as spin transport channel.28, 29, 31, 98, 188, 189 For the application
of graphene-based vdW heterostructures in the field of spintronics, spin-manipulating structures are also
needed. This can be realised with component layers in the heterostructure with high SOC that can provide
spin polarised subbands or spin–momentum locking.190 BiTeI is expected to be a good candidate for this role
and combining it with graphene can lead to novel systems hosting band inversion, which can be regarded as a
synthetic topological material.191 However, despite considerable recent attention to bulk BiTeI due to its
giant Rashba spin splitting, the isolation of a single layer remained elusive.
In this chapter, I report the first successful isolation and characterisation of a single layer BiTeI (SL
BiTeI, one triplet of Te–Bi–I atomic layers) flake using a novel exfoliation technique on stripped gold. First,
I introduce BiTeI and describe its crystal structure. Then, the description of the used methods follows.
We see how the usual mechanical exfoliation method described in Section 3.1 yields only thick flakes and
therefore can not be applied to BiTeI. I describe how the exfoliation on stripped gold substrate can change
the circumstances in order to end up with SL BiTeI flakes. In the following, some details are given about
the sample characterisation in STM and about first principles calculations. Then, the analysis of the results
is discussed. Our scanning probe studies and first principles calculations show that the fabricated 100 µm
sized BiTeI flakes are stable at ambient conditions. Such an area, which is covered by the SL BiTeI flake
continuously with only sparse flaws, can be found using an optical microscope.
Results in this chapter were published in Ref. 192 in similar form. I carried out the exfoliation process and
the STM measurements in collaboration with János Pető, the Raman measurements with Péter Kun from the
2D Nanoelectronics Lendület Research Group in the Centre for Energy Research lead by Levente Tapasztó.
The DFT calculations were done by Zoltán Tajkov, János Koltai and László Oroszlány from the Department
of Biological Physics, Eötvös Loránd University, Budapest, Hungary. The crystals were grown by Hiroshi
Murakawa and Yoshinori Tokura in Japan. The data analysis was carried out by myself.

4.1

The Rashba SOC in BiTeI

Crystals or nanostructures that lack inversion symmetry are good candidates to demonstrate strong SOC.193–196 A
simple way for realizing such a setup is to take a single atomic layer of a heavy element and encapsulate it
between two atomic layers of different elemental composition. BiTeI is an example for such a 2D crystal. As
shown in Figure 4.1a–b, BiTeI consists of loosely coupled three atom thick layers in its bulk form. Here, a
layer of high atomic number Bi is sandwiched between Te and I sheets, which result in a giant ambipolar
Rashba effect.197, 198 The induced spin splitting and spin–momentum locking of this new two dimensional
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Figure 4.1: (a–b) Top and side view of the structure of the BiTeI crystals, respectively. The asymmetric
stacking of the Te, Bi, I layers breaks the inversion symmetry and leads to the polar structure. (c) Dispersion
relation (energy versus momentum relationship) in free-standing SL BiTeI along the K – Γ – M points according
to our ab initio calculations. The band gap Eg , the momentum offset k0 and the Rashba energy ER are also
indicated. Upper inset: schematic representation of the spin-momentum locking effect on the horizontal cut of
the dispersion relation along the marked green section. Lower inset: zoom at the bottom of the conduction
band with the relevant quantities indicated.
crystal can open the way towards novel spintronic applications and synthetic topological heterostructures.
BiTeI is a member of a new class of polar crystals with a layered structure, the class of ternary bismuth tellurohalides BiTeX (X = I, Br, Cl), which recently attracted considerable attention.46–48, 172, 190, 191, 198–216 The
key component is Bi, which, as a heavy element, has a strong atomic SOC. BiTeI’s triangular lattice layer is
stacked between a Te and an I (or Br or Cl) layer (see Figure 4.1a–b).47 The Bi layer along with Te forms
a positively charged (BiTe)+ layer with similar geometry to metallic Bi, whereas the I layer is negatively
charged and the bismuth–halogen bonds are considered ionic.46 This polar structure along with the narrow
band gap and the same orbital character of the bands at the top of the valence band and the bottom of
the conduction band lead to the appearance of a giant Rashba spin splitting.48, 199 In Figure 4.1c, the band
structure of SL BiTeI is shown as calculated by ab initio methods.
In order to quantify the strength of the effect, we discuss the case of a simple 2D electron gas (2DEG) in
the presence of Rashba SOC. Without the SOC, the bottom of the conduction band can be described using a
quadratic approximation, i.e. with a paraboloid that is isotropic in the 2D plane. Adding the Rashba SOC
term, as discussed in Section 2.2.1, preserves the helical symmetry of the bands, therefore the problem can be
discussed in 1D using k = |k|.
The energy of the spin split states can be described by
~k 2
± λR k,
(4.1)
2m∗
where the first term is the original quadratic band with m∗ being the effective electron mass, while the second
is the spin-dependent term, which is only zero at k = 0, i.e. the spins are degenerate in the Γ point. Here, λR
is the microscopic Rashba parameter used in Equation 2.20 to describe the coupling strength and the ± sign
belongs to opposite spin directions. The height of this spin degenerate point at Γ measured from the bottom
of the band is the ER Rashba energy, as it is shown in the lower inset in Figure 4.1c for a freestanding SL
BiTeI flake according to our first principles calculations. It is common in the literature to refer to the Rashba
SOC strength, instead of using λR , in terms of ER = E − (k0 ) = −m∗ λ2R (2~2 )−1 .
Due to the spin–momentum locking implied by the SOC, the spins point perpendicular to both the system
plane and to the k-axis, see the upper inset in Figure 4.1c for εF > ER . Therefore, at the Fermi energy, the
bands form two concentric circles or subbands, which are helical. For energies εF < ER , the helicity of these
subbands are equal to each other, for εF > ER , they are opposite.
ER is exceptionally high for BiTeI reaching ER ≈ 110 meV in the bulk crystal, which is four times higher
than the energy scale of room temperature thermal fluctuations.197, 200 As it can be seen in Table 4.1, this
is two orders of magnitude higher than the spin splitting at a conventional InGaAs/InAlAs semiconductor
E ± (k) =
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Sample
InGaAs=InAlAs heterostructure
Ag (111) surface
Au (111) surface
Bi (111) surface
Bi on Ag(111) surface alloy
BiTeI bulk
BiTeBr bulk
BiTeCl bulk
BiTeI single layer
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ER [meV]
<1
0.2
2.1
14
200
92–108
35–42
17–25
35

Table 4.1: Examples of calculated Rashba energies for various materials and structures. Bulk BiTeI exhibits
a Rashba SOC strength comparable to surface structures that are much more fragile and delicate to prepare.
Data taken from Refs. 194, 200.
interface, or on the surface of Ag(111) or Au(111).47, 194 Only extremely sensitive surface structures have
been observed to produce higher Rashba energy,194 like Bi atoms on Ag surface existing only in ultra high
vacuum. This built-in, giant spin-orbit interaction makes BiTeI an attractive, novel possible component in
vdW heterostructures.
Recently several theoretical works proposed the combination of BiTeI with other 2D crystals. According
to first principles calculations of BiTeI/graphene (and also of BiTeCl/graphene) heterostructures, the strong
Rashba interaction of BiTeI is expected to exert a significant influence on the Dirac electrons of graphene
resulting in a nontrivial band structure.191, 217, 218 This paves the way for a new class of robust artificial
topological insulators with several possible applications in spintronics, as demonstrated previously in the case
of nanosheets.219–221 It is also possible to combine SL BiTeI with topological insulators that host 2D helical
Dirac states predicted to produce more complex spin transport effects depending on the coupling strength
between these systems.190 Furthermore, a pair of inversely stacked SL BiTeI itself is also expected to exhibit
topological insulating behaviour.202, 203 This shows the versatility of possible applications of SL BiTeI and
the increasing demand for its production. However, no experimental demonstration of SL BiTeI has been
reported yet. Previous experimental studies only focussed on bulk properties.46–48, 198, 201, 204, 207–214, 216

4.2

Exfoliation in a new way

The standard mechanical exfoliation technique, using adhesive tape pressed onto and retracted from a SiO2
substrate, is successful in producing flakes of many 2D materials such as graphene and hBN because of the
strong adhesion between these apolar crystals and the SiO2 surface.222 However, according to our early
experience, in the case of BiTeI, the mechanical exfoliation results in only 50–100 nm thick flakes with lateral
dimensions of a few micrometers and has very low yield. In the literature, BiTeI thin films with thickness
between 70 nm and 10 µm have been fabricated from poly-crystalline powder using flash evaporation and their
mechanical and electrical properties have been investigated, but these poly-crystalline samples are far thicker
than a single layer of the crystal.223, 224
Here, SL BiTeI flakes were exfoliated with a novel method that yields SL BiTeI flakes of lateral dimensions
up to 100 µm. The exfoliation is performed on a so called stripped gold substrate, which is a commonly used
substrate in STM experiments and was proved to be a suitable substrate for exfoliation of TMDC materials
by the group of Levente Tapasztó at the Nanostructures Departement of the Institute of Technical Physics
and Materials Science (MFA).225, 226 As a first step to obtain the stripped gold surface, a gold layer of 100 nm
thickness was grown epitaxially on a mica substrate. Then, the gold layer is glued to a Si support chip, finally,
the mica–Au interface is cleaved, leading to clean and large area Au(111) facets. The underlying idea of the
exfoliation method is that the closest atomic layer to the Au substrate, be it either Te or I, forms stronger
bonds to it than the cohesive energy between two BiTeI layers, as shown by ab initio calculations presented in
this chapter. Thus, the last layer of BiTeI remains on the Au surface when a bulk BiTeI crystal comes into
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contact with it, while the rest of the crystal can be removed via sonication.
The exfoliation was performed on the Au surface obtained by cleaving the mica–Au interface, which consists
of large area Au (111) facets. Bulk BiTeI crystals were grown by the Bridgman method as described in Ref. 47,
and they were characterised at the synthesis by various techniques including angle-resolved photoemission
spectroscopy, magnetic transport, optical spectroscopy, and X-ray diffraction. Thick BiTeI flakes were prepared
on scotch tape by consecutive folding several times, which is similar to the case of graphene exfoliation, and
transferred on the Au (111) surface using a thermal release tape. After the removal of the thermal release
tape by heating the sample on a hot plate up to 90 ◦ C, the sample was mildly sonicated in room temperature
acetone. The sonication causes some of the thick BiTeI flakes to separate from the substrate. In this chapter,
I show that SL BiTeI pieces can be found on the surface at places where this separation happened and these
areas can be found using optical microscopy.
We produced in total 3 stripped gold samples using BiTeI crystals of two different crystal growth. In each
case, the total estimated area of the crystals pressed on the substrate is on the order of 1 mm2 , whereas the
size of the substrates was approximately 4 mm × 4 mm. The exfoliation process works very efficiently: on all
stripped gold chips one could easily find 3–5 areas with SL BiTeI of remarkable sizes of 10–100 µm.

4.3

Characterisation of the samples

In the following, we detail the results of various characterisation methods performed on the samples obtained
by the novel method. First optical microscopy, then detailed SPM measurements are presented that support
our claim of obtaining continuous SL BiTeI flakes on the Au surface. Finally, first principles calculations are
presented, which further corroborate the measurement results.

4.3.1

Optical microscopy

In order to locate SL BiTeI flakes, channel-selective contrast enhanced optical micrographs were taken using
a Zeiss Axio Imager optical microscope and its native software to perform the contrast enhancement. In
Figure 4.2a–b, a part of the sample surface is depicted before and after the sonication step of the exfoliation
process, respectively. This comparison is used to select regions where bulk BiTeI crystals were on the Au
surface but got detached due to the sonication. Such a region is marked by the yellow rectangle in Figure 4.2a.
These are the regions of possible occurrence of the SL BiTeI flakes and were investigated under higher
magnification and using channel-selective contrast enhancement.
The contour of the BiTeI flakes are recognisable on bare optical microscopy images, however, the contrast
enhancement process allows a much better identification. The contrast enhancement was performed using the
Zeiss Zen software that handles the microscope camera. At this step the RGB channels of the image were
tuned separately by a non-linear contrast transformation. This was done manually to obtain the best visible
results for each image starting from the general considerations as follows. First, the brightness of the brightest
pixel of the channel was set to maximum. Then we increased the contrast of the brightest 30–40% of the
pixels by darkening all the pixels with lower brightness. This process allowed to maximise the visibility of the
flakes and thereby their easy identification. This transformation makes the Au surface turn into green and
the thick BiTeI crystals on the surface into blue, with slightly different colours in different magnification due
to the different microscope objectives.
In Figure 4.2c, a high magnification micrograph is shown of one of the regions, where the bulk BiTeI crystal
previously separated. Red arrows mark the SL BiTeI flakes that have a slightly different colour highlighted by
the image post-processing. A brown contour tends to surround the flakes, which also helps to identify their
exact position. The yield of the exfoliation is very high and it is similar on all our fabricated samples. As it is
indicated in Figure 4.2c, there are three larger SL BiTeI flakes with a size of 10–100 µm in the view field of the
micrograph, which corresponds to ca. 180 µm×200 µm on the surface. Further flakes were visible on other
parts of this sample.
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Figure 4.2: Channel-selective contrast enhanced optical micrographs of the Au substrate, BiTeI crystals and
SL BiTeI flakes. (a–b) Comparison of wide-angle overview images before (a) and after (b) the sonication, taken
by a 2.5× microscope objective lens. The large crystal marked by the yellow rectangle in panel a is missing
in panel b, therefore, SL BiTeI flakes can be expected in this area. The scale bar is 250 µm. (c) Zoomed
in image of the area marked by the red rectangle in panel b, using a 100× objective lens. The scale bar is
20 µm. In these pictures, the green background corresponds to the golden substrate surface and obtained its
colour due to the channel-selective image post-processing. Many thick, bulk BiTeI crystals are present on
the surface with several facets of different orientations. The blue regions correspond to facets of the thick
BiTeI crystals that face the microscope lens, whereas the black regions are tilted BiTeI crystal facets. The
hue can be different in different magnifications due to the different microscope objective lens and the slightly
different post-processing details. The comparison of these pictures is used to locate the areas where SL BiTeI
can occur. The red arrows mark SL BiTeI flakes on the surface of the Au substrate. The black rectangle
marks the position of the STM and AFM measurement analysed in the following.

4.3.2

Atomic scale surface characterisation

In this section, we analyse room temperature, ambient pressure STM measurements performed on the SL
BiTeI flakes in order to demonstrate that BiTeI covers these patches almost continuously. Our area of study
is marked by the black rectangle in Figure 4.2c.
The STM measurements were performed on a Nanoscope E instrument using standard Pt–Ir 90%–10%
tips created by mechanical shearing. High resolution 2D maps were scanned at a current setpoint of 3 nA with
5 mV bias voltage, while large area 2D maps were scanned at 1 nA and 200 mV. The differential conductance
(STS) measurements, discussed later, were obtained by measuring I(V ) characteristics while the tip–surface
distance was set by 1 nA and 200 mV. Then, a numerical differentiation was applied to the average of dozens
of individual measurements.
The STM measurements revealed a trigonal atomic pattern at the surface, as shown in Figure 4.3a, which
is similar to the bulk crystal structure of BiTeI, as shown in Figure 4.1a from the top. To precisely measure
the periodicity of the observed trigonal pattern, we performed a 2D fast Fourier transform. In the 2D FFT
map, see Figure 4.3b, hexagonal symmetry is found, which corresponds to the trigonal symmetry of the Bulk
BiTeI in the reciprocal space, and the positions of the maxima correspond a periodicity of 4.2 ± 0.2 Å. This
is in agreement with the in-plane lattice parameter of our calculations for the SL BiTeI on top of Au, see
Table 4.2, and also with the measured bulk lattice parameter of BiTeI in the layer plane according to previous
reports, 4.3 Å.199, 227 Furthermore, it is significantly different from the gold lattice parameter in the (111)
direction, which is 2.9 Å.228
We can further analyse Figure 4.3a by visually comparing the measurement with the simulated STM map
obtained from the ab initio calculations in the inset. The locations of the Bi, Te, and I atoms are marked by
red, green and blue, respectively. Remarkably, the STM is sensitive to the location of the Te atoms albeit
the I and Bi atoms are closer to the tip. The reason for this according to our ab initio calculations is that
the highest partial density of states (PDOS) belongs to the Te at the Fermi energy. As the simulated lattice
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Figure 4.3: (a) STM measurement image of the atomic structure of the SL BiTeI flake in a 8 nm × 8 nm
window. The observed trigonal pattern corresponds to the crystal structure of the BiTeI. Black circles mark
defect sites. Inset: simulated STM image of the Te-faced configuration of the same scale for comparison. The
locations of the constituent atoms are marked by red, green and blue dots for Bi, Te, and I, respectively. The
simulated lattice matches remarkably well with the measurement. Note that the STM is sensitive to the
location of the Te atoms albeit the I and Bi atoms are closer to the tip in the Te-faced configuration used in
the simulation. This behaviour is in agreement with our calculations presented in Figure 4.7, which shows
that the highest PDOS belongs to Te at the Fermi energy. (b) 2D FFT spectrum of the scan in (a). The peak
positions correspond to 4.2 ± 0.2 Å, which is in agreement with the measured bulk lattice constants of BiTeI
in Refs. 199, 227 and our calculated values, see Table 4.2.
matches remarkably well with the measurement, one can conclude that after the separation of the bulk BiTeI
crystal from the substrate, BiTeI is still present on the surface.
Point defects are also visible on the image, as highlighted by black circles. By comparing them with defect
states of bulk BiTeI,172, 215 due to the absence of pronounced threefold symmetry and the small height of
< 20 pm, these defects resemble mostly antisites, where two atoms of different kind exchange positions. Apart
from these point defects, we do not observe any corruption in the crystal lattice, which seems to be intact and
the distribution of the elements uniform.
When zooming out for larger area scans, we found that the surface topology of the SL BiTeI flakes is also
different from that of the pure Au substrate on the length scale of 1 µm, see the comparison in Figure 4.4. The
stripped gold surface is well known to consist of large (111) terraces separated by single or multiple steps along
(112) or (110) directions measuring 2.5 Å step heights.229, 230 The SL BiTeI flakes show a characteristically
different landscape, which we call “cloudy” texture in the following. In this pattern, one can find distinctive
terraces of atomically flat regions similar to that of Au (111) faces, but in this case, the boundaries of the
terraces are sharper, their size is smaller, their surface is generally less noisy, and the height variation is
larger on the same lateral length scale than in the case of pure Au. The two surface structures are also
well distinguishable in larger scan ranges, as a later AFM image shows in Figure 4.5b. The trigonal atomic
structure presented in Figure 4.3a can be generally found anywhere where the cloudy pattern is visible, but
not in areas without it.

4.3.3

Continuous coverage

In order to decide whether the terraces are related to atomic steps of BiTeI or to that of the substrate, we
measured the height of dozens of the terraces using line cuts in the scan direction, some of which are marked
in Figure 4.4a–b using green and red lines for the clean Au and the BiTeI-covered surfaces, respectively. The
corresponding step height for each line is indicated by marks on the scale in Figure 4.4c. We found that the
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Figure 4.4: Comparison of surface topologies. (a–b) STM image of a typical pure Au (111) and BiTeI-covered
surface, respectively. The presence of BiTeI significantly alters the surface topography. The steps are more
pronounced, while the terraces are smaller in lateral extent leading to more steps present on the same scan
size. The view field of the scans is 350 nm × 350 nm. The green and red segments mark cuts along which step
height measurements were performed, which are indicated on the heat map. (c) Heat map used on the maps
(a–b) and marks of step heights measured along the marked segments on panel a (green) and panel b (red).
The step heights measured on the BiTeI cloudy pattern do not differ from those measured on pure gold. The
STM images were taken at ambient conditions.

measured step height of the cloudy pattern corresponds to that of the Au (111) steps of 2.5 Å,230, 231 and is
significantly smaller than 6.5 Å, which would have been expected for bulk BiTeI.199 This suggests that these
steps do not mark the border of BiTeI monolayers or steps in a few layer thick BiTeI crystal but the gold
terraces of the surface that the BiTeI layer follows closely.
To identify the thickness of the covering BiTeI layer, we have to search for an area where the flake ends on
the optical image or the cloudy pattern ends in STM, which we call “border regions” in the following. For
this end, we performed AFM measurements, which was a suitable tool for surface analysis in a larger lateral
range. For AFM scans, we used a Bruker Multimode 8 Nanoscope V. AFM instrument in tapping mode under
ambient conditions.
In Figure 4.5a, we show an AFM overview image of the investigated flake depicted in Figure 4.2c. The
bright curved line highlighted by the two red arrows is the border of the flake, i.e. the top-left region is the
Au surface, whereas the larger part of the image bounded by the bright line is covered with BiTeI. At the
border of the flake, a thick and broad strip of accumulated material can be found. This is also visible in the
optical micrograph as well (Figure 4.2c). The width of this line is rather large, 2–4 µm, which is in the same
length scale as the surface roughness of the Au substrate, thus the measurement of the layer thickness across
the border can not be performed reliably. Therefore, we looked for holes in the flake such as the one marked
by the green square. In these holes, the surface is deeper and the texture is different.
After zooming in on the area marked by the green square (Figure 4.5b), one can recognise the cloudy
pattern of BiTeI (same as in the STM measurement in Figure 4.4b) in the outer region, whereas in the hole,
the original Au surface is present, which corroborates the visual impression of the overview image in panel a
that the BiTeI layer is missing in the hole. On the border of these holes, the accumulated contamination is not
present, therefore, it is possible to zoom in further, see Figure 4.5c, and measure directly the step height at the
border, as shown in Figure 4.5d. We investigated the step heights at various positions around the border of
the hole, measuring a couple of line cuts using various PID control parameters. The measured step heights are
in the range of 8.5 ± 1.2 Å, which is close to the bulk lattice parameters of BiTeI in the out-of-plane direction,
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Figure 4.5: (a) AFM image of the location marked by the black square in Figure 4.2c. The bright curved line
marked by the red arrows is the top-left border of the flake. The green square marks one of the holes where
the BiTeI layer is missing and the pure stripped gold surface is reproduced, presented in panel b. (b) In the
outer region, the cloudy pattern is visible, which is characteristic of the BiTeI surfaces, whereas the inner
region shows a landscape typical for a stripped gold surface. The blue square marks the location of the layer
thickness measurement shown in panels c–d. (c–d) Example of the layer thickness measurements and the line
plot of the corresponding cut.
6.5 Å in Ref. 199 or 6.8 Å in Ref. 227. Thus, we conclude that the measured step height corresponds to a single
layer step of BiTeI, and the regions showing the cloudy pattern are, indeed, continuously covered with a SL
BiTeI crystal. The small mismatch of the measured height and the lattice parameter can be attributed to the
fact that height measurement on different substrates could deviate a few Å in AFM profiles, as discussed in
Section 3.2.2.170 In conclusion, our findings indicate that SL BiTeI can be separated by the novel exfoliation
technique, making it a powerful method to produce large size SL 2D crystals from materials beyond graphene
and TMDCs.226
We analysed the BiTeI-covered surface a second time, several weeks after the exfoliation: the trigonal
atomic structure of the BiTeI layer was still present, which shows the long term environmental stability of the
SL BiTeI. This finding is remarkable, since TMDCs containing Te are usually unstable in ambient conditions.
The line of contamination on a flake edge can be attributed to the fabrication process: glue residues and
surface contamination likely accumulate at the edges of a bulk flake, which is also visible in optical microscope,
as shown in Figure 4.2c. This makes the SL BiTeI flakes easier to identify despite the small colour difference
of the flake and the substrate.
In the following, last part of this section, we concentrate on technical details of the AFM measurement
and reason that image artefacts visible in Figure 4.5a do not affect the main features and the conclusion of the
measurement. Although in our stripped gold chips, the Au surface is atomically flat over a 10–100 nm lateral
scale, it also contains ripples with large amplitude over a lateral scale of 1–10 µm and above. This effect is not
visible at small scale STM and AFM measurements but distorts the large scale AFM measurements like the
one presented in Figure 4.5a, of which the raw measurement data is shown in Figure 4.6a. Note that in this
color map, the color range is increased to a range of nearly 200 nm.
The surface height on this length scale varies in the order of 100 nm in the z direction, which makes
difficult to resolve the holes present in the SL BiTeI flake that are our main feature of interest, since the
step heights at the border of these holes are in the order of 1 nm. Although these holes are faintly visible in
the original image, with further processing, i.e. rows alignment and polynomial background correction, the
visibility of the flakes can be greatly increased.
Because of the high variation of the surface at large lateral scale and the presence of the thick line at
the border, one has to find a balance between the visibility of the holes and that of the other parts of the
image. To maximise the visibility of the holes, we used a seven-degree polynomial background correction
in Figure 4.6b and set a heat map such that the holes’ color differ from that of the surroundings. The side
effect of these modifications is the appearance of bright and dark patches all around the image, but these
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Figure 4.6: AFM image of the location marked by the black square in Figure 4.2c. (a) Raw AFM data. The
bright curved line marked by the red arrows is the top-left border of the flake. The red circles mark examples
of hole locations, where the BiTeI layer is missing. These regions are further investigated in the main text, see
e.g. Figure 4.5. Due to the long scale surface roughness, the height variation across the image exceeds 100 nm,
which suppresses the visibility of the holes. (b) Seven-degree polynomial background correction applied on the
raw data. The heat map is set such that the holes can be clearly distinguished. The bright and dark patches
across the image are artefacts of the background correction and are clearly different than the holes which are
our main feature of interest. (c) Median-of-differences row alignment and eleven-degree background correction
applied on the raw data with an area containing the thick border line excluded to avoid negative influence on
image quality. The appearance of correction artefacts is moderated while the holes remain distinguishable.
artefacts are clearly different in sharpness and in shape from the holes, which are physical features (red circles).
In Figure 4.6c, a good compromise is found between the visibility of the flake and the appearance of the
correction artefacts by using an eleven-degree polynomial correction and a different setting of the heat map.
The patches are less visible and of different size than previously due to the different correction while the holes
remain still distinguishable. Note that the holes are present in both pictures in the same size, sharpness, and
shape, while the correction artefacts change upon the details of the post processing. This further supports
our claim that these wholes are physically present on the surface and are not measurement artefacts.
To further characterise the samples, we performed Raman measurements on the SL BiTeI areas, which did
not result in a measurable signal, albeit we obtained a Raman signal on bulk BiTeI crystals similar to that
reported in Refs. 232, 233. Raman measurements were performed using a Witec 300RSA+ confocal Raman
spectrometer with 532 nm excitation wavelength and a minimal spot size of approx. 0.5 µm. Note that a lack
of Raman response was observed recently on 2D crystals with similar composition, e.g. on single layer Bi2 Te3
as well.226

4.4
4.4.1

Is it really BiTeI? First principles calculations
First principles calculations methods

To support the experimental results, first principles calculations were carried out by Zoltán Tajkov, János
Koltai, and László Oroszlány at the Institute of Physics at the Eötvös Loránd University. The calculations
were done in configurations requested by our group at BME Nanoelectronics Lab, and the results were
evaluated together.
Density functional theory (DFT) calculations were performed for free-standing single layer samples and
single layer slabs of BiTeI placed on an Au substrate. For all cases, the considered samples were separated
with a minimum of 18.5 Å thick vacuum in the perpendicular direction. For the sample on the substrate, a
2 × 2 supercell of SL BiTeI was placed on 6 layers of 3 × 3 supercell of (111) Au, thus the system consisted of
66 atoms in total: 54 gold atoms and 4 atoms of Bi, Te and I each. Both Te- and I-facing substrate geometries
were considered, i.e. Au6 –Te–Bi–I, denoted as Te-faced, and Au6 –I–Bi–Te, denoted as I-faced.
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lattice constant
Bi-Te bond
Bi-I bond
Au-Te bond
Au-I bond

I-faced
VASP [Å] SIESTA [Å]
4.35
4.31
3.05
3.06
3.30±0.03
3.28±0.02
3.09
3.04

Te-faced
VASP [Å] SIESTA [Å]
4.35
4.31
3.08±0.02
3.10±0.02
3.29±0.02
3.26±0.01
2.81
2.92
-

Table 4.2: Summary of the geometrical parameters calculated with VASP and SIESTA. The SL BiTeI was
placed on top of 6 layers of Au(111) both in Te- and I-faced configurations. The lattice constant of the two
Au plains furthest from the BiTeI was fixed to the bulk value of Au calculated within the same method. The
parameters obtained by the two methods are in reasonable agreement.
Geometry optimisation was performed by fixing the two Au plains furthest from the single layer and letting
the remainder of the structure to relax. In the optimised geometry, the substrate imposed a 1.3% increase
on the BiTeI lattice constant, which although alters some calculated properties slightly, but is not expected
to affect our qualitative conclusions. The geometry optimisation was calculated with both the projector
augmented-wave method, as it is implemented in the VASP package, and with the linear combination of
atomic orbitals method as it is implemented in the SIESTA package.234, 235 Both approaches resulted in
essentially the same structure (see Table 4.2). The VASP code was further employed to calculate the binding
energies and the STM image, while SIESTA calculations yielded species projected partial density of states
(PDOS). The relaxed structure and binding energies were obtained neglecting spin-orbit coupling as these
quantities are expected to be largely insensitive to it.191, 218
In the VASP calculations a plane-wave cutoff of 500 eV was used with a Brillouin zone sampling of a
12 × 12 × 1 Γ-centred Monckhorst–Pack grid. The vdW interaction was taken into account through DFT–D3
Grimme corrections for the Perdew–Burke–Ernzerhof (PBE) functionals.236, 237
The free-standing sample was relaxed without any restrictions while the sample on a substrate was
constrained to the lattice of bulk Au. Relaxation was performed with a 3 meV/Å force tolerance. The STM
image was simulated by calculating the partial electron density of states (PDOS) according to the Tersoff–
Hamann approach using the VASP code.238 Binding energies are obtained by comparing total energies of fully
relaxed calculations of separated fractions and joined structures. This approach yields 57 meV/atom binding
energy for the case of graphite layers in good agreement with experimental results of 62 ± 5 meV/atom.239
SIESTA results were obtained with a mesh cutoff of 300 Ry with a 5 × 5 × 2 Γ-centred Monckhorst–
Pack grid in the Brillouin zone. The force tolerance of relaxation was 20 meV/Å. In the self-consistent
calculations, we employed the PBE functional and the pseudo-potentials optimised by Rivero et al. with a
double-zeta polarised basis set.240 After relaxation, a self-consistent single-point calculation was done with
SOC included.241, 242 The SISL tool was used to extract the PDOS from SIESTA calculations, sampling the
Brillouin zone with a 70 × 70 × 1 k-points set.243

4.4.2

Results of the calculations

First, we investigated the electronic structure of the freestanding single layer and compared it to the calculated
properties of the bulk reproduced from Ref. 197. The calculated band structure, depicted in Figure 4.1c is
characterised by a band gap of Eg = 740 meV and a Rashba energy ER = 35 meV, the former larger and the
latter smaller than their bulk value, which is expected.197
As a next step, the SL BiTeI–Au structure was investigated, as described previously. After geometry
optimisation, the two calculation methods resulted in similar bond lengths, as shown in Table 4.2, which
supports the validity of the results. In the BiTeI layer, a small buckling on the order of 0.1 Å was observed,
which is on the order of precision of the calculations, furthermore, it is expected to depend on commensurability
effects.
The binding energies of the relevant bonds are listed in Table 4.3. The energy relations in the first three
rows clearly indicate that both the Te-faced and the I-faced BiTeI binds stronger to the Au surface than to

4.4. IS IT REALLY BITEI? FIRST PRINCIPLES CALCULATIONS
Bond
Au6 –I–Bi–Te → Au6 + BiTeI
Au6 –Te–Bi–I → Au6 + BiTeI
BiTeI–BiTeI → BiTeI + BiTeI
Te–Bi–I → Te–Bi + I
I–Bi–Te → I–Bi + Te
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Binding energy
681 meV
969 meV
543 meV
2.74 eV
3.64 eV

Table 4.3: Binding energies calculated by PBE + Grimme method as implemented in the VASP package.
The values represent the energy needed to break the bond as marked by the arrow. The results indicate that
the BiTeI tends to stick to the Au surface stronger than to another layer of BiTeI, either Te or I-faced. The
last two rows demonstrate that the internal bonds are much stronger than the interlayer binding energies,
making it unlikely to leave only part of the BiTeI layer on the substrate.

another SL BiTeI, which is in agreement with the experimental findings that a SL BiTeI remains on the Au
surface after sonication. Furthermore, the binding between the central Bi atom and the Te and I atoms on
the two sides is much stronger than the interlayer binding of BiTeI and stronger than the binding to the Au
surface. Thus, it is highly unlikely that the SL BiTeI can be cleaved between Bi–Te or Bi–I planes, leaving
only a part of the triatomic layer on the substrate.
This result further supports that the multiple terraces at the cloudy pattern (see Figure 4.4b) are not
related to BiTeI but the underlying Au surface. On the other hand, the strong adhesion between the BiTeI
and the Au substrate can also be a reason why the surface structure of the Au is significantly different under
BiTeI coverage leading to the cloudy pattern: the strong bonds can pin the Au atoms, which otherwise have
high surface mobility, and also force the BiTeI to follow the terraces. This surface reconstruction is likely to
be induced by the relative high temperature (T ≈ 90◦ C) that the sample was exposed to during fabrication,
see Section 4.2.
In the following, we calculated the PDOS on the constituents without and with the presence of the Au
substrate (see Figure 4.7a–b, respectively). In the case of the free-standing SL BiTeI one can see a gap of
0.76 eV where the PDOS is zero for all the components, therefore we expect the single layer to show insulating
behaviour in this regime (see Figure 4.7a and Figure 4.1c). In the whole investigated range of ±3 eV, the
position of the most prominent peaks in the PDOS are very similar for Bi, Te and I. One can observe that in
the negative energy range the Te and I have more contribution while the part of the Bi orbitals increases
towards higher energies. In the middle range of 1–2 eV, the Te has the highest PDOS.
The PDOS is altered once the sample is placed on top of the Au substrate (as the Te-faced case depicted
in Figure 4.7b). While the main features of the free-standing sample can still be identified, the main effect is
the smearing of the bulk gap of the SL BiTeI due to hybridisation of BiTeI with the Au atoms. Thus one
can safely conclude that a SL BiTeI flake on a stripped gold substrate is not expected to show insulating
characteristics. The qualitative features of Te-faced and I-faced (not shown here) structures are largely the
same.
We performed SPS measurements (see Section 3.2.2) on several different locations of the SL BiTeI flake
and no band gap was found in agreement with the above calculation. A typical example of a dI/dV curve
measured on the cloudy pattern at ambient conditions is shown in Figure 4.7c, where the numerical derivative
remains always positive. The applied bias voltage was limited to |V | < 500 mV since beyond this range
deviation from the simple tunnel limit is expected at ambient conditions. Due to the high instability of the
environment a considerable amount of noise appears as random peaks and irregularities (see error bar) which
are not related to any of the peaks in Figure 4.7b. The non-zero dI/dV value around zero bias and slight
increase of dI/dV towards finite bias voltage are the generic feature of the dI/dV measurements one can read
from the plot. This is in agreement with the calculated PDOS dominated by the hybridisation of BiTeI and
Au.
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Figure 4.7: (a) Calculated PDOS of the freestanding SL BiTeI. (b) PDOS of the SL BiTeI on Au, Te-faced
(i.e. Au6 -Te-Bi-I). Comparing (a) and (b) one can conclude that the presence of Au suppresses the presence of
a band gap. (c) Numerical derivative of an I-V curve measured at ambient conditions on a SL BiTeI atomic
structure and the characteristic error bar of dI/dV values is shown. As a generic feature, the derivative never
goes to zero, which is in agreement with the calculated PDOS curves of (b).

4.5

Conclusion

We demonstrated for the first time that single layer flakes can be realised from the giant Rashba spin-orbit
material BiTeI. The stripped gold exfoliation technique provides an efficient way to produce flakes with a size
of 100 µm, which are stable at ambient conditions for at least several weeks. We showed that the position of
the SL BiTeI flakes can be identified by simple optical microscopy. Atomic resolution STM measurements
confirmed the presence of the SL BiTeI layer on the Au surface by resolving the in-plane crystal structure of
BiTeI. AFM measurements showed that the flakes cover large areas continuously with only a few holes. Step
height measurements across the edges of these holes confirmed that the flake thickness is consistent with SL
BiTeI. First principles calculations also predict the formation of SL BiTeI due to the strong bonding between
Te and I to Au substrate. Moreover, BiTeI strongly hybridises with the Au substrate, which results in a finite
DOS in the gap, in accordance with the differential conductance measurements. The first exfoliation of SL
BiTeI adds a new member to the possible building blocks of vdW heterstructures. With its giant Rashba spin
splitting, our results open the way to engineer novel 2D heterostructures with special spin-based functionality
or topological protection.

Chapter 5

Point contacts in encapsulated
graphene
Previously, we saw in Section 3.3 how a heterostructure can be composed using the dry stacking assembly
method. In this chapter, we present a novel method for creating inner point contacts (PCs) using a top hBN
layer that has been pre-patterned using gallium-based focused ion beam (Ga–FIB) prior to the heterostructure
assembly. Using this technique, a unique, point-like contact type of diameter as small as 100 nm is achievable:
unlike 1D side contacts used generally in vdW heterostructures, which contact the boundary (outer perimeter)
of the graphene sheet, the point contacts connect to the inside of the sheet, thus leading to contacts that are
topologically separated from each other. Two- and four-terminal field effect measurements between different
lead combinations are in qualitative agreement with an electrostatic model assuming point-like contacts. We
analyse the consequences of the PC geometry to the quantum Hall signal measured on this device. The
measured contact resistances are in the range of 0.5–1.5 kΩ per contact, which is quite low for such small
contacts. The fabricated contacts are compatible with high mobility graphene structures and open up the
field for the realization of several electron optical proposals.
The results of the chapter are published in similar form in Ref. 50. The devices were fabricated by Clevin
Handschin at the University of Basel during my visit and I assisted closely in their creation. I worked in close
collaboration with him in the improvement of the general dry stacking assembly process in Basel, and after
returning to Budapest, I also carried out the high magnetic field quantum Hall measurements on the samples
presented in this chapter at the BME Nanoelectronics Lab.

5.1

Motivation

Several experiments have shown in recent years that ballistic graphene is an ideal platform for electron
optical experiments. These experiments included the observation of Fabry–Pérot1 resonances,143, 245, 246 snake
states,144, 247 electron guiding,248 magnetic focussing,100, 249, 250 negative refraction,251 or ballistic Josephson
currents.252–255
As discussed in Section 2.3, ballistic effects can take place if the sample length scale is comparable or
smaller than the electron mean free path. As discussed in Sections 3.2 and 3.4, technological limitations set
the minimum lateral size of a device for a specific purpose and therefore imply a lower threshold for the mean
free path, i.e. the electronic quality of the sample. In practice, hBN encapsulated graphene is one of the few
possibilities for the realisation of such devices. Up to our study, these heterostructures could only be accessed
by top or side contacts touching the edge of the graphene sheet,49, 92 whereas PCs are topologically separated
from the graphene flake edge. In addition, PCs are required in order to realise several theoretical proposals
requiring point-like contacts such as, e.g. the Veselago lensing256 in single layer graphene,257–259 valley260, 261
1 Jean-Babtiste Alfred Perot spelled his name in scientific publications as Pérot, but in the French civil registry, his family
name was spelled as Perot, without an accent.244
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Figure 5.1: Fabrication of hBN/graphene/hBN heterostructures with PCs. (a) False color scanning electron
microscopy (SEM) image of the top hBN on SiO2 substrate after drilling the holes with the Ga–FIB. Inset:
Close-up of a single hole having a diameter of ∼100 nm. (b) Optical image of a final stack. The different
layers are indicated in red (bottom hBN), black (graphene) and blue (top hBN). The holes are indicated with
arrows. (c) False color SEM image of the final stack (blue) with Pd contacts (yellow) overlapping the drilled
holes. (d) Schematic cross section as indicated in (c) with the dashed line.
or spin focussing,262 and the investigation of skipping and snake orbits of charge carriers at a pn-junction in
combination with a strong out-of-plane magnetic field.263, 264
In previous experiments, PCs were created inside the graphene sheet using a dielectric layer established by
evaporation, sputtering or ALD, such as MgO, SiO2 or Al2 O3 .265 However, these materials are inferior to the
layered material hBN when it comes to the preservation of the graphene quality.90 It is possible to establish
PCs on graphene using an STM tip, where also the position of the contact is changeable. However, doing this
at low temperatures, involving several PCs at the same time is extremely challenging and does not result in a
static device, which is preferable for long term and reproducible measurements.
Our novel method is compatible with clean graphene fabrication, since the graphene transport channel will
not be in contact with any resists or solvents during fabrication.?, 22, 49, 266 We assess the graphene quality by
comparing measured two- and four-terminal resistance values with a simple model. Furthermore, we show
localisation of the edge states around the PCs in a magnetic field, expected for a proper inner contact in the
quantum Hall regime as a proof of the topological separation.

5.2

Fabrication

The device fabrication starts with the exfoliation of a typical top hBN layer on standard Si/SiO2 substrate as
described in Seciton 3.1. Then, four holes are drilled into the flake using FIB, and picked up with a transfer
stamp described in Section 3.3. The dry stacking assembly procedure continues as usual by picking up a
graphene flake and stamping on a bottom hBN layer. Thus, the pre-patterned hBN flake ends up being the
topmost, and electrical contacts can be established via the holes directly on top of the graphene sheet using
the standard lithography method without etching, as described in Section 3.4. In the following, we highlight
some important details of the fabrication process.
In order to reduce contamination between the top hBN and the graphene flake, the top hBN layer was
exfoliated on substrates pre-cleaned using the piranha technique (see Section 3.1) since the bottom face of the
hBN would be in contact with the graphene. To avoid damaging the graphene, the top hBN (ca. 10–20 nm
thick) was patterned with Ga–FIB prior to heterostructure assembly. We fabricated four holes in each of the
top hBN layers with an equidistant spacing varying between samples in the range of 1–2.2 µm. We used high
acceleration voltage of 30 keV and the smallest possible current (1.1 pA) in order to optimise the resolution. In
our samples, we obtained a hole diameter of approximately 100 nm, as it is shown in Figure 5.1a. In contrast
to establishing the holes with conventional e-beam lithography and subsequent etching, the drilled holes are
better defined in shape and the diameter can be adjusted more reliably.
Before picking up the top hBN from the SiO2 wafer, it was briefly exposed to a CHF3 /O2 plasma treatment
as without the plasma the flakes are pinned to the SiO2 and pick-up is not possible. The top hBN flake
was transferred from the SiO2 substrate to a 1 µm thick PPC polymer by spinning its solution directly onto
the SiO2 chip containing the top hBN with the holes and then peeling the polymer off using a white tape
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window in the same way as the lift of the transfer foil is performed. The remaining assembly procedure of
the hBN/graphene/hBN heterostructure follows the standard dry stacking approach discussed in Section 3.3.
Since only the top side of the hBN flake comes in contact with the polymer, the method preserves the clean
fabrication of dry-stacking graphene. The bottom hBN flake is exfoliated to the target wafer directly, with
typical thickness of 20–30 nm.
A strongly doped Si++ /SiO2 wafer with a 300 nm thick oxide was used as a global back gate to our devices.
The final stack was annealed in forming gas at T = 300◦ C for 3 hours in order to reduce strain and maximise
the areas without bubbles.267 A contrast-adjusted optical image of the annealed stack is shown in Figure 5.1b.
The 100 nm thick Pd contacts are established using standard e-beam lithography and e-gun evaporation. A
false color scanning electron microscope (SEM) image of the contact area is shown in Figure 5.1c. A schematic
of the cross-section of the stack with contacts, as indicated with the dashed pink line in Figure 5.1c, is shown
in Figure 5.1d. In total, 4 different samples were produced all showing a similar behaviour. The measurements
were performed at cryogenic temperatures (1.5–4 K) using standard low-frequency lock-in technique.

5.3

Results

First, the field-effect measurements at zero magnetic field and the calculation of the contact resistance are
discussed. For the calculations, an electrostatic model suitable to the PC geometry is introduced. Then, the
behaviour of the devices at high out-of-plane magnetic field is presented.

5.3.1

Field effect measurements

The graphene mobility can be extracted from the conductivity as described in Section 2.3.1. While the
conversion between the measured resistance and the conductivity is straightforward for rectangular devices,
for PCs, which are situated in the middle of the graphene sheet, a different procedure has to be used since the
current density varies within the sheet. Here, we introduce a model to extract the conductivity σ from the
four-terminal measurement of the resistance, assuming an infinite homogeneous graphene sheet and diffusive
transport.
PCs are located at position ri where i ∈ {1, 2, 3, 4} along a straight line with separation a, as shown in
Figure 5.2a–b. To avoid singularities in the calculations, we take into account the finite diameter d of the PCs
centred at ri , and we assume point-like contacts, i.e. d  a. Considering a single PC in the middle of a large
(infinite) isotropic flake of which the boundary is grounded, a current I spreads isotropically into the sheet.
By applying Kirchhoff’s first law, this leads to a current density outside the perimeter of the PC of
j(r) =

I
,
2π|r − ri |

|r − ri | >

d
.
2

(5.1)

According to j(r) = σE(r), the corresponding electrostatic potential is logarithmic in the distance measured
from the PC, i.e. V ∝ ln(|r − ri |). Assuming a current Iij flowing between PCs i → j, the potential at position
r is obtained by the superposition principle at any point r in the plane outside the contacts:
Iij
Iij
ln (|r − ri |) +
ln (|r − rj |) + C,
(5.2)
2πσ
2πσ
where C is an integration constant. The corresponding electric field profile is shown in Figure 5.2a, while the
potential is sketched in the direction of the two PC centres in Figure 5.2b.
In the four-terminal measurement, the voltage difference between the two leads at positions n and m
(Vnm = V (rn ) − V (rm )) is measured. For simplicity, we assume that the voltage probes do not influence the
electric field pattern in graphene, which leads to


Iij
|rn − rj | |rm − ri |
Vnm =
ln
.
(5.3)
2πσ
|rn − ri | |rm − rj |
V (r) = −

This logarithmic term appears in the four-terminal resistance as well:
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Figure 5.2: Electrostatics of the PCs. (a) Sketch of the electric field profile if the current flows between
contacts 1 → 4. The four-terminal measurement setup is indicated to assess R14,23 . Each contact is separated
by a and have a finite diameter of d. (b) The red dashed line represents the linear extrapolation of V23
compared to the electrostatic potential modelled by Equation 5.2 (black solid line) along the line connecting
the contacts. The resulting potential difference at distance d/2 from source- and drain-centre is indicated
with Vsp . (c) The measured four-terminal resistance Rij,nm in the six different lead combinations in sample
A. Measurements with inverse voltage and current probes are identical. (d) Renormalised resistance of the
same data calculated by using Equation 5.5. Note that in the non-local measurement R12,34 , the voltage V34
reached negative values as well in the n-doped region, which resulted in negative four-terminal resistance. (e)
Comparison of two- and four-terminal resistances of the same contact configuration. Contact resistance was
extracted by using Equations 5.6 and 5.8.

Rij,nm =

dVmn
1
ln
=
dIij
2πσ



|rn − rj | |rm − ri |
|rn − ri | |rm − rj |


.

(5.4)

With all four contacts at equidistant spacing and d  a, the logarithm in Equation 5.5 simplifies to ln(4), ln(3)
or ln(3/4) depending on the measurement configuration. In order to compare four-terminal resistances measured
between different PC configuration, we can separate this geometrical term and calculate a renormalised
eij,nm , which reveals the measured overall sheet conductivity of the PC configuration:
resistance R

eij,nm = Rij,nm ln
R

|rn − rj | |rm − ri |
|rn − ri | |rm − rj |

−1
=

1
.
2πσ

(5.5)

Now we turn to the field effect measurements done on sample A, where the hole separation is a = 2.2 µm. In
Figure 5.2c, the measured four-terminal resistance is plotted for all six PC configurations, while in Figure 5.2d,
the renormalised resistance is shown, which was calculated using Equation 5.5. In order to extract the mobility
µ as described in Section 2.3.1, the charge carrier density n was calculated using the parallel plate capacitor
model (Equation 2.39), which is found to be in agreement with the results using the back gate lever arm
extracted from the evolution of the quantum Hall plateaus (see Equation 2.51) in a quantum Hall experiment
(QHE). The QHE also confirms the graphene flake being single layer, which is also corroborated by Raman
measurement on the graphene flake (not shown here). The hole and electron doped region revealed mobilities
of µh ≈ 35 000 cm2 (Vs)−1 and µe ≈ 25 000 cm2 (Vs)−1 , respectively. The onset of the SdHO is visible around
0.4–0.5 T, which corresponds to an estimated mobility in the range of 20–25 000 cm2 (Vs)−1 , as described in
Section 2.3.2. This is in good agreement with the values deduced from the field effect measurements.
Figure 5.2c shows Rij,nm for all possible four-terminal configurations. Out of the six possible configurations,
only three are independent: measurements where current and voltage probes are inverted are identical as
expected from the Onsager relations.268 The resistance traces show a sharp maximum around zero doping,
corresponding to the CNP of graphene.
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The difference between the measured and the renormalised values can be seen in Figures 5.2c–d, respectively.
eij,nm in Figure 5.2d are not exactly overlapping, as would be expected for a perfectly
The renormalised values R
homogeneous and infinite system described by Equation 5.5. However, one can see that the non-local
measurements (voltage probes outside the current path), shown in green, which were in the original data
smaller by a factor of 7.5 (8) from the blue (red) curve, deviates now only by a factor of 2 (1.6) after
renormalisation. On the other hand, the local measurements, the blue and red curves are in rather good
agreement before and after renormalisation. Overall, the rescaled curves are much closer to each other than
the unscaled ones, which suggests that our theoretical model is realistic.
The deviations from the ideal case can be related to the boundary conditions assumed for the model. The
most significant deviations from the ideal model is the inhomogeneity of the sample: the sheet conductivity does
not seem to be fully uniform within the sample as can be seen by the slight shift of the CNP between several
measurements, which are at −2.6 V, −2.8 V and −4.8 V, respectively. Besides that, the finite dimensions of the
metallic PCs and the finite size of the graphene sheet can also play a role, which both change the electric field
pattern. Moreover, the screening of the top contacts results in different lever arms of the back-gate for regions
covered and not-covered by the electrodes. However, our estimates have shown that the screening changes the
gate efficiency by less than 4% far away from the CNP, where the quantum capacitance is high. Only close to
the CNP, where the quantum capacitance is small, does screening of the contacts increase to 20%. Finally,
Equation 5.5 was derived assuming a completely diffusive sample. However, the charge carriers in the sample
are most likely in an intermediate regime between the diffusive and the ballistic regime. Using Equations 2.40
and 2.41, the scattering mean free path reaches 1 µm at Vbg = 30 V, which is in the same order as the contact
separation a = 2.2 µm. In this intermediate regime, it can occur that the voltage drop over a larger, but clean
(more ballistic) area is lower compared to a smaller, but dirty (more diffusive) area. Moreover, for ballistic
trajectories the probability of arriving at a contact, which is farther away can be higher. This picture explains
the negative resistance at certain doping values observed in the non-local measurement indicated with an
arrow in Figure 5.2d. For all the configurations where the voltage probes are (at least partially) within the
current path, the bias voltage will be dominant and consequently no negative signal can be seen.

5.3.2

Contact resistance

In order to extract the contact resistance RC that arises between the metal leads and the graphene, we turn to
two-terminal measurements. Here, we assumed the same contact resistance for the two contacts. To calculate
the contact resistance, we measure the two-terminal resistance R14,14 and the four-terminal resistance R14,23
as sketched in Figure 5.2a. Then, the contact resistance can be calculated according to
R14,14 = 2RC + A · R14,23 ,

(5.6)

where A · R14,23 is the intrinsic graphene resistance between the current leads. The geometry factor A accounts
for the geometric arrangement of the contacts as well as for the non-linear electrostatic profile sketched in
Figure 5.2b. Due to the higher electric field near the source and drain contacts, the voltage changes faster
near them. The resistance coming from the non-linearity of the potential near the contacts is called spreading
resistance and leads to a potential difference that is marked as Vsp in Figure 5.2b.269 It is of the same origin
as Maxwell’s resistance that occurs in metallic point contacts.270
To calculate the geometrical factor A, we use Equations 5.3 and 5.6 to the situation sketched in Figure 5.2a.
Taking into account the finite size of the contacts, both terms in the numerator and denominator of Equation 5.3
become (3a − d) and d/2, respectively, where a is the distance in between two neighbouring contacts. This
leads to

R14,14

1
ln
=
2πσ



6a
−2
d

2 !

Using R14,23 = ln(4)(2πσ)−1 , the geometrical factor becomes

+ 2RC .

(5.7)
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Figure 5.3: Quantum Hall edge states in different sample topologies. (a) In the case of conventional edge
contacts, the contact electrodes reach the edge state along the perimeter of the conducting region. The
quantum Hall effect is the result of the conduction between the source (S) and drain (D) electrodes through
the dissipationless edge channels, which, therefore, retain the chemical potential of the origin electrode, as
marked by the red (blue) colour for the source (drain). Voltage probes V1 , V2 , and V3 can be used to measure
the longitudinal and the Hall resistivity. Transmission between the edge channels of the opposite edges,
marked by T in the figure, leads to backscattering, non-zero longitudinal resistance and deviations from the
ideal quantisation. (b) In the case of PCs, the edge states of the contacts are separated both from each other
and from the perimeter as well. Therefore, conduction between the source and the drain is only possible via
the transmission through the bulk.
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(5.8)

In Figure 5.2e, the extracted contact resistance is shown using a geometry factor of A = 7.04 (a = 2.2 µm and
d = 100 nm). The contact resistance of different contact configurations and different devices is of the order of
RC = 0.5–1.5 kΩ at high doping. This value is quite remarkable for PCs of only 100 nm in diameter since the
top contacts with significantly larger areas in the order of a few µm2 also have resistances in the 1 kΩ range.
Nevertheless, the graphene becomes very conductive at high doping, and its resistance becomes negligible
even compared to as good contacts as these, resulting in R14,14 ≈ 2RC .

5.3.3

Magnetic field dependence

We now analyse the behaviour of the PCs in high, out-of-plane magnetic field, where the sample exhibits the
quantum Hall effect. As discussed in Section 2.3.2, electron states in high magnetic field form Landau levels
and, due to the confining potential, conducting channels called edge states propagate along the perimeter of
the conducting region. Due to the absence of backscattering, these states are dissipationless and, therefore,
the chemical potential of the propagating electrons is constant between the electrical contacts and equals that
of the origin electrode.
Figure 5.3a shows the case of the conventional edge contacts when the Fermi energy is tuned between the
Landau levels. The electrical contacts reach the edge state along the perimeter of the conducting region, i.e.
the graphene sheet. The sample in the figure is biased such that the chemical potential of the electrons is
higher in the source (S) than in the drain (D) electrode, thus, excess electrons propagate rightwards (note
that the direction of the voltage bias and the technical current is the opposite). The edge state in the upper
(lower) arm retain the chemical potential of the source (drain) until it reaches the drain (source), marked
by red (blue) colour. These potentials can be investigated using voltage probes, e.g. the probes V1 –V3 . The
voltage between V2 and V3 can be used to express the longitudinal resistivity ρxx , whereas the probes V1 and
V2 reveal the Hall resistance ρxy . However, if a finite direct transmission is present between the edge states of
the opposite sides, as marked by T and the green arrow, the chemical potentials of the opposite edges start to
equilibrate and the quantum Hall effect may weaken and eventually disappear.
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In contrast, the use of the PCs as source and drain electrodes leads to a different contact topology, which
is illustrated in Figure 5.3b showing two PCs. Separate edge states form around each of the inner contacts,
which do not reach directly the outer perimeter of the conducting region. Due to this separation, conduction
in the quantum Hall regime between the PCs is only possible via the same kind of through-bulk-transmission
as in the previous case, which can have multiple origins. Similar arguments hold for samples in the Corbino
geometry, which is also demonstrated after the publication of our results.271
If the contact edges are closer than the widening of the edge states characterised by the magnetic length
lB ∝ B −1/2 , see Equation 2.23, the transmission is high due to the overlap of the wave functions, practically,
there is no bulk between the edges in this situation. The magnetic length obtains a value of 25 nm for 1 T,
whereas the contact separation of our samples is in the order of 1 µm, which corresponds to magnetic fields of
a few mT.
Furthermore, the emergence of localised states and the appearance of the SdHO and the quantum Hall
effect requires requires that, in the classical picture, the electron can complete a cyclotron orbit without
scattering. This leads to the condition ωc τm ≥ 1, where ωc is the cyclotron angular frequency and τm is the
momentum relaxation time, as discussed in Section 2.3.2. This can be transformed into Bth > µ−1 , where Bth
is the threshold for the SdHO to appear, and µ is the mobility of the sample. A mobility of 10 000 cm2 (Vs)−1
corresponds to 1 T threshold field. Therefore, the edge state overlap is not an issue in our sample.
We must also consider the inhomogeneity of the sample in general, beyond its effect on backscattering,
which can result in a rough potential inside the bulk. This leads to the appearance of potential puddles, the
boundaries of which can host additional edge states, if the Fermi energy is tuned accordingly. Consecutive
tunnelling to and between these edge states can give short-cut currents between the contacts. This can be
modelled as an effective widening of the Landau levels. The Landau level spacing has to be larger than this
widening in order to be able to observe the separation of subsequent Landau levels. Complete suppression of
the transmission between PCs
√ is only possible if the Fermi energy can be tuned in this Landau gap using the
gate electrodes. Due to the N dependence of the energy of the Nth Landau level, this complete suppression,
i.e. complete insulation between the PCs, is expected to emerge at higher and higher magnetic fields as N
grows.
The conductance as a function of back gate and magnetic field in sample A is shown in Figure 5.4a–b,
whereas the same measurements on sample B are shown in Figure 5.4c–d. In the side graphs of panels a and
c, the conductance G(Vbg ) is plotted at B = 15 T to demonstrate the vanishing conductance. As the line
cuts clearly show for both samples, insulating regions extend over large ranges of gate voltage at this field
strength. The numerical derivative along Vbg is shown in panels b and d for better visibility. The CNP can be
identified as the origin of the Landau fans, which is found to be very close to 0 V for sample A and around
−15 V for sample B. The plateaus of the 0th Landau level, corresponding to the filling factors ν = ±2, are the
most pronounced in both cases, whereas the plateaus of ν = +6, +10 are also observable in the electron side
(positive gate voltage range). Subsequent plateaus are less visible.
As mentioned earlier, sample A has a contact separation of 2.2 µm and an estimated field effect mobility
of µ ≈ 25 000 cm2 (Vs)−1 corresponding to a SdHO threshold field of Bth ≈ 0.4 T. In sample B, the contact
separation is a = 1 µm and the measured field effect mobility reaches µ = 15 000 cm2 (Vs)−1 , which corresponds
to Bth ≈ 0.7 T. This is in agreement with the observation, the appearance of the Landau fans can be traced
back to approximately these fields, as shown in Figure 5.4b,d. The black region in Figure 5.4a,c shows values
of G < 0.025 G0 (using G0 = e2 /h), which corresponds to the resistance R > 1 MΩ. It can be seen, that
the sample becomes insulating around 10 T, which is much higher than the appearance of the SdHO. The
insulating regions are present in the ν = ±2 plateaus, as expected.
The large discrepancy between the threshold field of the SdHO and the appearance of the complete
insulation reveals that inhomogeneous doping distribution in the sample can be a major effect in coupling of
the contacts. This is also supported by the large widening of the Landau levels visible at high magnetic fields
in Figure 5.4b,d. Furthermore, as already mentioned, doping inhomogeneities and screening of the top contact
also affect transport within our sample. The effect of the inhomogeneous screening of the top contacts can
be reduced by a modified design in future devices, in which the flake would be fully covered with a metallic
plane to achieve a homogeneous doping situation. An additional offset potential may emerge in the regions
of the PCs due the formation of a contact potential between the palladium contacts and the graphene. We
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Figure 5.4: Two-terminal conductance measurements for samples A (a = 2.2 µm) in panels a–b and B
(a = 1.0 µm) in panels c–d. (a,c) The conductance as a function of back gate and magnetic field. The
conductance between neighbouring PCs becomes zero at high magnetic fields. The black area shows the
threshold for G < 0.025 G0 (R > 1 MΩ). A line cut at B = 15 T is given on the right-hand side of the color
plot. (b,d) Numerical derivatives calculated with respect to Vbg of the measurements given in panels a,c reveal
the constant-conductance regions more pronouncedly.
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emphasise, that substantial part of the voltage drops in the region close to the contact. The combination of all
these effects can cause local variations in the filling factor, which can account for the observed high threshold
fields. Overall, the insulation threshold field can be used as a quality benchmark in future devices.

5.4

Conclusion

We have shown a new method to establish inner PCs with dimensions of 100 nm in an hBN/graphene/hBN
heterostructure. A simple model has been introduced which qualitatively explains our two- and four-terminal
gate dependent conductance measurements. Surprisingly low contact resistance RC = 0.5–1.5 kΩ has been
found despite the small PC size. Magnetic field measurements showed that the inner PCs are decoupled from
the edge and from each other at high magnetic fields. The presented technique is compatible with high-quality
encapsulated graphene, since the hBN flake is patterned prior to the stacking and therefore the graphene
remains clean. The technique also holds the potential to further decrease the contact size, since with the
Ga–FIB hole diameters below d = 20 nm are possible.
The point contacts introduced here give the possibility to complement side and top contacts in complex
devices and could be a potential milestone towards realizing novel concepts like lensing or measurements
of caustics in pn-junctions. Since the publication of our study, multiple experiments were performed with
examples ranging from via contacts in encapsulated graphene heterostructures272, 273 to encapsulated271, 274
and suspended275 Corbino rings, which demonstrates the importance of inner PCs in these 2D systems.
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Chapter 6

Van der Waals heterostructures under
pressure
The fabrication methods presented in Chapter 3 can be used to create various heterostructures with different
behaviour. The interlayer coupling, which has a strong influence on the properties of vdW heterostructures,
strongly depends on the interlayer distance. Although considerable theoretical interest has been demonstrated,
experiments exploiting a variable interlayer coupling on nanocircuits are scarce due to the experimental
difficulties. In this chapter, we demonstrate a novel method to tune the interlayer coupling using hydrostatic
pressure by incorporating vdW-heterostructure-based nanocircuits in piston–cylinder hydrostatic pressure cells
with a dedicated sample holder design. This technique opens the way to carry out transport measurements on
nanodevices under pressure using up to 12 contacts without constraints on the sample at the fabrication level.
Using transport measurements, we demonstrate that a top hBN layer provides a good protection of vdW
heterostructures from the influence of the pressure medium and prove the usability of the method to conduct
transport measurements on vdW heterostructures in the hydrostatic pressure environment. The findings of
this chapter have been published in Ref. 54, which became an Editor’s Pick in Journal of Applied Physics.

6.1

Tuning material properties by pressure

Combining 2D layers into heterostructures leads to overlapping atomic orbitals in the neighbouring layers, which
may cause drastic changes in the electronic structure of the system. This often originates from the different materials of the components, e.g. the emergence of inherited proximity SOC,29, 56, 57, 60, 61, 64, 276, 277 ferromagnetic
ordering in graphene,33, 278–280 or in transition metal dichalchogenides.281, 282 A moiré superlattice can also
emerge if the component layers have unit cells of almost the same size, as in the case of graphene with
hexagonal boron nitride (hBN), leading to the appearance of secondary Dirac points, Hofstadter butterflies
and Brown–Zak oscillations in transport.34–40 Moreover, for certain rotation angles, so-called magic angles,
flat bands and novel phases of material can form as, e.g. in the case of twisted bilayer graphene.41, 42
The interlayer coupling strongly depends on the interlayer distance, which is determined by the vdW
interaction that keeps the layers together. However, by applying hydrostatic pressure on these heterostructures
(see Figure 6.1), the interlayer coupling can be tuned, which strongly influences the electronic structure and
thereby the physical properties of these heterostructures. The change in the layer distance depends on the
details of the heterostructure, e.g. in the case of a graphene/WSe2 system, as detailed in Chapter 7, the
achievable pressure range of our hydrostatic pressure cell, ca. 2 GPa, can lead to a compression in the order of
5–10%, while slightly less in the case of graphene/graphene structures.283 The potential interest of tuning this
parameter is demonstrated in various theoretical works.276, 283–291 However, several technological challenges
are to be solved for the realization of transport measurements on nanodevices under pressure.
Hydrostatic pressure cells have widely been used in solid state physics on bulk samples. Changing the
pressure can not only tune the wave function overlap but can lead to structural changes in the crystal, as e.g. in
73
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Figure 6.1: Schematic illustration of the effect of hydrostatic pressure on an arbitrary vdW heterostructure.
(a) The interlayer distance d is determined by the vdW interaction that keeps the layers together. (b) By
applying an external pressure p, the heterostructure is compressed, thus decreasing the distance and increasing
the interaction strength between the component layers.

2Hc –MoS2 , where layer sliding structural transition and metal–insulator transition take place.122–126 Pressure
is an experimental knob to modify different correlated states and induce quantum phase transitions from
charge density wave to superconductivity,292–295 or from paramagnetism to ferromagnetism.296–300 All the
experimental works on transport measurements with pressure manipulation cited above used samples that
remained in the macroscopic size range (0.1 mm), even in case of carbon nanotubes, the sample was on a
buckypaper of macroscopic size.301
Meanwhile, the dimensions of vdW heterostructure based nanocircuits are microscopic and conventionally
a very different measurement method is used to carry out transport measurements, involving wire bonding
on standard ceramic chip carriers or circuit boards, as described in Section 3.5. The spatial dimensions of
the conventional solutions are considerably larger than the available space in a common hydrostatic pressure
cell, which is limited to technological constraints in order to achieve high hydrostatic pressure values without
damaging the cell components. Therefore, the standard measurement techniques of nanocircuits do not work
in a hydrostatic pressure environment, and special setups are needed.
The first pioneering papers about such experiments already showed the potential of this technique,
where the authors managed to tune the superconducting critical temperature of a twisted bilayer graphene
structure or change the magnetization alignment of a thin magnetic structure.51–53 In these studies, the vdW
nanocircuits were fixed and electrically connected using silver paint directly to the pressure cell feed-through
wires without any intermediate structure. Although it can work, this technique has several limitations: it
requires very precise manual work, and electrostatic discharge protection is not fulfilled during silver paint
contacting. Furthermore, the accurate orientation of the chip inside the cell also remains challenging, which is
required as the proper relative orientation of the vdW heterostructures to the magnet axes play an important
role in many measurements.31, 302 Therefore, a systematic, safe, and easy method to incorporate nanocircuit
measurements into a hydrostatic pressure cell environment is still missing. My goal was to develop such a
method, which was achieved by the development of a new, dedicated sample holder for nanocircuits inside the
hydrostatic pressure cell. The sample holder hosts up to 12 electric lines compatible with wire-bonding and
provides a controlled and reproducible positioning of the chip on the cell plug. This solution is fully compatible
with the standard sample fabrication methods and does not require a specific design at the fabrication level
unlike previous studies, which makes hydrostatic measurements possible on any sample below ca. 3 mm lateral
size, equipped with bonding pads. This opens the possibility of measuring samples that were fabricated
without the intention of any hydrostatic pressure experiment and largely facilitates inter-group collaboration.
In the following, we summarise how this kind of pressure cell works and what the role of various parts of it
is in Section 6.2. Then, after detailing the specific technical requirements of transport measurements on a
nanocircuit under pressure, the dedicated sample holder head and its working mechanism are introduced in
Section 6.3. It is followed in Section 6.4 by a demonstration that transport measurements can be carried out
in our measurement setup, and that an hBN cover layer provides an ideal isolation between the sensitive 2D
electron system and the pressure transfer medium. The contact resistance between the metallic leads and the
graphene sheet is also investigated to demonstrate the stability and the robustness of the 1D side contacts
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Figure 6.2: Schematic view and photographs of the pressure cell. (a) Schematic side view of a clamp-type
two-layer pressure cell without the detailed sample holder head. The cell dimensions are H = 62 mm,
D = 25 mm, and d = 6.5 mm. 1. NiCrAl/CuBe double layered cell wall. 2. CuBe plug. 3. WC plug backup.
4. CuBe lower screw. 5. Electric feed-through, marked by grey across the yellow parts. 6. High pressure volume
(HPV), filled with pressure medium. 7. Teflon cup. 8. WC piston. 9. WC piston backup. 10. WC push rod.
11. CuBe upper screw. Additional sealing rings (not drawn) prevent oil leak from the HPV. Black rectangle
marks the position of the sample holder head. (b) Side view of the assembled pressure cell with the parts
labelled as in panel a. (c–i) Close-up pictures of the parts. (c) Cell wall. (d) Teflon cup. (e) Plug. (f) Top
side of the upper and lower screws. (g) Bottom side of the lower and upper screws. (h) Plug backup, piston
backup, and piston. (i) Push rod. The grid is 5 mm.
under the hydrostatic pressure and in the presence of the pressure medium.

6.2

General description of the pressure cell

Piston-cylinder pressure cells have widely been used before to measure transport through macroscopic samples.
Contacting electric wires to macroscopic samples using silver paint for two- or four-terminal measurements is
feasible by hand, although it requires operator experience. Meanwhile, transport measurements on nanocircuits
built on conventional Si/SiO2 substrates can be far more challenging.
Although the method presented in this chapter works well with any type of piston-cylinder pressure cell, I
present in the following, as an example, the general build-up and working principle of one specific cell that we
used, made by C&T Factory, Japan. The development has been done on an older Russian model of the same
kind, which only shows minor differences, although their parts are not interchangeable.

6.2.1

Working principle

We first summarise the main working mechanism of the cell. The sample is placed inside a cylindrical high
pressure volume (HPV) at the centre of the cell, which is filled with a pressure medium, then compressed in a
hydraulic press. After clamping at the target pressure, the cell can be removed from the press and used in any
transport measurement setup, e.g. attached to a cryostat dipstick and cooled down to cryogenic temperature.
At the end of the measurements, to release the pressure or to set a different one, the cell should be warmed
up and placed in the hydraulic press again for a reverse process.
The side of the HPV cylinder is supported by the shell of the pressure cell, whereas the top and bottom ends
are closed by a piston and a plug element, respectively, both clamped by two screws. Transport experiments
can be done on the sample via an electric feed-through of the plug. Our cell has an outer diameter of
D = 25 mm and a height H = 62 mm, which is small enough to fit in the bore of many magnets used in
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cryogenic systems allowing measurements under magnetic field, and also in our VTI measurement setup, thus
offering a temperature range of 1.5 K–300 K.

6.2.2

Build-up of the cell

In Figure 6.2a, a schematic overview of the cell is presented, where each separate part of the setup is marked
by a number, and each set of parts of the same role during pressurisation is marked by a colour. In Figure 6.2b,
a photograph of the assembled setup, while in panels c–i, most of the important parts are shown.
The cell wall is composed of two cylindrical shells made of NiCrAl and CuBe, respectively, see mark (1) in
Figure 6.2a. The HPV (6) is situated in the central part of the device in a Teflon cup (7), which opens at the
lower end and encloses the pressure medium along with the sample. The volume is closed on the lower end of
the Teflon cup by the sample holder plug (2), the plug backup (3) and clamped by the lower screw (4). Our
special sample holder, discussed below, is fabricated on the top of the plug (2), and the sample is placed on
the top of the sample holder, as depicted in Figure 6.4a. The yellow parts in Figure 6.2a are secured in place
during setup assembly prior to pressurization. Transport measurements inside the cell are carried out via the
electric feed-through (5), marked by grey across the yellow parts. At the top end of the HPV, the piston (8)
and the piston backup (9) move downwards in the cell during pressurization, as the push rod (10) transfers
the load from an external hydraulic press on the Teflon cup and the HPV compresses. To fix the pressure
inside the HPV at the end of the pressurization process, the upper screw (11) is tightened. Finally, this screw
takes the load as the pressure in the external press is released. For sealing the HPV, a CuBe obturator ring is
placed during assembly between the Teflon cup (7) and the piston (8), whereas on the lower side, a CuZn
obturator is placed on a narrow shoulder on the plug at the opening of the Teflon cup. The choice of a softer
material for the lower obturator ring aims to avoid it sticking inside the cell during disassembly after releasing
the pressure, because sticking can lead to the break of the sample holder head and prevents its potential
reusability.
The CuBe obturator rings are disposable parts that can be purchased from the manufacturer, whereas
the CuZn rings are manufactured in the mechanical workshop at BME Nanoelectronics Lab. The Teflon
cups are also disposable and manufactured at BME Nanoelectronics Lab in order to meet the specific size
requirements of the sample holder head. According to my experience, the pressure cell can operate reproducibly
up to 2.0 GPa. Increasing the pressure above this limit risks the deformation of other parts and the proper
functionality of the setup.

6.2.3

Pressure medium

The HPV inside the Teflon cup (6 in Figure 6.2a) is filled by a pressure medium, usually an organic compound.
We use the Daphne 7373 kerosene compound produced by Idemitsu Co., Japan. This type of oil has several
properties that make it a good choice as a pressure medium, as studied before.303, 304 First, it solidifies
at room temperature at a relatively high pressure of around 2.2 GPa . Up to this pressure, hydrostaticity
(isotropy and uniformity) of the pressure is assured at room temperature. Second, the pressure reduction from
room temperature to cryogenic temperatures is low. As presented in Figure 6.3, the pressure drop is around
0.15 GPa roughly independently of the room temperature pressure if it is above 0.5 GPa. Third, the pressure
reduction occurs continuously and gently along the cooling cycle, including the freezing of the oil. This helps
to avoid problems due to the mechanical shock occurring at a sudden freezing, which could potentially break
the bonding wires, the PCB, or the sample itself as well. To further reduce the chance of mechanical shocks,
the temperature ramp rate is limited to 3 K/min above 150 K, where the freezing occurs.

6.3

Sample holder design

In the following, we turn to the implementation of the transport measurements of nanocircuits, which requires
solutions to various related problems. First, measurements of a complicated sample may involve several
contacts on the chip surface, occasionally contacting the doped Si substrate on the chip bottom as a global
back gate as well. There might also be multiple equally interesting devices on the same chip, often resulting in
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Figure 6.3: Temperature dependence of the pressure of the used transmitting medium, Daphne 7373 for
various starting pressures at room temperature of 0.12, 0.53, 0.81 and 1.05 GPa. Arrows mark the solidification
temperatures. Figure adapted from Ref. 303.
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Figure 6.4: (a) Detailed schematic side view of the sample holder head, as marked by the black rectangle
in Figure 6.4a. Marks 2. (plug) and 5. (feed-through wires) are also the same. The feed-through diameter
varies between 0.7 mm and 1.0 mm between plug instances. (b) Corresponding bird’s-eye view of the top of
the sample holder head with a chip attached on it and bonded to the electric contacts. 12. Epoxy bedding.
13. PCB core layer. 14. PCB top Cu layer with Ni/Au finish. 15. PCB solder stop layer. 16. Bonding wires
connecting the PCB bonding pad and the lithographed contact pads of the chip. 17. Nanocircuit chip with
the heterostructure on its surface. 18. Non-plated through-holes (NPTHs) and soldered electric feed-through
lines. (c–d) Schematic top view of the 12-line and 8-line versions of the PCB design. 19. The useful PCB
diameter is 5.1 mm. 20. Central area, where the chip is placed. Maximal chip size ca. 2.4 mm×2.2 mm for the
12-line version, 3.3 mm×3.3 mm for the 8-line version. 21. PCB traces under the solder stop layer, connecting
the soldered feed-through lines to the bonding pads. 22. Bonding pads. 23. Au backplate to contact the chip
backside, if needed.
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more than 20 contacts on a single chip. Second, contact pads usually created by electron lithography on these
nanocircuits vary in size typically between 20 µm and 200 µm with a spacing between them of the same length
scale. Contacting such electronic contact pads by hand using silver paste is hardly feasible. It is possible
to design the chip with enlarged contact pads and placed far from each other, thus limiting the number of
available contacts,51, 52 but even in this case, application of silver paste puts the sample at considerable risk of
accidentally contaminating the chip surface, or of uncontrolled electrostatic discharge (ESD). This dangerous
situation is repeated if the sample needs to be taken off the sample holder plug temporarily and placed
back later (e.g. to conduct an auxiliary measurement on it), which implies re-connection of the lithographed
contacts. Third, vdW heterostructures are anisotropic samples by design. Therefore, chip orientation relative
to the cryostat magnet axes plays an important role and needs to be controlled and maintained during the
experiments, which can last several days with multiple thermal cycles as well. Orientation reproducibility is
also required in case of a repeated installation of the sample on the plug.
We developed a dedicated sample holder head to satisfy these requirements. The head consists of the plug,
the electric feed-through wires embedded in an epoxy filler, and a printed circuit board (PCB). The sample
is fixed on the PCB using conventional conducting or insulating double sided tape and is contacted using
wire-bonding to the PCB contact pads. Using the standard wire-bonding technology, one can use nanocircuits
without any special modification at the lithography level and with several bonding pads of the usual size. An
additional advantage of the dedicated PCB design is that as long as it is not exposed to the pressure medium,
or after removing its remnants using acetone, this sample holder head works just as any regular measurement
setup of nanocircuits and can be a substitute for it. In addition, it is possible to mass fabricate the sample
holder head prior to experiments and if multiple sets of the plug, plug backup, and lower screw are available,
parallel investigation of different samples is also feasible, reducing the need of de-connecting and re-connecting
samples.
A schematic view of the sample holder is depicted in Figure 6.4a using the same numbering as in Figure 6.2,
where also the location of the sample holder head is marked by a black rectangle. In Figure 6.4b, a bird’s-eye
view photograph is shown. 36 AWG (American wire gauge, diameter D ≈ 130 µm) phosphor-bronze electrical
wires insulated by a lacquer layer(5) are used to connect the PCB to external connectors. Stycast 2850FT
epoxy filler with catalyst type 9 (12) is used to seal the plug through-hole around the feed-through wires.
It also supports the PCB (layers 4–6) mechanically, and also fills the space below it to avoid air bubble
formation that can lead to mechanical shock waves when the bubbles collapse during pressurization. The
electric feed-through wires penetrate the PCB core layer (13) via non-plated through-holes (NPTHs, 18) and
are soldered to traces (14) on the top of the PCB that are connected to bonding pads via leads under a solder
stop layer (15) used for isolation from the possibly conducting backside of the chip (17). The chip contacts
are connected via wire-bonding (16).
We developed three different versions of the PCB design with 8, 10, and 12 contacts, of which the 12-line
version is shown in Figure 6.4c and the 8-line version is showed in Figure 6.4d. The useful diameter of the PCB
is limited by the inner diameter of the cell and the thickness of the Teflon cup to 5.1 mm (19). A clearance
of 0.25 mm is also added along the perimeter of the design for PCB manufacturing reasons. This is scraped
away as the last step of the sample holder production. The central part (20) of the 12-line version supports
the chip itself on an area of 2.6 × 2.4 mm2 , which depends on the PCB design, up to 3.5 × 3.5 mm2 offered by
the 8-line version. The finite space requirement of the wire bonding procedure and a tolerance of positioning
the chip manually by tweezers altogether limits the chip size to a slightly smaller size (by ca. 0.1 mm on each
side) without the risk of shorting any of the contacts or obscuring the bonding pads. The feed-through wires
penetrate the PCB core layer through the NPTHs lined up at the top and left side of the PCB (18). Traces
(21) link the NPTHs to the bonding pads (22) under the solder stop layer (15) to avoid shorts to the chip
substrate. Special care should be taken at the sample holder fabrication time to avoid soldering tin on the
bonding pads, which makes the bonding wires unable to stick on the pad surface. Therefore, the bonding
pads, covered by Ni/Au finish and enlarged as much as possible to maximize re-usability, are as separated as
possible from the NPTHs. One trace leads to a back plate region in the central part of the PCB (20), which is
not covered by the solder stop. This part can serve as a connection to the chip substrate used as a back gate if
the chip is fixed with a carbon tape or can be completely ignored if an insulating tape is used. Using adhesive
tapes instead of the commonly used silver paste or silver epoxy glue has several advantages: the tapes offer
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(c)

Figure 6.5: Fabrication of the sample holder head. (a) Macro photograph of the PCB side clamped by a
crocodile clip with the wires skinned and positioned in the through-holes. The wires are later soldered onto
the PCB surface facing rightward in the image. Care should be paid to avoid mechanical strain and sharp
turns in the wires. (b) The sample holder clipped on a piece of cardboard after the epoxy curing and before
scraping the excess epoxy and the PCB clearance. (c) The finished sample holder with a patch of carbon tape
on the PCB surface (8-line version). The plug backup and the lower screw can slide on the feed-through wire.
The wires lead to the 2.54 mm pins in loose shrink tubes for mechanical protection.
the possibility to choose between conducting and isolating fixing layer, it is much faster than applying a paste
due to the lack of drying, and it is much cleaner, i.e. does not contaminate either the PCB surface or the chip.
The sample holder fabrication starts with skinning the wires to remove the lacquer layer and leading
through the plug and PCB through-holes. Then, the wires are positioned and soldered onto the top surface of
the PCB, which faces rightward in the side view photo in Figure 6.5a. Here, the wire bundle penetrating the
plug is out of view to the left of the image. Then, the wire bundle is pulled back through the plug to reduce
the distance between the PCB and the plug top to the appropriate, ca. 2–3 mm. During this retraction, the
plug through-hole is filled with epoxy, and once the PCB is in position, the space between the PCB and the
plug is filled as well. The PCB surface is levelled at this time in a direction perpendicular to the plug axis,
thus securing the chip in a well defined orientation with respect to the cryostat magnet axes. Keeping the
PCB in place and in the proper orientation during the epoxy cure phase is a challenge. Since the curing
process takes roughly a day, manual stabilisation is not possible, therefore, stabilisation of the PCB in position
is assured by the rigidity of the wires. This needs a careful spatial arrangement of the soldered wires beneath
the PCB, which requires delicate handwork. As a result, the surface of the PCB can be oriented with less
than 5◦ tilt by an experienced person.
Protuberating blobs of the epoxy under the PCB, see Figure 6.5b, are scraped away along with the PCB
clearance after the curing process is finished using an electric hand rotary tool. The epoxy fills the plug
through-hole but not the hole of the plug backup or of the lower screw, therefore, these parts can slide on the
feed-through wire, which is used during the cell assembly. Furthermore, it makes possible to screw the lower
screw into the cell without rotating the plug inside the HPV, which would otherwise impose a fatal amount of
shear on the sample holder. On the other end of the feed-through wire, standard 2.54 mm pin connectors are
used to connect to the electrical connections on a cryostat dipstick or a dedicated breakout box. The latter is
a specific tool built to perform quick on-the-table checks and measurements at ambient conditions without
the need of a cryostat dipstick. The pins should be soldered prior to the wire-bonding of the sample, because
soldering on one end can damage the sample on the other end of the wire. The completed sample holder is
shown in Figure 6.5c, ready to perform transport measurements on vdW heterostructures.

6.4

Protection of the sample in the hostile environment

Due to its monolayer nature, the electronic quality of a graphene flake is largely affected by the presence of
charged impurities on its surface.7 This contamination induces a rough electrostatic potential that leads to
scattering mechanisms that reduce the charge carrier mobility and the mean free path in the sample, which
decreases the visibility of many transport phenomena of interest. Such contamination is expected to occur
when the graphene flake is exposed to the kerosene used as a pressure medium in the experiment since it
is an organic liquid with many components of various chemical structures. Indeed, our previous experience
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Figure 6.6: Measurements on the studied device. (a) Optical microgaph. The surface of the top hBN flake is
green, the electrical contacts are on the two sides and the dark blue stripes are the surface of the bare SiO2
chip, where etching shaped the heterostructure. Shaping also included cutting the graphene flake beneath the
top hBN flake (not visible) in the upper and lower parts in the image, therefore the current in the detailed
two-terminal measurement only flows along the horizontal long middle section of dimensions W = 1.7 µm
and L = 12.7 µm. The scale bar (white) is 5 µm. (b) Schematic side view of the stack as it is placed on
the SiO2 surface. A single layer graphene (G) sheet is encapsulated between hexagonal boron nitride (hBN)
layers and contacted to Cr/Au electrodes via standard 1D edge contacts. (c) Comparison of two-terminal
conductance vs. back gate voltage measurements at 4 K. Vacuum: the sample has never been exposed to
kerosene. Kerosene: in kerosene environment, without additional pressure. 2.5 GPa: in kerosene environment,
under 2.5 GPa pressure. The top hBN flake protects the graphene layer and its electronic contacts from
contamination in the kerosene environment. Left (right) inset: schematic view of the Fermi energy in the
band structure of graphene as it is tuned in the valence (conduction) band by the gate voltage.

on samples similar to the graphene/BiTeBr sample presented in Section 3.6 showed that exposing a single
graphene layer to kerosene degrades its electronic quality even to a point where the CNP is not visible any
more in the transport measurements. We studied and hereby demonstrate that encapsulation with hBN flakes
of thickness in the order of 10 nm can protect the graphene layer from the pressure medium, and in such a
heterostructure, the presence of kerosene does not affect substantially either the contact resistances or the
charge carrier mobility as estimated in two-terminal measurements.
In the following, we present measurements on a sample that was not specifically designed for pressure
experiments. Despite its general design, we could still incorporate it in our setup, which is the main advantage
of our solution. The studied device was fabricated on a Si/SiO2 substrate using the dry stacking assembly
method as described in Section 3.3. Then, electrical side contacts were defined by e-beam lithography and
RIE right before the evaporation of the Cr/Au edge contacts. Finally, the shape of the device was defined in
a separate step of e-beam lithography and RIE following the narrow strip method described in Section 3.4.
The wafer carrying the device was cut tightly and wire-bonded on the sample holder head before the pressure
cell assembly. Three cooldown cycles were performed to 4 K temperature: first, before any exposure to
kerosene; then, with kerosene at ambient pressure; and finally, in kerosene, under ca. 2.5 GPa pressure. At the
end of the measurement at high pressure, the pressure was released and the cell was disassembled. In each
case, two-terminal measurements were performed at f = 177 Hz with VAC = 100 µV excitation voltage using
standard lock-in technique and external low-noise current amplifier, see Section 3.5. The doped Si substrate
was used as a global back gate electrode.
The sample consists of a single layer of graphene encapsulated in multilayer top and bottom hBN flakes,
see Figure 6.6a–b and was shaped into a stripe of dimensions W = 1.7 µm and L = 12.7 µm. In Figure 6.6c, we
present two-terminal conductance measurements at 4 K temperature in the three different environments as a
function of the gate voltage. The CNP is shifted slightly, from 0.7 V to −1.5 V after the exposure to kerosene,
but did not change during pressurization. For the extraction of the charge carrier mobility and the series
resistance of the contacts, a curve fitting was performed using a parallel plate capacitor model to determine
the charge carrier density, as described in Section 2.3.1. The mobility stayed within a 10% range between the
cases, reaching 55, 000 cm2 (Vs)−1 and 50, 000 cm2 (Vs)−1 for electrons and holes, respectively. The contact
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resistances remained in the 220 − 340 Ω·µm range without any systematic trend. As the variation of these
parameters between subsequent thermal cycles of the same heterostructure is usually in the same order of
magnitude, we conclude that the presence of the kerosene does not change the mobility of the sample nor the
quality of the edge contacts. We have performed similar measurements on various devices with different vdW
heterostructures using the hBN protection layer on the top and we found that the protection property of hBN
flakes is general.
As expected, the transport properties of single layer graphene are not substantially changed under
hydrostatic pressure. This changes markedly for multi-layer systems where the tuning of interlayer coupling
leads to a change in the transport behaviour, which is discussed in the next chapter.

6.5

Conclusion

In this chapter, we presented a novel method to incorporate vdW-based nanocircuits in a piston–cylinder
hydrostatic high pressure cell. As can be seen from Figure 6.6, transport measurements can be performed
under the desired hydrostatic pressure in the presence of a pressure medium, whereas it can be used as a
standard chip carrier without the medium. This method allows controlled and reversible fixation of the chip
and up to 12 wire-bonding connections to it, which makes hydrostatic pressure studies a lot easier than using
the existing alternatives. The measurements presented here and in Chapter 7 included several thermal cycles
with multiple re-bonding of the wires and lasted for several weeks in total without any problem in the sample
holder head.
This method enables electronic transport measurements on vdW heterostructures while adding the
possibility of tuning the interlayer coupling in them after sample fabrication. Thus, the tuning of the
hydrostatic pressure provides a new experimental knob, which opens the way toward the highly anticipated
pressure studies not only for vdW heterostructures, but also for any other nanocircuit-based physical systems.
Thanks to this measurement method, the area of the hydrostatic pressure experiments is the strongest ongoing
activity of the research of vdW heterostructures at BME Nanoelectronics Lab. As a result, new scientific
results have been published or are in preparation, e.g. in Chapter 7 or in Ref. 67.
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Chapter 7

Boosting proximity spin–orbit coupling
via hydrostatic pressure
In the previous chapter, we have demonstrated a unique method to tune the interlayer distance in vdW
heterostructures using hydrostatic pressure. This chapter investigates an important example of how the
pressure can drastically change the physical properties of the system. By placing graphene on WSe2 , a SOC
is induced in graphene, which can be boosted using pressure. This pressure control adds another knob with
which the electronic properties of 2D materials can be engineered, allowing to form more robust proximity
states or even engineer novel states of matter.
The results of this chapter were published in Ref. 66. The samples were fabricated by Simon Zihlmann at
the University of Basel. The supporting theoretical calculations were carried out by Martin Gmitra at the
Pavol Jozef Šafárik University in Košice according to our requests. The hydrostatic pressure experiment, the
evaluation and the interpretation of the data was done by myself.

7.1

Inducing SOC in graphene

Although graphene is known to provide very long spin lifetimes, the absence of SOC also hinders electrical
control and charge to spin conversion in it.186, 187 However, a large SOC can be induced in graphene by
proximity effect if it is placed on a TMDC flake,276, 305, 306 which can even lead to topologically non-trivial
states and the quantum spin Hall effect.2 Recently, a wide range of experiments demonstrated the presence of
proximity-induced SOC in various heterostructures by weak localisation (WL, see Section 2.3.3), capacitance
or spin transport measurements, and it has been found that Rashba and valley–Zeman-like SOC is induced in
graphene leading to a large spin relaxation anisotropy.29, 55–65 Since this enhancement of SOC originates from
the hybridization of the π orbitals of graphene and the outer orbitals of the TMDC layer, the strength of the
SOC depends strongly on the overlap of the orbital wave functions and, therefore, on the interlayer distance,
which is determined by the vdW force. Compressing such a heterostructure by applying an external pressure
(see Figure 7.1a), is expected to increase the SOC, which can be captured by WL measurements, as shown by
simulated magneto-conductance (MC) curves in Figure 7.1b.276, 283
In this chapter, we analyse experimental evidence of tuning the interlayer coupling and the proximity SOC
in a graphene/WSe2 heterostructure using hydrostatic pressure. First, we discuss the presence of SOC in
graphene/TMDC heterostructures with a strong emphasis on the relevant SOC terms in the Hamiltonian
of our vdW system. In the following, the WL and WAL effects are described in such systems, where the
focus is on the link between the measured curve shape and the microscopic parameters. Then, we detail the
fabrication of the device, the electrical characterisation, and the magneto-conductance measurements. Next,
the SOC parameters are evaluated by curve fitting and the result is compared to the theoretical expectations.
In conclusion, the effect of the hydrostatic pressure is demonstrated by their increasing value.
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Figure 7.1: Theoretical effect of the hydrostatic pressure. (a) Schematic side view of a hBN/graphene(G)/WSe2
heterostructure in kerosene pressure transfer medium. Hydrostatic pressure reduces the distance d between the
graphene and the WSe2 layers (among others), which leads to an enhancement of the proximity-induced SOC
in graphene. (b) Simulated WAL curves using realistic parameters to demonstrate the potential effect of the
application of ca. 2 GPa pressure on the heterostructure. The increased SOC leads to a more pronounced WAL
peak in the MC curve. Five pairs of simulated curves of the same, physically relevant parameters are plotted
using the three-parameter (solid line) and the five-parameter (dashed line) formula, i.e. using Equations 7.7
and 7.8. The difference between the three-parameter and the five-parameter curves is only visible at higher
magnetic fields in the presented case. The simulation parameters are listed in Section 7.3. (c–f) Ab initio
calculation of the SOC parameters, defined in Equations 7.3–7.5, in response to growing compression in the z
direction, i.e. vertical strain. Panels c–f were adapted from Ref. 305.
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The microscopic picture

In the graphene/TMDC heterostructure, the spins of the low-energy states of graphene are affected by the
neighbouring TMDC layer. This system can be described by a Hamiltonian H = Horb + Hso , where the
two terms correspond to the orbital and spin-orbit parts.305 The orbital part describes the Dirac fermion
spectrum (cf. Equation 2.13),
Horb = ~vF (τz σx kx + σy ky ) + ∆ σz ,

(7.1)

where the first term corresponds to the pristine graphene Hamiltonian with the Pauli matrix τz acting on the
valley pseudospin and kx , ky are the electron wave vector components measured from the K (K’) points. The
Pauli matrices σ = (σx , σy ) are acting on the sublattice pseudospin, ∆ corresponds to a staggered potential
whose appearance accounts for the different surroundings of the atoms in the two sublattices due to the
presence of the neighbouring TMDC layer.
The spin–orbit Hamiltonian Hso is composed of three terms:305
Hso
HI
HR
HPIA

= HI + HR + HPIA

1 A
λ (σz + σ0 ) + λB
=
I (σz − σ0 ) τz sz ,
2 I
= λR (τz σx sy − σy sx ),

a A
=
λPIA (σz + σ0 ) + λB
PIA (σz − σ0 ) × (kx sy − ky sx )
2

(7.2)
(7.3)
(7.4)
(7.5)

B
The HI intrinsic term, parametrised by λA
I and λI for the two sublattices, consists of the Kane–Mele
(HKM = λKM τz σz sz ) and valley–Zeeman (HVZ = λVZ τz σ0 sz ) SOC. The latter corresponds to an effective
Zeeman magnetic field that is opposite in the two valleys. This is present in systems with inversion symmetry
breaking while preserving time reversal symmetry, such as the WSe2 , see Section 2.2.3. The HR Rashba term
with λR corresponds to the breaking of the lateral mirror symmetry due to the difference of the hBN and
TMDC neighbouring layers to the graphene sheet, as already mentioned in Section 2.2.1. The last, HPIA
B
term accounts for the pseudospin inversion asymmetry with parameters λA
PIA and λPIA , and a is the pristine
graphene lattice constant, see Section 2.2.1. However, this term scales with a · k and is only relevant at high
doping.
The distance between the graphene and TMDC layers, and therefore the interlayer interaction strength
tunes the value of the λ parameters, as previous calculations show in Figure 7.1c–f.276, 305 This data also tells
that the Rashba and the valley–Zeeman terms are the most relevant in this model. In order to quantify the
changes in our pressure study, ab initio calculations were performed using a structural supercell model of
4 × 4 graphene and 3 × 3 WSe2 with relaxed lateral atomic positions. These calculations found 5%/GPa
compressibility for the layer distance between the graphene and WSe2 layers. As detailed in Section 7.4,
the maximum of the applied pressure was 1.8 GPa in this experiment. This pressure corresponds to 9%
compression in the z direction that leads to a notable increment of the calculated Rashba energy from 600 µeV
to 1.8 meV and of the calculated valley–Zeeman energy from 1.2 meV to 3.0 meV. Note however, that the
calculated absolute values give an upper estimate, because a twist angle between the graphene and TMDC
layers can reduce the effective SOC present in the graphene sheet.307

7.3

WL and WAL in graphene

As discussed in Section 2.3.3, the presence of SOC leads to the formation of the WAL effect, which corresponds
to a negative MC curve. But it is not only the magnetic spin of the electrons that obey to two-component
rotation, but the chiral nature of electrons in graphene can also lead to WAL. As discussed in Section 2.2.1,
a full circle around the K point in the reciprocal space yields a flip of the sublattice pseudospin, which
corresponds to a Berry phase of π. This flip is analogous to the case of the SOC and leads to WAL as well.
However, the Berry phase is opposite in the two Dirac points (DPs), therefore the WAL induced by the
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chirality can only occur if the electron stays in the same valley for a whole turn around its centre point. Such
a circle in the reciprocal space corresponds to a loop in the real space as well. The time an electron spends in
a valley before jumping into the opposite is called intervalley scattering time, which accounts for scattering on
sharp potentials such as atomic scatterers or point defects. The SOC in pristine graphene is negligible and
the quantum correction to the MC curve can be described by only the elastic scattering mechanisms:308
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where ∆σ(B) = σ(B) − σ(B = 0). We introduce the function F (x) = ln(x) + ψ(0.5 + x−1 ) with ψ being the
digamma function.1 The rate τB−1 = 4e0 DB~−1 is associated to the magnetic field with D diffusion constant,
−1
−1
τiv
corresponds to the intervalley scattering, and τia
is a scattering rate attributed to the intravalley
scattering due to soft potentials and trigonal warping rates, together. The WL can be turned into WAL
by increasing the intervalley scattering time, i.e. the effect of the Berry phase. This transition has been
demonstrated as a result of scattering rates depending on the charge carrier concentration.6
When graphene is proximitised to a TMDC layer in a vdW heterostructure, the effect of SOC is usually
much stronger than that of the Berry phase and this is the only effect that significantly contributes to the
MC for small B fields:309
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τϕ−1 + τasy
−1
where τasy
is the scattering rate of out-of-plane spins (e.i. scattering events that flip sign under z/ − z
−1
inversion), whereas τsym
is the corresponding rate of in-plane spins (invariant processes under z/ − z inversion).
The applicability of Equation 7.7 is conditional on τiv  τϕ , τasy to avoid the effect of chirality as mentioned
above.
If this condition does not hold and both SOC and chirality influence the MC at the same B field scale, a
unified formula is needed. This can be derived from Ref. 309 as has been done for device D in Ref. 61 which is
the same device as our sample A:
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(7.8)
−1 −1
This formula simplifies to Equation 7.6 in case of τiv  τasy , τsym , and to Equation 7.7 if τiv  τasy
, τsym .
−1 −1
−1 −1
Note that Equation 7.8 is invariant under the pairwise interchange of rates (τasy , τsym ) and (τiv
, τia ),
i.e. chirality and SOC contribute to the MC in the same manner. The expression is presented in this form
−1
−1
instead of using the commonly used substitution of τ*−1 = τiv
+ τia
to emphasize this invariance. Therefore,
if the measurement data is fitted using Equation 7.8, the interpretation of the fit parameters is ambiguous.
Distinguishing the four variables is however possible if we can assess the value to any of them independently.
The decay of a non-equilibrium spin population is due to two competing mechanisms. The Elliot–Yafet
spin relaxation mechanism corresponds to spin flip processes occurring at scattering events, therefore the
spin relaxation time is proportional to the momentum relaxation time, τso ∝ τm .310, 311 In contrast, the
1 Although being the common notation, this is not historically accurate, because the digamma character of the archaic Greek
alphabet evolved into the Latin F letter.
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D’Yakonov–Perel spin relaxation mechanism describes spin precession during the propagation of the charge
carriers between scattering events. Therefore, the spin relaxation time is inversely proportional to the
−1 312
momentum relaxation time, τso ∝ τm
.
The spin relaxation times in Equations 7.6, 7.7, and 7.8 can be connected to the band structure parameters
listed in Section 7.2 via the Dyakonov–Perel spin relaxation mechanism. The Rashba term corresponds to the
breaking of the lateral mirror symmetry, and its strength can be expressed as:313

λR =

~
2

q
−1 −1
τm
τasy .

(7.9)

The second most important term in these systems is the valley–Zeeman term, which leads to relaxation
contained in the τsym via a modified Dyakonov–Perel mechanism, where the intervalley scattering time, τiv ,
enters instead of the momentum scattering time:

λVZ =

~
2

q

−1 −1
τiv
τsym .

(7.10)

In Figure 7.1b, five pairs of simulated curves of the same parameters are plotted using the three-parameter
(solid line) and the five-parameter (dashed line) formula, i.e. using Equations 7.7 and 7.8, respectively. The
common parameters were typical values in an encapsulated graphene/WSe2 device: τϕ = 1 · 10−11 s, τiv =
1 · 10−13 s, τia = 1 · 10−13 s, D = 0.1 m2 s−1 . For the simulation of the pressure, λR was changed from
300 µeV to 900 µeV in five equidistant steps, whereas λVZ was changed from 800 µeV to 2.0 meV in the same
manner. The SOC time parameters were calculated by transforming these energies using Equations 7.9
and 7.10, which gives equidistantly increasing values in the range τasy ∈ (1.3 · 10−12 s, 1.2 · 10−11 s) and
τsym ∈ (2.7 · 10−13 s, 1.7 · 10−12 s). The difference between the three-parameter and the five-parameter curves
is only visible at higher magnetic fields using this value of the intervalley scattering time.

7.4

Fabrication of the samples

Now we turn to the details of the measurement. Measurements were performed on two similar devices, of
which we mainly present one. Its structure is illustrated in Figure 7.1a, whereas an optical image is given
in Figure 7.2a. The sample consists of a monolayer graphene, which is on top of a thin (3 nm) WSe2 flake
providing the spin orbit coupling, and covered with an hBN flake to protect it from the kerosene pressure
medium. In Figure 7.2b, an AFM surface map is presented showing the amount of contamination in the
sample, which will be discussed at the interpretation of the obtained results. The AFM measurement was
carried out before the deposition of the top hBN flake, i.e. the top side of the graphene sheet is uncovered in
this map. The heterostructure was built on a Si/SiO2 substrate using the dry stacking assembly method as
described in Section 3.3, where the heavily doped silicon layer was used as a global back gate. The sample
was then shaped into a Hall bar, and contacted using 1D Cr/Au electrodes using e-beam lithography and
RIE, as described in Section 3.4. The device is also equipped with a top gate extending over the major part of
the measured segment but it was grounded during the measurements. The total length of the rectangular
graphene segment was L = 8.3 µm, and the width was W = 1.1 µm.
The wafer carrying the device was cut tightly and bonded on the dedicated high pressure sample holder
presented in Chapter 6, then placed in the pressure cell in kerosene environment. Low temperature (1.5 K)
measurements were carried out in the VTI system at four different hydrostatic pressure settings in increasing
order (no overpressure, 0.6 GPa, 1.2 GPa, 1.8 GPa). Each pressure change involved warming up the sample
to room temperature, applying the pressure using a hydraulic press, clamping the pressure cell, and cooling
the sample down again. The total time of the experiment extended over several weeks, which, along with
the several thermal cycles, demonstrates the robustness and reliability of the hydrostatic transport system
detailed in Chapter 6.
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Figure 7.2: (a) Optical micrograph of the sample. Scale bar is 10 µm. The highlighted segment is measured
in two-terminal measurements at 1.5 K for all pressures. (b) AFM height map of the graphene surface prior to
deposition of the top hBN flake. The segment measured is roughly highlighted by the black rectangle. This
map exhibits a considerable amount of contamination and bubbles between the component layers, which could
weaken the interlayer coupling and reduce the SOC in our device. (c) Two-terminal conductance vs. back
gate voltage measurements at different pressures. The curve minima, assumed to be the CNP, are shifted to
Vg = 0 to maintain comparability of the curve shapes. The area considered for the comparison of the WAL
signals, between 2.5 V and 5.5 V, is highlighted by the gray background.
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Figure 7.3: WL measurement at ambient pressure. (a) Zero-field conductance G(Vg , B = 0), used to extract
D and τia , as detailed in the text. (b) 2D grayscale plot of the two-terminal conductance corrected by the
zero-field conductance ∆G(Vg , B) = G(Vg , B) − G(Vg , B = 0). (c) Two-terminal magneto-conductance at
fixed gate voltages marked in panel b with ±1.5 V averaging along the vertical axis to reduce the effect of
UCF. The curves are shifted by 0.01 e2 /h for clarity. At small magnetic fields (B < 5 mT) the well-formed
conductance dip corresponds to the WL effect that is present at all gate voltages, although the curve shape
changes slightly. At higher fields (B > 5 mT) the influence of UCF leads to irregular line shapes and were not
analysed.

7.5

General characterisation

We characterized our devices by measuring the two-terminal conductance as a function of back gate voltage
at each pressure, as shown in Figure 7.2c. Measurements were carried out by standard lock-in technique at
f = 177 Hz with an AC bias voltage VAC = 100 µV and an external low-noise current amplifier, as described in
Section 3.5. The measured segment is highlighted in the inset. The CNP position was found at slightly different
Vg back gate voltages in each case but remained between -5.2 V and -0.6 V, which was corrected by shifting
the curve minima to Vg = 0 for further use. The curves are quite similar in shape, with a minimum around
the CNP. Using the parallel plate capacitor model described in Section 2.3.1 for the estimation of the charge
carrier density n(Vg ), field effect mobility was calculated based on a linear fit on the two-terminal conductance.
Electron mobility values were found between 11 000 and 24 000 cm2 (Vs)−1 without any systematic dependence
on the applied pressure. A change in the scattering processes and the observed field effect mobility is not
unusual in case of vdW heterostructures during subsequent cooldowns even without applied pressure and can
be attributed to the rearrangement of scattering centres. Thus, we conclude that the sample conductance and
quality is not significantly affected by the applied pressure.

7.6

Weak localisation measurements

In the following, the MC measurements are discussed at each pressure. We have recorded the two-terminal
conductance curves as the B field was swept in a range of ±30 mT for several gate voltages, both in the up
and down magnet ramping direction. At each gate voltage, we symmetrised the curves, then subtracted the
zero-field conductance from the measured curve leading to 2D conductance maps ∆G(Vg , B). As an example,
the zero-field conductance against the gate voltage for the no pressure case is plotted in Figure 7.3a. The
corresponding conductance map is shown in Figure 7.3b, where a vertical dark gray line along B = 0 appears
due to the correction method, and lighter gray tones on each side are a sign of positive magneto-conductance
corresponding to WL. At higher magnetic fields, UCF of amplitude up to 0.4 e2 /h across the gate voltage
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Figure 7.4: Detailed comparison of symmetrised and averaged magneto-conductance curves at different gate
voltages. Each curve is made by an averaging of all the recorded curves within a ±1.5 V range around the
value indicated in the panel title. The colors mark the same pressure on each plot. The WAL peak is more
pronounced at all gate voltages as the pressure is increased, which suggests that the increasing pressure has
an influence on the enhanced WAL feature independently of other, gate-dependent scattering mechanisms.
Conductance correction above 5 mT includes a pronounced contribution of UCF which leads to irregular curve
shapes. In addition, gate voltage dependence of the line shape is also clearly visible. The peak amplitude
grows with the gate voltage, which is in agreement with Ref. 6 and can be explained with the change of other
time scales along with the ones associated to SOC. This tendency is present at every pressure. Due to this
dependence on gate voltage, one has to find a balance between reducing the effect of UCF sufficiently and not
to average over a gate voltage range where the physical processes differ too much. After investigating the gate
voltage measurements and magneto-conductance curves averaged over different gate voltage ranges, we found
that the curves of 4 V ± 1.5 V give a good compromise. This is the setting we used for the fitting described in
Section 7.7.

axis are also visible on the map as saturated horizontal lines. To increase visibility of the WAL signal, an
averaging on a gate range of ±1.5 V was applied on the conductance, noted as ∆Gavg (Vg , B). Cuts of ∆Gavg
at fixed Vg values are shown in Figure 7.3c. All these cuts show a WL dip with slight changes in the curve
shape as a function of the gate voltage. Here, the absence of a WAL peak suggest a weak SOC, which will be
discussed later. This is in agreement of previous measurements on this device in the Supp. Mat. of Ref. 61,
which made this sample an ideal candidate for the pressure experiment.
As the hydrostatic pressure was applied, the observed behaviour turned from WL to WAL. This is a
robust effect throughout the entire investigated gate range, as presented in Figure 7.4, where the averaged
conductance curves of each pressure are compared at different gate voltages. The initial curves of each panel,
corresponding to ambient pressure, show a wide conductivity dip. Then, the MC curve gets wider as the
pressure increases to 0.6 GPa, and at higher pressures, sharp central peaks appear at zero field. This transition
of WL to WAL, which is present at each gate voltage, is a clear signature of the increasing proximity-induced
SOC in the graphene layer. However, the curve shape of the same pressure is slightly different in each panel,
which shows that in order to isolate the effect of the pressure, the averaging window of the gate voltage needs
to be limited.
As a compromise, we selected the averaging window 4 ± 1.5 V, i.e. averaging the ∆G(Vg , B) curves between
2.5 V and 5.5 V for all the pressures. We assume that the characteristic times of the scattering processes do
not change much across the gate range where the averaging is performed, while the contribution of the UCF
is reduced.
Releasing the pressure restores the original WL dip, as shown in Figure 7.5a. This is in agreement with
the assumption that the layers are stabilised by the vdW forces, which can be compressed in a reversible way.
The similarity between the initial and final curves at ambient pressure hints that no observable permanent
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Figure 7.5: (a) Magneto-conductance curves at fixed gate voltages with ±1.5 V averaging at ambient pressure
at the end of the experiment, after releasing the hydrostatic pressure. The curves are shifted by 0.01 e2 /h
for clarity. The observed features are similar to that of the initial ambient pressure measurement: at small
magnetic fields (B < 5 mT) a WL dip is recovered at all gate voltages. (b) Temperature dependence of the
symmetrised magneto-conductance curves at maximum pressure (p = 1.8 GPa) with averaging between 0 V
and 2 V gate voltage. The amplitude of the WAL peak decreases with increasing temperature due to the
reduction of τϕ and the background is negligible above 40 K at low magnetic fields. The curves are shifted by
0.003 e2 /h for clarity.
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a

b

Figure 7.6: (a) Optical micrograph of the second device with the studied segment highlighted by a black
rectangle. This heterostructure consists of the same layers as device A, and the measured two-terminal segment
was L = 5 µm long and W = 1 µm wide. The scale bar is 5 µm long. (b) Two terminal magneto-conductance
signal of the second device, averaged between +2 V and +4 V from the CNP. This device also exhibits a
growing WAL peak as the pressure increases, but a proper analysis was not possible due to gate instabilities
and drifts.
distortion happened in the sample during the pressure cycle.
In order to isolate the coherence effects in the measurement data, the background signal was also acquired
at elevated temperatures. One set of such measurements are shown in Figure 7.5b, where each line corresponds
to a complete MC measurement at a fixed temperature between the VTI base temperature 1.5 K, marked by
blue, and ca. 100 K, marked by red. The quantum correction to the magneto-conductance tends to disappear
at temperatures above ca. 40 K as the phase-breaking time τϕ−1 gets reduced with increasing temperature. The
measurement data shows that the peak disappears as the temperature reaches 20 K and the signal becomes
completely flat above ca. 40 K, marked by the orange line. The last, red line, corresponding to ca. 100 K,
suggest that the background is roughly constant in the magnetic field, therefore, we do not take it into account
in the following. Finally, the conductance was converted to conductivity for the extraction of scattering time
scales by curve fitting.
Before proceeding with the curve fitting of the main device, we briefly present the measurement of the
other one. Built in a similar structure and formed to a similar shape, the measured two-terminal segment
was L = 5 µm long and W = 1 µm wide, as shown in Figure 7.6a. For this device, a growing WAL peak is
also present in the magneto-conductance curves with increasing pressure, see Figure 7.6b. However, due to
gate instabilities and drifts, a proper comparison of the magneto-conductance curves was not possible. In the
following, we continue to investigate the data obtained from the main device.

7.7

Curve fitting

The data for the selected gate range is presented in Figure 7.7a, where the averaged MC ∆σavg (Vg = 4 V, B)
for all four pressures is plotted for low magnetic fields. To quantitatively demonstrate this transition between
the low pressure and high pressure MC curves, the data was fitted using the three-parameter SOC formula in
Equation 7.7. Using Equation 2.35 and the previously calculated charge carrier density n(Vg ), the diffusion
constant can be estimated from the measured σ(Vg ) curves for the selected gate range, where it is assumed not to
change significantly. Its value was found between D = 0.07–0.12 m2 s−1 for the different pressures without any
systematic pressure dependence, but in correlation with the calculated field effect mobility. Correspondingly,
using Equation 2.41, the momentum relaxation time was also estimated to τm = 1.3–2.4 · 10−13 s. Since
τm is expected to be the shortest amongst the time scales, we set it as the lower bound for all fitting time
parameters.
In Figure 7.7a, the fit curves are plotted using solid blue lines. The extracted fit parameters are summarised
in Figure 7.7c–d. A clear tendency of the reduction of τasy can be observed as its value decreases from
7.4 · 10−12 s to 2.7 · 10−12 s as the pressure increases to 1.8 GPa. This is a reduction by a factor of 2.7 and
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Figure 7.7: Pressure-dependent SOC. (a) Comparison of averaged ∆σavg (B) measurement curves for each
pressure at 4 V. Clear signature of the WL→WAL evolution is visible. Solid blue lines for B > 0 are fits using
Equation 7.7. (b) Two-terminal magneto-conductance for 1.8 GPa pressure at different gate voltages with
±1.5 V averaging to reduce the effect of UCF, similarly to Figure 7.3c. The WAL peak observed in panel a is
present at all gate values with changing amplitude but the width staying approximately the same. At higher
fields (B > 5 mT) the influence of UCF is still dominant. (c) Summary plot of the fit values of τϕ , τasy . The
error bars represent uncertainty assessed by my grid fitting method detailed in Section 7.7.1. Decreasing τasy
with increasing pressure indicates the increase of the Rashba SOC and therefore of the interlayer coupling
strength between graphene and WSe2 . (d) Fit values of τsym . Due to the large uncertainty, the value of this
parameter cannot be extracted. (e) λR parameter for each pressure, calculated using the previously extracted
parameter values for τasy and τm . Calculated values based on the three-parameter formula (Equation 7.7) are
plotted with orange, and values based on the five-parameter formula (Equation 7.8) are plotted with green. A
clear growing tendency proves the enhancement of the proximity SOC induced by the WSe2 layer. The data
points are slightly shifted horizontally to avoid overlapping error bars.
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corresponds to an increasing SOC. This is the main proof to our initial expectation of increasing interlayer
coupling. The phase-breaking time, τϕ , also shows a moderately decreasing but fluctuating trend with pressure,
obtaining values from 9.2 · 10−12 s to 5.5 · 10−12 s, staying well above τasy at all pressures. The reason for this
decreasing tendency is unclear at the moment. The third fit parameter, τsym , obtains fit values that are much
longer than τϕ and the fit errors are larger than an order of magnitude (see Figure 7.7d), which means that it
has negligible effect on the MC curve. Therefore, although there seems to be a decreasing trend in the lifetime,
we can not extract any reliable value for it at any pressure. Discussion on this result will be given later.
If the scattering times of the SOC (τasy , τsym ) are comparable to the intervalley scattering time τiv , both
SOC and chirality influences the MC at the same B field scale, and Equation 7.8 is needed to describe the weak
localisation behaviour. As mentioned in Section 7.3, this complete formula is invariant under the pairwise
−1 −1
−1 −1
interchange of rates (τasy
, τsym ) and (τiv
, τia ), which makes the interpretation of the fit variables ambiguous
unless the value of at least one of the parameters can be determined via an independent measurement. We
assume that the momentum relaxation time τm extracted from the gate voltage measurements corresponds to
the intravalley scattering time τia and is shorter than any other time scale. Therefore, during curve fitting, the
measured value of τm is used as the value of the fixed parameter τia leaving only four parameters to optimise.
As a result, the fit value of τiv was found two orders of magnitude smaller than the other time scales,
as presented in Figure 7.8d. Furthermore, both the three- and five-parameter formulas give similar results
for the fit parameters, as discussed below. The simulated MC curves presented in Figure 7.1b serve as a
comparison between the three- and five-parameter formula, as these curves were generated using a typical
obtained value for τiv = 1 · 10−13 s and the same parameter set for the others. The two set of curves are
pairwise very similar with deviation only at higher magnetic fields. Therefore, we conclude that the effect of
the chirality is negligible in our case.
Using the Equations 7.9 and 7.10, the SOC parameters can be calculated from the obtained fit parameters.
As plotted in Figure 7.7e, the value of the Rashba energy λR increases from 0.3 meV to 0.5 meV, which are in
the order of magnitude of the expected values, although slightly lower than them. The increasing Rashba
parameter clearly demonstrates that we were able to tune the strength of the induced SOC. This finding
is independent of whether the three-parameter (orange) or the five-parameter (green) values are taken into
account.
The values of the valley–Zeeman energy, on the other hand, are much smaller than expected theoretically.
Most importantly, the strength of the valley–Zeeman coupling cannot be extracted reliably in our experiments
due to the uncertainty in τsym , which is caused by its large value compared to the other fitting parameters.
But as a naive estimation, the mean values from the fit show a slightly decreasing trend and would give 4 µeV
and 23 µeV for the lowest and highest pressure, respectively, but even taking the smallest obtained values
from the error range of τsym , we arrive at values between 140 and 440 µeV. All these signs together indicate
that the observed valley–Zeeman SOC is far below the theoretically expected values plotted in Figure 7.1d.
Several reasons might be behind these low SOC values relative to the theoretical expectations originating
from the imperfection of the stacking process. One possibility is that the interfaces are not clean enough
and some contamination is trapped in-between, see Figure 7.2b, which would lower the strength of the spin
orbit coupling. Another difference from other samples in Ref. 61 might come from the relative orientation of
the graphene and the WSe2 . It has been theoretically found that the rotation angle strongly modulates the
strength of the SOC and for certain angles the SOC almost disappears.307, 314 Since we did not control the
twist angles between the layers during fabrication, they may have aligned in such a way that it would lead to
reduced SOC. The rotation angle affects the Rashba and the valley–Zeeman coupling in a different way, which
can explain why we see stronger suppression for the λVZ than for λR , and why the former deviated between
measured and simulated values. Finally, we note that the strength of SOC obtained from these formulas
might also depend on how well the UCF is removed during averaging. This can be seen in Figure 7.7b, where
the different gate values lead to slightly different MC trends. We stress here that although the absolute value
of the extracted parameters have to be taken with care, the tendency visible in Figures 7.4 and 7.7a clearly
shows that the pressure indeed leads to an increase of the SOC. We do not expect that the twist angle is
modulated by the applied pressure;52 nor the functional form of the angle dependence is modified by it, only
the overall strength of the SOC is affected.
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Figure 7.8: (a) Example of an accepted (red) and a rejected (blue) fit result using the three-parameter
formula on the 0.6 GPa curve. Fit results were accepted based on their reduced chi-squared statistic. (b–c)
Summary plots of the fit parameters of the accepted fits to the 0.6 GPa measurement data curve using the
complete formula, shown as an example. Every result of the Levenberg–Marquardt method is represented by
a pair of dots at the fit value of all the four fit parameters. Red dots represent accepted fits that approximate
the measurement data reasonably well. Blue dots represent the rejected fit results. (d) Comparison of fit
parameters using the formulas. The pink color corresponds to τϕ , the green one to τasy . The cross marker is the
fit value using the three-parameter formula, the dot using the five-parameter formula. The errorbars represent
the minimum and maximum values, the data point is the geometric mean value of the accepted fits. Using the
five-parameter formula, both τϕ and τasy obtain values very close to the results of the three-parameter formula.
The values for τiv using the five-parameter formula are also plotted with blue. Its small values compared to
τϕ and τasy validate the applicability of the three-parameter formula. The data points are slightly shifted
horizontally to avoid overlapping errorbars.

7.7.1

Fitting method

In a situation where complex fit formulas are used with many fitting parameters, one can expect multiple fit
parameter sets that approximate the measured signal (almost) equally well. In such a hypothetical case, a
simple fitting algorithm may find any of these solutions depending on the starting point of the iteration or
other technical details of the method. Therefore, the results of the fits on a series of measurements may depend
on such non-physical parameters and hide the true nature of the experiment. Based on discussions with other
researchers in the field, the fitting of MC measurements is a complicated situation, where misinterpretation of
the measured data can occur easily. Therefore, a stable and robust fitting method is essential during the data
analysis.
To assess the uncertainty associated to the fitting parameters of this origin, I introduce a new fitting
method called grid fit, which is described in the following. During the curve fitting of a single MC curve, I do
not search for a simple local or even the global best fit, but all the sufficiently good fits in the parameter
space are taken into consideration. To this end, I create a grid of starting parameters in the 3D parameter
space of (τϕ , τasy , τsym ) for the three-parameter formula, or the 4D parameter space (τϕ , τasy , τsym , τiv ) of
the five-parameter formula (as τia is fixed), and start at each grid point a Levenberg–Marquardt fitting
algorithm315 implemented in the Python’s lmfit package.316 This is a gradient method aiming to find the
closest locally best fit. I accepted the fit if the reduced chi-squared statistic of the fit result, noted here as
χ2 , was reasonably close to the best value observed in the whole grid. The threshold was set manually such
that the fit i be accepted if log10 χ2i − log10 χ2best < 0.1. This arbitrary choice was verified visually, see an
example in Figure 7.8a. The start points’ grid extends for each time parameter from the actual value of τm for
each pressure to an upper limit of 1 · 10−11 s, which we consider as a reasonable upper limit for τϕ at the
measurement temperature and therefore for any other time scale that has a visible influence on the MC curves.
Since we looked at parameter values extending over multiple order of magnitude, the distribution of the grid
points for each parameter was log-uniform, i.e. the values of ln τi were equidistant for i ∈ {ϕ, asy, sym} in the
studied range. Several settings were tried out for the fitting method with the number of grid points in each
parameter started at 7, but as the initial experience showed that grid resolution is not a limiting factor, it
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was reduced to 4 to improve resource efficiency and execution time.
All the accepted fits approximate the measurement data equally well for both formulas, with point-to-point
differences between two fit curves being three orders of magnitude smaller than the measurement values. In
Figure 7.8a, examples of accepted and rejected fits are shown, whereas in Figure 7.8b–c, a summary of the fit
parameters is shown as an example for the grid fit of the 0.6 GPa curve using the five-parameter formula. The
result of each executed fit is represented by a pair of points on the two panels. The position of the points
correspond to the fit values of the parameters marked on the axes, and the red color marks the accepted fits.
Fits that were a result of the Levenberg–Marquardt algorithm started from a parameter grid point but got
rejected due to their high reduced chi-squared statistic are marked by blue.
For the parameters τϕ , τasy , τiv the accepted fit values are concentrated on a small part of the studied
range which suggests reliable fit values. This is an important finding that shows that although the fit formula
is complex, the values of the fit parameters are fixed robustly against the details of the fitting algorithm.
This is a general observation we made in all the cases. However, the value of τsym can vary across orders of
magnitude without decreasing the fit goodness, see the red dots spread along the vertical axis of Figure 7.8b.
This indicates that the fit formula is not sensitive to a change in τsym in this parameter range. Therefore, we
conclude that the method can not extract a reliable value for valley–Zeeman effect due to its too low value
−1/2
(as λVZ ∝ τsym , see Equation 7.10).
For the other parameters, we consider all the accepted outcomes as physically valid values, since these
parameter sets are equivalent in the curve shape. We attribute the geometric mean of the maximum and the
minimum of the accepted values as the fit value of the parameter and the upper and lower error boundaries
are the minimum and maximum of the accepted outcomes. The results are summarized in Figure 7.8d. The
fit values of τϕ and τasy are very close for both formulas and show the decreasing trend discussed in the
main text. The values of τiv are indeed much smaller than the other time scales, which suggests that the
influence of chirality is indeed negligible in our case and the three-parameter formula is applicable. This is
also demonstrated in Figure 7.1b, where five pairs of simulated curves of the same parameters are plotted
using the three-parameter and the five-parameter formula. The τasy and τsym parameters were calculated
from the λR and λVZ parameters, respectively. For the simulation of the pressure, λR was changed from
300 µeV to 900 µeV in five equidistant steps, whereas λVZ was changed from 800 µeV to 2.0 meV in the same
manner. The other parameters were fixed for all curves both for the calculation of the MC curves and of the
SOC time parameters: τϕ = 1 · 10−11 s, τiv = 1 · 10−13 s, and τia = 1 · 10−13 s. The difference between the
three-parameter and the five-parameter curves is only visible at higher magnetic fields.

7.8

Conclusion

In this chapter, the first study is presented of the effect of hydrostatic pressure on the MC signal in a
graphene/TMDC heterostructure. We demonstrated the enhancement of the proximity-induced SOC using
hydrostatic pressure. A detailed analysis of the measured signals supports an increasing SOC and is in
qualitative agreement with theoretical expectations. The strength of SOC is an important parameter in
graphene spintronics, since it determines charge to spin conversion efficiencies and also plays a central role in
graphene/TMDC optoelectronic devices.305 Our work also points out that hydrostatic pressure can be generally
used to change the interlayer distance up to a remarkable 10%, which provides a new way to boost proximity
effects in van der Waals heterostructures, e.g. exchange interaction induced into graphene,278–280, 317 or into
TMDCs,282, 318 furthermore, a strong proximity effect on correlated magic angle twistronics devices,319, 320 or
to stabilize fragile states like the topological insulator phase in graphene/TMDC heterostructures.63

Chapter 8

Summary
The discovery of graphene was a groundbreaking result worth the 2010 Nobel Prize.321 Since the appearance
of further 2D materials, the combination of these crystals into vdW heterostructures became an intensively
studied branch of the materials science. Although many interesting phenomena can be potentially reached
by using even the simplest technology and most common materials, a large potential hides in extending
the technological limits both at fabrication and measurement level. This PhD work demonstrates new
advancements from the exfoliation of a novel potential component material, BiTeI, through the transport
measurements using non-conventional electrical contacts to the application and study of the heterostructures
under hydrostatic pressure.
Taking part in the research of vdW heterostructures requires a functioning flake transfer system and
supporting accessories along with a fine-tuned procedure to obtain high quality samples. As described in
Chapter 3, a new dry stacking assembly setup was built and optimised at BME Nanoelectronics Lab, which is
widely used in the research group to fabricate nanodevices even beyond the vdW heterostructures. The setup
is able to compose arbitrary vdW heterostructures, the component layers can be aligned vertically with ca.
1 µm precision and in regulated temperature conditions.
Producing a single layer flake of a novel material is the first step toward using it as a component layer in
the vdW heterostructures. The exfoliation of SL BiTeI on a stripped gold substrate was demonstrated in
Chapter 4. Areas in the order of 50–100 µm were found that can be located by optical microscopy due to the
visible line of contamination along the flake contour and by exploiting the slight colour difference between the
covered and non-covered areas. Detailed STM and AFM analysis shows that SL BiTeI covers the surface
almost continuously. The cleavage of the BiTeI crystal between the last layer and the bulk is supported by
theoretical calculations that consider the binding energies of the system.
In Chapter 5, a novel technique was shown to establish electrical contacts, the PCs, inside the graphene
flake using a pre-patterned top hBN flake. An electrostatic model was introduced to describe point-like
contacts in a 2D conducting sheet and was used to assess the quality of the graphene and the contact interface,
the latter exhibiting remarkably low electrical resistance. The geometrical arrangement of the contacts leads
to a topological separation of the edge states in the quantum Hall regime, which I investigated in transport
measurements in high out-of-plane magnetic field. This separation was used to explain the observed insulating
phase above around 10 T.
A key parameter that determines the behaviour of a vdW heterostructure is the amount of interaction
between the neighbouring layers. As the interlayer coupling depends strongly on the interlayer distance,
tuning it can lead to a measurable change in the transport behaviour of the device. The application of
hydrostatic pressure on the heterostructures is a possible way to obtain this result, but the nanocircuits based
on the vdW heterostructures are largely incompatible with the standard working conditions of a hydrostatic
pressure cell, which is the reason behind the lack of a large number of pressure experiments. In Chapter 6, I
presented a novel technique to overcome this problem and perform hydrostatic pressure experiments on vdW
heterostructures in pressure cells. This method is not only more reliable, faster, and safer than the previously
existing solutions, but it is completely compatible with the standard way of transport measurements on
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nanocircuits. This opens the possibility to perform hydrostatic experiments on samples that were fabricated
without pressure experiments in mind, thus, practically, making any already existing samples a target of this
experiment. Using field effect transport measurements, I also showed that a top hBN layer is able to protect
the conducting sheet of graphene and its electrical contacts from the degrading environment of the kerosene
medium in the pressure cell.
Lastly, in Chapter 7, I demonstrated that the application of hydrostatic pressure can, indeed, largely
change the band structure of a suitable system, which can produce a measurable effect in the transport. The
studied hBN/graphene/WSe2 heterostructure is known for the presence of proximity-induced SOC in the
graphene layer caused by the presence of the TMDC layer. Using detailed MC measurements, a transition of
the WL effect to WAL was demonstrated by the application of a pressure up to 1.8 GPa. Using a detailed
investigation of multiple possible models and the newly introduced grid fit curve fitting algorithm, I proved
that the change in the measurement signal is the result of a change in the SOC parameters of the system and
not the chirality via scattering mechanisms.
The hydrostatic pressure experiments and the developed method are now the backbone of the current
research activity in 2D materials at BME Nanoelectronics Lab, which has published results already at the
time of the writing of this thesis.67 Further results are expected in the near future as well, since this technique
has a great potential in various areas, e.g. for the novel correlated twisted materials, where the correlations
heavily rely on the coupling between the layers.283, 290
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CHAPTER 8. SUMMARY

Thesis points
1. I demonstrated for the first time the successful exfoliation of single layer flakes of the
giant Rashba spin–orbit material BiTeI. I showed that using a modified mechanical exfoliation
carried out on stripped gold substrate, samples can be obtained up to lateral sizes between 50 and
100 µm. Using scanning tunnelling microscopy measurements, I demonstrated the presence of BiTeI on
the obtained sample surface. Using atomic force microscopy measurements, I showed that the optically
identified large surface areas are covered continuously with BiTeI with only small and sparse holes in
the two-dimensional (2D) flake. At the boundary of such a hole, I demonstrated that the coverage
consists of a single triplet of Bi–Te–I atomic layers. I proved that the flake boundary detected under
optical microscope by a channel-selective contrast enhancement corresponds to the boundary of the
BiTeI coverage. [T1]
2. I showed that the quantum Hall edge states of inner point contacts of a graphene sample are
topologically separated from each other and from the edge states of the sample boundary.
I performed transport experiments in magnetic field on hBN/graphene/hBN heterostructures with inner
point contacts, which were created with etching holes in the top hBN layer prior to the heterostructure
assembly. I showed that the transport was suppressed between the contacts at high magnetic field and
certain charge carrier concentrations, which is a demonstration of the topological separation of the edge
states around the contacts from each other and from the crystal boundary in the quantum Hall state.
[T2]
3. I showed that an hBN capping layer is a necessary and sufficient protection for graphenebased vdW heterostructures in a kerosene environment, under hydrostatic pressure. I
developed a new setup to conduct hydrostatic pressure transport experiments on nanocircuits based on
vdW heterostructures using a dedicated sample holder head in a piston–cylinder hydrostatic pressure
cell up to a maximal pressure higher than 2 GPa. I successfully carried out transport measurements on
nanocircuits under pressure in the hostile environment of kerosene, which is the pressure transmitting
medium. I demonstrated that the presence of kerosene strongly degrades the mobility of graphene,
however, a covering hBN layer provides a good protection from this undesired effect. [T3]
4. Using hydrostatic pressure, I enhanced the proximity-induced spin–orbit coupling in
graphene. I performed transport measurements on an hBN/graphene/WSe2 heterostructure from
ambient pressure up to 1.8 GPa at four values in increasing order. As the pressure increased, magnetoconductance measurements showed a transition from weak localisation to weak anti-localisation. Using
multiple fit formulas and a novel fitting method, I analysed the measurement data along with auxiliary
field effect measurements to separate the effect of chirality from that of the SOC and showed that the
observed transition is the result of an increase of ca. 70% in the Rashba SOC parameter with respect to
its value at ambient pressure. [T4]
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