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Abstract

Twisted bilayer graphene devices have been in the spotlight since 2018 and the
discovery of superconducting states at the magic angle. It is probably the simplest
member of the broader family of 2D Van der Waals heterostructures. The many
degrees of freedom in these structures, ranging from the chemical nature of the
layers to the relative orientations of their crystalline lattices, yield the access to a
wide variety of properties, many of which are yet to be discovered. In twisted bilayer
graphene, it is the ability to continuously tune the band structure and especially
the band velocity that has sparked the interest of researchers. In particular, at
the so-called magic angle, the band velocity of twisted bilayer graphene almost
vanishes giving rise to strongly correlated electronic systems, home to many exotic
properties, such as the superconducting state.

In this master thesis, a fabrication process for the creation of twisted bilayer
graphene devices is developed and presented. Twisted bilayer graphene encapsu-
lated in hexagonal boron nitride samples were created from scratch and characterized
optically and with Raman spectroscopy. The process is based on dry transfer of
exfoliated graphene and h-BN flakes. The presented method is especially easy
and efficient for the creation of a wide variety of Van der Waals heterostructures.
The characterization of the samples indicated that the method was successful
at stacking the different layers in the desired configurations. For example, the
Raman signatures of the twist angle between the graphene layers has been observed.
However, this works also presents some minor issues that still need to be addressed
before the process can serve for the creation of usable samples.

Keywords: twisted bilayer graphene, h-BN, superconductivity, fabrication pro-
cess, Van der Waals heterostructures, 2D crystals, Raman
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Chapter 1

Introduction

Since graphene was first isolated by Novoselov et al. in 2004 [1] it has surged to
become one of the most studied material in experimental physics. Soon, researchers
realized that one of the most common defects in few-layer graphene was orienta-
tional disorder between the different layers. At first, little attention was given to
this type of structure. Only a few theoretical papers predicted the emergence of
interesting electronic structures in small angle twisted bilayer graphene [2].
Techniques evolved and the ability to experimentally control the twist angle between
different graphene layers sparked interest for these structures. In 2017, the study
of electronic properties in twisted structures of 2D materials was given the name of
"twistronics" by Carr et al. [3]. From there, things accelerated and, in March 2018,
Cao et al. [4, 5] announced the discovery of both an insulating and superconducting
state in so-called magic angle twisted bilayer graphene. The transition between
the insulating and superconducting state is possible simply by changing the gate
voltage of the device. This major discovery was named "breakthrough of the year
2018" by the magazine Physics World. It made people dream of the possibility to
make 100% carbon based superconducting transistors. A major improvement in an
environmentally fragile world, with an ever-increasing importance of electronics.

For now, this remains a dream and only progress in this domain will tell if it
can ever be realized. The purpose of this master thesis is to dive into this new
field of research. This is done with both a theoretical understanding of these exotic
phenomena and the development of fabrication techniques, eventually making
them experimentally accessible. This work is composed of a large state of the art
section, providing an overview and understanding of the (recent) developments
in this promising field of twistronics. It is followed by a precise description and
justification of the fabrication techniques used. Eventually, an analysis of the
results obtained is presented, emphasizing the strengths and weaknesses of all the
techniques developed.



Chapter 2

State of the art

2.1 Graphene

2.1.1 Description

In order to fully understand the behavior of twisted bilayer graphene, it is important
first to understand its building block: graphene. Graphene is a two dimensional,
honeycomb-like, crystal of carbon atoms. It is essentially a single-layer thick
graphite. It was first (intentionally) isolated and characterized by Novoselov et al.
in 2004 [1], earning them the Nobel prize. Figure 2.1 shows the physical structure
of graphene.

Figure 2.1: (a) Physical structure of graphene. The blue and green dots represent
the carbon atoms of the two Bravais triangular sublattices. The blue lines represent
the unit vectors, of length a = 246 pm, of the blue lattice. d = 142 pm is the
inter-atomic distance. (b) Representation of the perpendicular p-orbitals?.

Tmage (b) from wikimedia: CNX_Chem_ 18 04 unhyporbC.png



The honeycomb structure can be represented by a combination of two Bravais
triangular lattices, represented on the figure by the green and blue dots. The lattice
parameter of these sublattices is a = 246 pm, whereas the inter-atomic distance
is d = 142 pm. Chemically, each carbon atom is bonded to three neighbouring
carbon atoms and hence presents a sp? hybridization. This leaves one p-orbital,
containing one electron, perpendicular to the plane for each atom. These electrons
form, through chemical resonance, a 2-dimensional delocalized electron gas (2DEG)
that is key to most of graphene’s peculiar properties.
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Figure 2.2: Band structure of single layer graphene. (a) Left: Physical structure of
single layer graphene. Right: first Brillouin zone of single layer graphene. (b) Band
structure of graphene with a zoom on the structure around a K-point, showing
the Dirac cone [6]. (c¢) Band structure along the given path [7]. The energy is
expressed in units of the tight-binding parameter ¢ &~ 2.7 eV. This parameter is
called the nearest neighbour hopping energy. The wave-vector is in units of 1/d,
d = 0.142 nm being the carbon-carbon distance of graphene.

Figure 2.2.a shows the geometry of the first Brillouin zone of graphene. Figure
2.2.b and 2.2.c show the very peculiar band structure of graphene. At the K and
K’ points, the band structure shows a linear dispersion instead of a usual parabolic
dispersion. This linear dispersion relationship leads to the formation of a cone
shaped band, called the Dirac cone. The tips of the cones coincide with the Fermi
level. This leads to the peculiar situation of graphene having zero density of states
at the Fermi level and non-zero right below or above. For this reason, graphene
is considered as a zero band gap semiconductor or a semimetal with zero overlap



between conduction and valence band.

2.1.2 Properties

Graphene has kept surprising scientists with its unique properties of all kinds, from
mechanical to electrical. Here is a short overview of these properties.

Mechanical properties

To begin with, graphene is one of the stiffest materials known. Its in-plane Young’s
modulus has been measured at 1 TPa [8]. Comparatively, steel has a Young’s
modulus around 200 GPa. Graphene also has the peculiar property of having a
negative thermal expansion coefficient, i.e. it shrinks when heated up [9].

Optical properties

Optically, graphene is also an extremely interesting material. It is a relatively
transparent conductor, a relatively unique feature. However, this is what could
be expected from an atomically thin film. In fact, graphene has a high optical
absorbance (almost 2.3%) for a single atom layer. What is even more remarkable
is that this absorbance is frequency independent over a large part of the spectrum
and only given by universal constants as the expression 7o [10]%.

Heat transport properties

Next to one of the highest Young’s moduli known, Graphene also possesses one of
the highest in-plane thermal conductivity coefficients ever observed. Experimental
values yielded thermal conductivity coefficients between 2000 and 3000 W m™!
K~! [11] at room temperature. Comparatively, copper only displays a thermal
conductivity coefficient of ~ 380 W m~! K~!. This high thermal conductivity
coefficient in graphene is beneficial for potential electronic applications [12].

Electronic properties

Graphene’s electronic band structure has already been discussed in figure 2.2. The
peculiar shape of the Dirac cone can be experimentally observed through electrical
conductivity measurements as a function of gate voltage as shown in figure 2.3.
A positive (negative) gate voltage shifts the Fermi level up (down), filling the
conduction (valence) band with electrons (holes). This is commonly known as
n-doping (p-doping) through electric field and allows for a continuous tuning of

2 is the fine-structure constant and given by a = —©— ~ L

4meghe 137
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the doping level. Compared with chemical doping in conventional semiconductors,
which requires one sample per doping level, this is a major advantage of graphene.
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Figure 2.3: Left: Conductivity as a function of gate voltage. Right: Quantum Hall
effect in graphene. Red is the Hall conductivity, green is the longitudinal resistivity.
The inset shows the QHE in Bernal stacked bilayer graphene. The axis units are
the same for the larger plot as for the inset. Adapted from [13].

The linear dispersion relationship gives a constant band velocity, regardless of
the energy of:

1
vp = ﬁ|VkEk| =vy~ 10°m-s* (2.1)

This means that the energy is independent of the velocity of an electron. A naive
explanation could be an infinite effective mass, which is also coherent with the
traditional definition of effective mass ((m*)~" oc *E/0k?). However, this wouldn’t
fit with high observed electron mobility in graphene (up to ~ 180000 and > 10°
cm? V71 s71 respectively at room and low temperature [14]). Instead, eq. 2.1
can be interpreted as the equation of massless relativistic electrons, similar to
photons, with a special "speed of light" vg. These electrons can be described by the
Dirac equation and are hence called Dirac fermions. This interpretation has several
consequences that can be confirmed experimentally. First, the fact that graphene’s
conductivity never falls below one quantum unit of conductance®. Second, the
quantum Hall effect (QHE) [15] shows conductivity plateaus at half integer filling
factors instead of integer ones with non-relativistic electrons. Third, the cyclotron

3Quantum unit of conductance = Gy = 2¢2/h with e the elementary charge unit and h Planck
constant
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mass is expressed as m. = E/v? [13]. Figure 2.3 shows the mentioned half-integer
QHE, each conductance plateau is located at half-integer multiples of 4¢?/h. As a
comparison, the inset shows the QHE of Bernal stacked bilayer graphene?, where all
plateaus are located at integer multiples of 4¢?/h. The fact that the conductance
exhibits steps of 2 x G is because of the presence of two Dirac cones (at the K
and K’ points) in the first Brillouin zone. This degeneracy due to the presence of
two Dirac cones is called valley degeneracy.

2.2 Hexagonal boron nitride

Hexagonal boron nitride (h-BN) is a polymorph of boron nitride, where the boron
and nitrogen atoms are disposed in a honeycomb structure, just like graphene.
The boron and nitrogen atoms each occupy the position of one of the triangular
Bravais sub-lattices (cfr. the blue and green positions in figure 2.1). The lattice
parameter of h-BN is a &~ 250 pm [16], 1.7% more than graphene’s 246 pm. Its
similar structure with graphene resulted in its nickname: "white graphene". In
opposition to graphene, h-BN is an insulator, with a wide band gap of ~ 5.2 to 5.5
eV depending on the thickness of the film [17]. This, as well as its graphene-like
structure, make it an ideal substrate for graphene-based devices.

2.3 Twisted Bilayer graphene

2.3.1 Physical structure of tBLG

tBLG is made of two graphene layers with a twist angle between their crystalline
orientation. Figure 2.4 shows a schematic view of those two layers (red and green).
Because of the twist angle, the bilayer no longer has the same periodicity as the
original crystals. In fact, two things can happen, either the structure has no
periodicity at all, either the periodicity is recreated at a larger scale (e.g in figure
2.4). The angles for which the periodicity reappears are called "commensurate'
angles (see appendix A for the commensuration condition). In that case, all atoms
from one layer have rational coordinates in the basis of the unit vectors of the
other layer (if translations of the layers are neglected®). For commensurate angles,
a new, larger unit cell (black in the figure) emerges and creates what is called a
superlattice. This new and larger lattice will be key to all the exotic properties
observed in tBLG. Mathematically, if the unit vectors of the two original crystals

4Bernal stacked bilayer graphene consists of two graphene sheets, with zero twist angle between
them and in AB stacking configuration (cfr. fig 2.5.d)

5Even with a translation, the structure can still be considered commensurate, but atoms might
have irrational coordinates
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are given by the vectors agl), aél), a§2) and ag), the new, supercell unit vectors

may be represented as linear combinations of these, with integer coefficients if the
angles is commensurate. These new unit vectors are called Li; and Lo and can be
expressed as Ly = magl) + nag) = m'a?) + n’ag), with Ls being a 60° rotation
of Ly. With an appropriate choice of the unit vectors, the pair (m/,n’) may be
set equal to (n,m). This pair relates to the twist angle according to the following
relation [18]: .
1m* +n*+4mn
cost =5 +n? + mn (22)

The length and surface area of the new unit vectors and unit cell are given by:

m —n|
—a
2sin /2

L= |Lyi| = |La| = avVm? +n% +mn = (2.3)

S = ’L]_ X L2’ = \gg[/z (24)

a being the lattice parameter of single layer graphene (SLG). As expressed in
equation 2.3, the smaller the angle, the larger the superlattice unit cell. This
feature will be of high importance for example in the presence of a magnetic field
as a larger unit cell will capture a larger magnetic flux.

Figure 2.4: (a) Description of the new superlattice (black) for two layers twisted by
an angle 0. The lattices of the two layers are represented in red (dashed) and green
(solid), the angle here is commensurate. (b) Representation of the new Brillouin
zone for the same angle, with the same colors as (a). Figure from [18].

This model, however, is not as complete as one could get as it does not take

into account the cases of non-commensurate twist angles (e.g. 30°). In fact, the
physics is continuous and so there is a need for a more general way of characterizing
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such a structure. It turns out that exact periodicity of the atoms in the lattice
is not the key to the electronic properties of such systems, which instead is to be
found in a larger scale triangular periodicity called a Moiré pattern (see figure 2.5).
The length of the Moiré unit vector, in opposition with the commensurate angle
approach, evolves continuously. It is given by [19]:

a

Ly=-——
M 95ing/2

(2.5)

The periodicity of the Moiré unit cell and the commensurate unit cell only coincide
when |m — n| = 1. The Moiré pattern is illustrated in figure 2.5.
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Figure 2.5: Moiré pattern with the specific alignment of the layers. (a) Illustration
of the twist angle. (b) Moiré pattern mapped. (c) Layer lattices superposed on the
Moiré pattern. The green diamond is the Moiré superlattice. (d) Possible relative
alignments of the layers. (a,b,c) from [20].

In addition a translation could be added, but according to [18] the effect of
such an action would be negligible and will thus not be considered.
As shown in figure 2.4, the physical unit cell getting bigger leads to a shrinking
of the Brillouin zone by the same factor. This strongly limits the number of wave
vectors accessible and will be part of the explanation for some observed phenomena.

2.3.2 Electronic structure of tBLG

tBLG’s peculiar electronic properties arise from the peculiar shape of its band
structure. As can be seen from figure 2.6, the width (in energy) of the lowest
energy conduction band and highest energy valence band decrease with decreasing
twist angles. This width decrease is faster than the simple scaling factor due to
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Figure 2.6: Band structure of tBLG at different twist angles. The integer pairs
are the commensuration indices (m,n) discussed before. The blue lines are the

calculated band structures. The red and green dotted lines show the band structures
of SLG and Bernal stacked BLG respectively. Adapted from [21].

the reduction in size of the first Brillouin zone. In fact, these bands theoretically
reach zero width at some precise angles called "magic angles". The first magic
angle is ~ 1.1°, while the second is ~ 0.5°. An intuitive explanation for this
phenomenon will be given later. The reader might have noticed that only specific
angles were simulated, commensurate angles with commensuration indices (m,n)
with |m — n| = 1. As mentioned in the previous section, these are the only indices
for which the commensurate unit cell matches the Moiré unit cell. In fact however,
the physics of these systems is continuous and the important unit cell is the Moiré
unit cell. Only these commensurate angles are studied for practical reasons as
they allow the system to be simulated with exact periodicity conditions. These
systems are a real challenge to study using simulation tools given that a unit cell of
tBLG with a twist angle below 1° contains more than 15000 atoms [21]. This is the
reason why tight binding method are usually chosen instead of ab initio methods.
Continuous models need to make strong hypotheses and try to fit with the discrete,
commensurate simulations [22].

These flat bands have several important consequences. The first consequence is
that, because of the flattening of the bands, the Fermi velocity (given by eq. 2.1)
decreases by a few orders of magnitude near the magic angles. Another major
consequence of these flat bands is to be found in the vicinity of another point of
the Brillouin zone: the M point. At small angles, the interactions between states
in the overlapping Dirac cones open a gap at the saddle point (M point) of the
superlattice band structure (fig 2.7.a) [23, 24]. This newly formed gap, causes a
flattening of the bands at the M point, which in turn shows up as a spike in the
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density of states (DOS), called the Van Hove singularity (VHS) (fig 2.7.b). With
decreasing angle and emergence of the flat bands, the VHS energy moves closer to
the Dirac energy®. At ~ 2° the VHS on both sides of the Dirac energy merge in
one sharp peak (fig 2.7.c and 2.7.d). The low Fermi velocity also ensures a strong
localization of these states. It turns out that the high DOS observed from the VHS
is not uniform and is strongly localized in the AA stacked regions of the Moiré
pattern [25] (fig 2.7.e).

T
(32,31)
1.05°

—
—~
(g

,
e
31
o
= 2
—
|

(states / (eV atom))

/,W,/ \ | _\;\& o E 005 ]
-0.5 S R
7 AL
‘ 0005
DOS (states/(eV atom))
GV | |
:
1
r . _—
= el
QO
5] \*\\xxx
1 T~
g 1 1 1
0 10 15
0 (deg)

Figure 2.7: Evolution of the VHS in tBLG. (a) Band structure of tBLG with a
twist angle of 7.34° with the emergence of a gap at the M point. The dashed line is
the band structure of SLG. (b) DOS associated to the band structures in (a), the
two peaks of the VHS are labeled £y and E_. (c¢) DOS of a tBLG with twist angle
1.05°, the VHS on both sides have merged. (d) Energy of the VHS as a function of
twist angle. (e) Localization of the states, the red dots are atoms on which 80% of
the states are localized. The inset shows: red solid line: LDOS at the center of the
AA region. Black dashed line: total DOS. (a-d) adapted from [24], (e) adapted
from [25].

The reason these flat bands are responsible for such exotic effects is because
small bandwidths correspond to low Fermi velocities and low kinetic energy. In that
case the interaction potential between electrons becomes stronger and eventually

6The Dirac energy is the energy of the tip of the Dirac cone, the Fermi energy at charge
neutrality
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even dominant. This yields to strong correlation effects such as unconventional
superconductivity, etc. (see later). Figure 2.8 shows the evolution, with the twist
angle, of the bandwidth and of the Coulomb interaction energy from localized
electronic states. Assuming localized electronic states in the AA stacked regions,
the Coulomb potential energy could be expressed as [4]:

62

- 4med

(2.6)

with e the effective dielectric constant, including screening and d the effective
distance of interaction. d is not clearly defined, but, as localized states in AA regions
are assumed, is of the order of magnitude of the Moiré lattice parameter. Hence,
the product ed can be expressed as egrk Ly (0) with £ a dimensionless parameter
close to unity. In the small angle approximation and using the expression of Lj;(#)
(eq. 2.5), the potential interaction can hence be rewritten as:

e%f

dmegka

U

(2.7)
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Figure 2.8: Bandwidth (W) and Coulomb potential from localized states (U) as a
function of the twist angle for several values of k. Figure from [4].

It is clear from fig 2.8 that, only near magic angle configurations, the Coulomb
interaction potential energy may dominate over kinetic energy and strong correla-
tion effect become visible.

As explained, the bandwidth theoretically reaches 0 at the magic angles, yielding
completely localized electronic states. In practice however, this never happens
because of lattice relaxation [26]. Because the stacking energy is higher for AA
stacking than for AB stacking, the AA regions will tend to relax closer to AB and
BA configurations. This creates large areas of AB and BA regions in a triangular

17



lattice, with small pockets of AA regions in between (fig 2.9.a and 2.9.b). This strain
has the effect of significantly increasing the Fermi velocity, strongly suppressed
before relaxation. Furthermore, the magic angle in relaxed lattices is slightly shifted
compared to non relaxed (fig 2.9.d). Another effect of this relaxation is the opening
of a band gap of several meV at the I" point (fig 2.9.c).
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Figure 2.9: Effects of lattice relaxation. (a) Strain induced by the relaxation. u~ is
the displacement vector. (b) Stacking potential. V4 is the maximum "interchain
energy"' of the model used in the reference, essentially 6V} is the stacking energy of
AA and —3V} of AB stacked BLG. (c¢) Relaxed vs non relaxed lattice band structure
(black and red, respectively). The newly created band gap is clearly visible in the
DOS. (d) Fermi velocity in relaxed (black) vs non relaxed (red) lattices. Adapted
from [26].

A last interesting feature about the magic angle is that is varies with pressure,
due to compression. In the absence of any pressure, the first magic angle is situated
at 1.1°, but at higher pressures, it increases, e.g. at 9.2 GPa (10% compression)
the first magic angle becomes ~ 2.0° [27].

Intuitive understanding of the flat bands

Cao et al. (2018) [4] propose an intuitive explanation, illustrated in figure 2.10 for
the emergence of flat bands. As mentioned in the previous section, increasing the
size of the Moiré superlattice would decrease the size of the first Brillouin zone.
This would bring the two new Dirac points closer and closer together until the Dirac
cones merge (fig 2.10.a and 2.10.b). Before completely merging, the Dirac cones
interact and form hybridized bands, creating a band gap of 2w (fig 2.10.c). This
is also the gap responsible for the VHS. It is also assumed that the gap remains
constant with decreasing twist angle. This is a reasonable assumption given the
linear evolution of the position of the VHS, seen in figure 2.7.d. Furthermore,
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the spacing between both Dirac cones in the reciprocal space is labeled ky. With
decreasing angle and increasing Moiré supercell, kg decreases. The Fermi velocity
is deduced from the dispersion relationship with following expression:

1
Vp = ﬁ|vkEk|k:K,K’ (2-8)

In single layer graphene, this Fermi velocity is labeled vy and is roughly equal to
107% m/s. Using this, we can calculate the difference in energy between the charge
neutrality point and the fictional point of intersection between the two Dirac cones.
This difference is given by hvoky/2 (fig 2.10.b), assuming that the Dirac cones are
perfect cones with perfectly linear dispersion. From these conclusions, it makes
sense intuitively that when this energy difference approaches the gap w between the
two hybridized bands, the lowest conduction band and highest valence band have
"no choice" but to be flattened out (fig 2.10.d). Finally, for small angles, the spacing
between the Dirac cones can be approximated by kg &~ G0, with G = 47/(3a)
being the difference in wave vectors between the I"and K points in single layer
graphene. With all of this, the magic angle can be estimated by:

gMagic ~ 2’LU/(h’UQGK) (29)

Using w = 110 meV, based on the electronic structure of Bernal stacked BLG [28],
a surprisingly accurate magic angle of 1.12° is calculated. Mathematical derivations
yield a first magic angle given by v/3w/(hvoGx) [4].

K=<

2W<,<h\‘/0ke szflvoke

Figure 2.10: Intuitive understanding of the formation of the flat bands. (a) First
Brillouin zone of the tBLG (black) from the first Brillouin zones of the two graphene
layers (red and blue). (b) Overlap of non interacting Dirac cones. (c) Interaction
and merging of two Dirac cones. (d) Band structure close to the magic angle.
Figure adapted from [4].

This explanation works for the first magic angle, but doesn’t explain the others.
Intuitive explanation for the other magic angles can be found with another approach
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[22]. This has to do with the observation that, at the magic angle, there is a strong
localization of the electrons in the AA stacked regions. The band structure of AA
stacked bilayer graphene at the K point can be seen as two Dirac cones, one shifted
up and one shifted down by a quantity +¢, (fig 2.11.a). Therefore, the wave vector
of electrons at the Fermi surface (E = 0) is given by k =t /(hvo).

(@ OFS

2ty |----- {-¥---E=0

Figure 2.11: (a) Band structure of AA stacked BLG. (b) Moiré pattern, the red
discs are the AA regions. Adapted from [22].

Strong localization in the AA regions can be expected periodically when:
k-Ly ~2mn (2.10)
With n an integer. Furthermore, for small angles, Ly ~ a/0. This yields a rough
approximation for the magic angles:
o I8 1.08071 (2.11)

Magic ™ on hvg n

With t; ~ 0.3 eV experimentally measured. This indeed yields a sequence of magic
angles, with the first two being close to reported values of 1.1° and 0.5°.

2.3.3 Reported and expected phenomena

Twisted bilayer graphene is home to a great number of exotic properties, most of
which arise from the dominant effect of electron electron correlations. This section
highlights some of the properties observed. Other interesting properties include
strange metal behavior [29], the emergence of ferromagnetism [30] or the creation
of helical edge states [31].

Superconductivity and Mott-like insulating state

In 2018, Cao et al. [4, 5] first observed two closely related, yet opposite phenomena
in magic angle tBLG: Mott-like insulating and superconducting states. This major
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discovery was named "breakthrough of the year 2018" by the magazine Physics World.
The phenomenon has since then been confirmed by several other groups [32, 33, 34].
The exact mechanism behind these phenomena (especially the superconductive
state) is not yet clearly understood because of the challenge posed to model such
systems. The Mott-like insulating states are observed at integer filling factors,
while the superconducting states appear in between the integer filling factors. The
filling factor is a measure of electronic doping of the crystal and it is measured
as the number of extra electrons per unit cell. In the case of (first) magic angle
tBLG the Moiré unit cell has an area of A = sin(60°)L3, ~ 142 nm?, hence a filling
factor of v = 1 corresponds to an electronic density of n = 1/A ~ 0.70- 10712 cm2.
Because of the spin and valley degeneracy, complete filling of the conduction band
corresponds to a filling factor of v = 4. Figure 2.12 shows the electrical resistance
behavior of tBLG as a function of temperature and doping. Superconducting and
Mott-like insulating states have been observed at twist angles close to the magic
angle, down to 0.93° [33] and up to 1.27° under pressure [32].

R, (ko) [T
1%
-4 -3 2 - 0 1 2 3 4

n (10" cm?)

Figure 2.12: Resistance as a function of doping level and temperature for a 1.1°
angle tBLG. Different states are labeled: band insulator (BI), insulating state at
full filling of the bands; correlated states (CS), Mott-like insulating state at integer
filling factors; superconducting state (SC); Metallic state (Metal). Figure from [34].

Mott insulator are special insulating states observed in conductors at half-filling
of their conduction bands. In conventional band theory, a half filled conduction
band is supposed to lead to a metallic behavior. In the case of Mott insulators,
the electron-electron interactions split the conduction band in two sub-bands sepa-
rated by a band gap. In tBLG, this is likely due to charge localization in the AA
regions at the magic angle. In fact, Mott-like insulating states appear at every
integer filling factor, not only at half filling. Similar mechanisms might still be
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at stakes at these filling factors, with a (partial) lifting of the spin and valley
degeneracy [32]. The insulating behavior in tBLG is called "Mott-like" because
the behavior is similar to Mott insulators, but there is still debate over the real
origin of these features [35]. Similar insulating states have also been observed at
filling factors of v = 45, corresponding to quarter filling of a higher energy band [33].

The main feature of the map presented in figure 2.12 is of course the super-

conductivity. The critical temperature (7,) of these superconductors has been
measured as high as 3 K [32, 34]. This critical temperature might seem low, but it
is actually very high compared to the Fermi temperature of tBLG. The effective
Fermi temperature for 2D materials is proportional to Tr o ngap/m* [36] (ns2p is
superconducting charge carrier density and m* is the effective mass of the electrons).
The ratio T,./TF is a measure of the coupling strength of the electron pairs in a
superconductor. The superconducting states in tBLG occur near half integer filling
factors and because of the large unit cell, these correspond to low charge carrier
densities. This means a n,9p and hence T orders of magnitude smaller compared
to other superconductors. Therefore tBLG has one of the T../Tr among the highest
found in all superconductors [5].
The strong coupling between the electrons and the presence of a Mott-like state
are features also found in cuprates. This lead Cao et al. to classify the observed
superconductivity as "unconventional'” and speculate that it originated from strong
electron correlations instead of weak electron-phonon interactions. This hypothesis
has since then been questioned by several groups [38, 39, 40| claiming the origin
might be phonon driven after all. This topic is, at the moment of writing this
thesis, subject to an intense theoretical debate.

"Unconventional superconductivity refers to superconductivity phenomena where the Cooper
pairs are not bound together through phonon-exchange, but through other mechanisms [37]
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Hofstadter’s Butterfly in the quantum Hall effect
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Figure 2.13: Hofstadter’s butterfly structure in the QHE. (a) Landau levels as a
function of magnetic field. (b) Same structure as (a) with the associated quantum
Hall conductance. (c¢) Band structure of the tBLG. (a,b,c) are calculated for a
twist angle of 3.89°. (d) Idem as (b), except for a 1.47° twist angle. The Hall
conductance is expressed in units of —e?/h. Figure from [18].

It has been predicted that 2D electronic systems under the influence of a periodic
potential and perpendicular magnetic field are very sensitive to the ratio "magnetic
flux per unit cell'/"magnetic flux quantum'® [41]. In those systems a fractal
structure of the Landau levels is expected and takes the form of a mathematical
structure called Hofstadter’s butterfly (fig 2.13.b). This fractal structure would be
visible in the Hall conductance measurements. For atomic size unit cells, this would
require magnetic fields about 1000x stronger than what is technically feasible
[42]. The idea then quickly arises to try to observe this phenomenon using tBLG
superlattices, as increasing the unit cell size would drastically reduce the required
magnetic fields. Figure 2.13 shows the expected phenomenon.

The fractal structure can be observed for magnetic fields whose characteristic length
scale (I = y/h/(eB)) is smaller than the size of the unit cell (Ly;). Then, the
uncertainty on the momentum of an electron (27/l5) would be greater than the
first Brillouin zone. This means for magnetic fields (in tesla) greater than ~ 3.3 x
with 0 in degrees [18]. In order for this to be experimentally accessible, twist angles
close to ~ 1° are required. These being angles close to the magic angle, it explains
why the "wings" of the butterfly are squeezed. In fact, there are two types of
contribution to this structure: the electron-like Landau levels, close to the K and
K’ points, and the hole-like Landau levels, close to the I’ point. The electron-like
Landau levels contribute to the sequence of Hall conductivity increasing by steps of

8Magnetic flux quantum = ¢o = h/(2¢) ~ 2.1-1071> Wb
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8 (—e%/h) because of the spin, valley and layer degeneracy. The hole-like Landau
levels contribute to the sequence with steps of —4 (—e?/h) because there is only
one I' point and so no valley degeneracy. In the flat bands, the bands are getting
squeezed faster around the K and K’ points than around the I" point. This is
the reason for a faster flattening of electron-like Landau levels compared to the
hole-like Landau levels.

Quasi-crystal

Figure 2.14: Structure of 30° tBLG. (a) Close view of the alignment of the lattices.
(b) Large scale view of the created patterns. Figure from [43].

Not all the peculiar properties of tBLG occur at small twist angles. At a twist
angle of exactly 30° a 12-fold rotational symmetric quasi-crystal is created. A
quasi-crystal is an ordered, but non periodic structure (see figure 2.14). The non
periodicity is easily checked by seeing that 30° doesn’t respect the commensuration
condition (cfr. Appendix A) and at such large angles, no Moiré pattern can be
drawn. These structures have been studied with other materials (e.g. Copper
covered by CO [44]), but all of which hosting non relativistic electrons. Graphene
based quasi-crystals allow for a material study of quasi-crystals with relativistic
electrons and could challenge current our theoretical understanding of matter, such
as exhibiting properties related to 4 dimensional QHE [45]. Interestingly, 30° tBLG
shows different electronic properties than tBLG with a commensurate twist angle
close to 30° [43]. Another interesting phenomenon observed with these graphene
quasi-crystal is superlubricity, meaning the absence of (or very small) frictional
force between the layers [46].
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Chapter 3

Fabrication process

This chapter presents a detailed overview of all steps in the fabrication process of
twisted bilayer graphene. Appendix B provides a process sheet summarizing most
of the content of this chapter.

3.1 Desired sample

In the case of this work, the desired sample is a magic angle tBLG. The magic
angle is chosen as twist angle for electronic reasons, but the fabrication process is
identical regardless of the angle. This tBLG sample would be encapsulated between
two h-BN flakes in order to improve electron mobility and hence the quality of
future measurements. The electronic properties of a sample may indeed be heavily
influenced by the substrate carrying it. For a whole bunch of reasons, its structural
resemblance with graphene to begin with, h-BN turns out to be close to the ideal
substrate for graphene based devices. The top h-BN flake also plays an important
role useful for two reasons. The first one is practical, as it will help with the
fabrication of the tBLG device. The second reason is to protect the stack from
lithography resists and air, having undesired effects on the properties of the device
[47, 48]. Graphene devices encapsulated in h-BN exhibit the highest charge carrier
mobilities achieved in the literature [49].

In fact, h-BN substrates may, in some situations, have a negative impact on the
electronic properties of graphene. This happens when the misalignment between
the h-BN and graphene lattice is of less than 1° [50]. However, if the relative
orientation between them is considered random, the chances of this to occur are
negligible (1/30 given the rotational symmetry).

In order to perform all kinds of electronic measurements, the sample is shaped
into a Hall bar. This allows for the possibility to place up to six contacts to
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the samples. Six contacts are useful as typical electronic measurements require
four or five contacts (two for the current and two or three for the longitudinal
and potentially Hall voltage) and there is always a possibility of a failed contact,
hence having back up contacts is necessary. Figure 3.1 shows a scheme of the
desired sample. The dimensions of the samples depend on the size of the flakes.
On the one hand, the Hall bar must fit into the area of twisted bilayer graphene
of the sample, accounting for the possibility of a slight misalignment during the
lithography process. On the other hand, the larger the Hall bar, the easier it
becomes to place the contacts and the less significant boundary effects become.
Typical dimensions of the twisted bilayer graphene range from 6 um x 4 pm to 20
pum X 10 um. This means Hall bar geometries ranging from 5 um x 3 um to 15
pm X 7 pm.

(@) (b)

Figure 3.1: Scheme of the desired sample. (a) Drawing of the different layers
present in the sample. The blue layers stand for h-BN, the red and green layers for
graphene. (b) Top view of an ideal sample, shaped as a Hall bar. The twist angle
is exaggerated for graphical purposes.

3.2 Mechanical exfoliation

There are several ways to get graphene flakes, all with different advantages. Here is
a short overview of the most popular techniques with their advantages [51, 52, 53]:

e Liquid phase and thermal exfoliation: Graphene is isolated from graphite
using a solvent whose surface tension favors exfoliation of graphene. Ultrasonic
mixing allows for individual graphene sheets to be detached and suspended in
the solvent. These are then extracted, usually using centrifugation. Variants
exist, e.g. using graphite oxide instead. The main advantages are the ease
with which film size can be scaled up and the fact that it is a rapid process. Its
main drawback is the poor charge carrier mobility in the obtained graphene.
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e Chemical vapour deposition (CVD): A hydrocarbon molecule (called
precursor) such as methane is heated to about 1000°C in a furnace containing
a metallic substrate (typically copper). The molecules decompose at such
temperatures and the carbon atoms cluster to form large domains of graphene.
This method is rapidly improving and could soon be key for industrial
applications. Its main advantages is the reasonably high quality (second best
method after mechanical exfoliation) and the size (up to 1 cm) of the flakes.
The main drawback is that transfer from the metal is needed and can be
problematic.

e Synthesis on SiC: A silicon carbide wafer is heated to more than 1000°C,
hence sublimating the Si atoms. The carbon atoms are left behind and create
a graphitized surface. The advantages here are the fact that the graphene
doesn’t need to be transferred anymore (SiC can be used as a wafer) and the
high evenness between different films. Its main drawback is the energetic cost
of the method (very high temperatures).

e Mechanical exfoliation: The description for this method is in the next
section. Mechanical exfoliation doesn’t require any special equipment and the
method is easy to reproduce. Furthermore, this method provides the flakes
with the highest charge carrier mobility of all methods. The main drawbacks
of the method are the unpredictability of the size of the produced flakes and
its labor intensive aspect.

For the study of electronic properties of a material, the electronic mobility needs
to be as high as possible among the available methods. For this reason, in the
case of this thesis, mechanical exfoliation seems to be the ideal way to produce
graphene flakes. Figure 3.2 emphasizes the qualitative superiority of mechanically
exfoliated flakes. Furthermore, mechanical exfoliation doesn’t require any expensive
equipment and is thus always available. However, progress in CVD methods could
also allow for the use of CVD graphene in the future. Indeed, high mobilities have
been observed in CVD samples up to 350000 cm? V™1 s7! at 1.6 K [54]. The larger
size of CVD produced flakes would make them much easier to manipulate.
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Figure 3.2: Map of the several production methods for graphene flakes. Figure
from [51].

3.2.1 Graphene

Figure 3.3 shows a schematic drawing of the procedure of graphene exfoliation. The
idea is to tear apart atomic layers in graphite until only one remains. The layers
involved need to be of the highest quality in order to obtain high quality graphene
as an end product. For this reason, extremely pure natural graphite is used as
starting material. An alternative is highly oriented pyrolytic graphite (HOPG),
with even higher crystalline perfection. This being a rather random process, many
flakes need to be made in the hope that some of them will only be one layer thick
and large enough for further use. The procedure is the following:

e A thin line of graphite grains are laid down on some tape (ideally Scotch
Magic Tape). One end of the tape is stuck on the table while the other
remains free (fig 3.3.a).

e The free end of the tape is folded back onto the other end, hence encapsulating
the graphite line between the two sticky sides (fig 3.3.b). Good adhesion is
ensured by pressing on the tape around the graphite line (not on it in order
not to break the flakes) (fig 3.3.c).

e The free end is then quickly separated from the other end, tearing the graphite
grains apart. Two lines of graphite (one on each side of the tape) are now
visible.
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This procedure is repeated a few times, each time shifting the lines of graphite
w.r.t. each other. This creates a larger area filled with bits of the original
graphite flakes (fig 3.3.d).

A few, roughly 1 cm x 1 ecm Si/SiOy wafers are first cleaned with acetone
in an ultrasonic cleaning machine for ~ 3 min, then rinsed with isopropanol
and dried with nitrogen. Afterwards, they are cleaned in Oy plasma at 40 W
for 60 s. The purpose of this entire cleaning step is to remove all possible
dirt to increase the adherence between graphene and SiOy. The Og plasma
removes all ambient adsorbates from the substrate [55].

After cleaning, they are laid with the SiOg-side on the tape (fig 3.3.e). The
tape is then detached from the table, cut and put on glass slides with the
sticky side (and thus the Si/SiOy wafers) up.

The slides are put on a heating plate for several minutes at 90°C (fig 3.3.f).
The purpose of this step is to maximize the uniform contact area between
the flakes and the substrate [55].

Once hot, the tape is pressed against the wafers, again by pushing next to
the wafer and not on it to preserve the flakes. After that, it is peeled off the
wafers, leaving some flakes on the SiO, part of the wafer.

The highest quality flakes are identified and referenced with optical microscopy.
The best flakes are the largest contiguous flakes, isolated from any other
thicker flake that might make it harder to pick up the graphene.

(a)

(b) @]




(d)

(e) .'/'1 cm

o

Figure 3.3: Scheme of the exfoliation procedure.

The color of the flakes under optical microscopy is determined by their thickness.
Indeed, graphene’s optical absorption of ma & 2.3% is enough to create a visible
optical contrast. This makes it possible for graphene to be seen under optical
microscopy just by looking for contrast with the background. The Si/SiO, wafer’s
high reflectivity is important to increase the contrast as it makes light pass twice
through the graphene layer before being observed. Thicker flakes absorb more
light and lead to a greater contrast. The color also changes with thicker flakes
due to Fabry-Perot type interference. Figure 3.4 shows a flake where different
thickness steps are visible, the last one being graphene as confirmed with Raman
spectroscopy (see later). The optical contrast observed under the microscope being
small (left), this process of sample analysis needs to be performed slowly and at
high magnification. This is the most time-consuming step.
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20um 20pm
Figure 3.4: Optical microscope image of a graphene flake. Left is the unmodified
image as observed under the microscope. Right is the same image with increased
contrast and different thicknesses highlighted. The numbers in the black discs
indicate the number of layers in each region.

3.2.2 h-BN

The exfoliation procedure of h-BN is similar to that of graphene, but still has
some differences, represented schematically in figure 3.5. The main difference is the
scarcity of the raw material. In order to limit the waste of raw h-BN a different
strategy is adopted. The original line of h-BN grains is this time only limited to
+1 c¢m (roughly the size of the wafers). Then, the tape is folded similarly as it is
for graphene, but this time the operation is repeated only until the regions with
bits of h-BN have a size of roughly 1 cm x 1 cm (fig 3.5.a). Then, two new bits of
tape (this time ideally Scotch Magic Greener Tape) are stuck onto those regions
(fig 3.5.b), before being peeled off. The Si/SiO, wafers are then stuck on those
'Greener'-tape bands (fig 3.5.c). After pressing the tape against the wafer, the tape
is very slowly peeled of the wafer. The original tape is never in contact with the
wafers and is instead protected and kept until the next batch of exfoliation. This
allows to waste as little h-BN as possible. Other differences in the procedure of
exfoliation of graphene and h-BN are that, this time, the wafers don’t need to be
cleaned with O5 plasma and there is no need for heating before peeling off the tape.
This is because h-BN doesn’t have to be single layer. Hence, far more usable flakes
are created in each batch and there is no need for such thorough cleaning. Finally,
the best h-BN flakes are identified and registered. The ideal flakes are perfectly flat
(i.e. no glue left, no step in the number of layers, etc.) and of a size suited with the
targeted flake of graphene (see later in the "stacking" section). They are also not
too thick nor too thin (dark purple or blue flakes are ideal). This is because too
thick flakes render further process steps more difficult and too thin flakes are too
hard to pick up. Ideally the flatness of the flakes should be checked with an atomic
force microscope (AFM). It is also possible to clean the h-BN flakes of most of the
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remaining glue by heating them at ~ 300°C in vacuum for ~ 2 h.

(a)

(b)

(©) & 4

Figure 3.5: Scheme of the h-BN exfoliation procedure.

3.3 Raman spectroscopy

Up to this stage of the fabrication, graphene and h-BN flakes have been produced
and potential candidates identified. Before moving on to the stacking of the different
layers, it is important to make sure that it is indeed single layer graphene that
will be used for the sample. Optical microscopy allows for a globally successful
identification of graphene flakes, but a non-destructive method that would rule out
any other possibility is required. The technique used is Raman spectroscopy, which
will be discussed in this section. Raman spectroscopy presents the advantage of
being able to clearly distinguish SLG from multilayer flakes. It is also able to "see
through" the h-BN in a completed stack as will be discussed further.

3.3.1 Working principle

Raman spectroscopy is a non-destructive characterization technique of materials
based on their vibrational modes (i.e. phonons) [56]. These vibrational modes
being specific to every material, they allow the identification of the material. A
Raman spectrometer works with a monochromatic laser (ranging from UV to near
infra-red) shining through an optical lens onto the location to be analyzed. During
interaction with matter, there are two ways light can be scattered by phonons:
elastically or inelastically. Elastic scattering is commonly known as Rayleigh
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scattering while inelastic scattering is known as Raman scattering. In Raman
scattering, if the wavelength of the scattered photon has increased after scattering,
it is called Stokes shift, otherwise it is called anti-Stokes shift (see figure 3.6). Of
course, as energy is conserved, if a photon gains/loses energy, the exposed matter
has shifted to a lower/higher vibronic state. The analysis of the scattered light is
what a Raman spectrometer does. This yields a map of the energy transitions in
vibrational modes of the material. The difference in energy between the incoming
and scattered photon is called the Raman-shift. It is usually expressed in the
difference between the wave numbers and hence expressed in cm™!. Because of
that, it can be calculated in the following way:
1 1

Raman shift = Noleml  Mlom] (3.1)

Where \g and \; represent the incoming and scattered wavelength respectively. The
Raman shift is positive in the case of Stokes shifts because those are transitions from
a lower to a higher energy level. These are more likely than the opposite and hence
the ones measured in conventional Raman spectroscopy. The choice of the laser
doesn’t affect the measured Raman shift, but still affects the measurements. The
choice of the laser must be made depending on sensitivity (Raman intensity oc A=),
spacial resolution (diffraction limit oc A) and adapted to the material measured. In
the case of carbon materials, blue or green lasers are especially adapted [57] and in
the literature, three different lasers are commonly used: 514, 532 and 633 nm. The
spectrometer used (LabRAM HR) has four available wavelengths (458, 488, 514
and 633 nm). For these reasons, the 514 nm laser will be mainly used in works of
this thesis. Finally, the intensity of Raman peaks depends on a lot of parameters
from measurements, including the device used. For this reason, the intensity is
always measured in arbitrary units and only the relative intensity of the peaks and
their position matter.
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Figure 3.6: Schematic representation of Raman spectroscopy. (a) Incoming laser
through an optical microscope on the flake. (b) Scattered photons from the flake
back to the analyzer. (¢) Schematic representation of the energy transitions. The
little black arrows represent the Raman shift.

3.3.2 Graphene
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Figure 3.7: Left is typical spectrum of pristine graphene (up) and defected graphene
(down). The different observable peaks are labeled. Right are the different tran-
sitions responsible for each peak. The solid lines represent the electronic band
structure of graphene in the vicinity of the Dirac cones. The shaded region represent
occupied states. The blue and red arrows represent the absorbed and emitted pho-
ton respectively. The momentum of the photons are neglected. The black dashed
arrows represent the emitted phonons in the transitions. The black horizontal
dotted arrows represent the effect of scattering on defects. Adapted from [58].
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Figure 3.7 shows the different peaks observed in the typical range of Raman
spectroscopy of graphene: 1200 — 3500 cm™!. The top left spectrum is the spectrum
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of pristine graphene !, while the bottom left spectrum shows all the peaks observable
in the presence of defects. Mechanically exfoliated graphene being of the highest
quality available (cfr. fig 3.2), the defect-related peaks are almost non-existent.
Four peaks will be discussed in this section as they tell the most about the nature
of the graphene samples. These peaks are the D-peak, G-peak, D+D" peak and
2D peak.

e D-peak: ~ 1350 cm~!: Main peak originated from interactions with defects.
The presence of this peak would indicate poor quality of the graphene flake.

e G-peak: ~ 1580 cm™!: Originates from in-plane vibrations of sp? carbon
atoms at the center of the Brillouin zone (/-point). This peak is doubly
degenerate. [59] Originating from in-plane vibrations, this peak is common
to all graphite-like structures.

e G* or D+D"-peak: ~ 2450 cm~!: Originates from double resonance
processes along the KI"line of the first Brillouin zone [60]. This peak will be
used to confirm the thickness of flake, determined by the 2D-peak.

e 2D-peak: ~ 2680 cm™!: Also labeled as the G’ peak in the literature. This
peak also originates from double resonance processes between the K and K’
point of the first Brillouin zone [61]. This peak will be of major interest in

differentiating SLG from thicker flakes and in evaluting the twist angle in
tBLG.

! Pristine graphene means ideal, defect-less graphene.
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Figure 3.8: Influence of the number of layers on the shape of the 2D and D+D"
peaks. (a) Shows the different Lorentzian contributions to the 2D peak in bilayer
graphene. (b) shows the overall dependence of the 2D peak, w.r.t. the number
of layers. Increasing number of layers create an asymmetry in the peak due to
increasing number of modes contributing to the peak. (c) shows the relative
intensity of the 2D peak w.r.t. the G peak. (d) shows the dependence of the D+D"
peak, w.r.t. the number of layers. Single layer graphene produces a very sharp
peak, the more layers, the rounder the peak. (a,b) adapted from [62]; (¢) adapted
from [63]; (d) adapted from [60].

The two main peaks that will be used for identifying the thickness of a flake are the
D+D" peak and especially the 2D peak. Figure 3.8 shows their respective evolution
for different thicknesses. In fact, the amplitude of the G peak also changes with the
number of layer, reaching a maximum at 9 layer graphene [59], but the difference
is too subtle to be grasped from the naked eye, especially given the powerful other
identification means at our disposal. The D+D" quickly transitions from a sharp
peak in single layer graphene, to a rounder peak for thicker flakes (fig 3.8.d). The
2D peak changes in two ways, depending on the thickness of the flake. First, its
intensity relative to the G-peak drops going from SLG to thicker flakes (fig 3.8.¢).
For SLG the 2D peak is more intense than the G peak and less intense for thicker
flakes. Secondly, the 2D peak transitions from a symmetric Lorentzian peak in
SLG to an asymmetric peak for thicker flakes of two layers or more (fig 3.8.b). In
BLG, the 2D peak can be modeled by four Lorentzian peaks (3.8.a).
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Figure 3.9: Twist angle dependence of the Raman spectrum. (a) FWHM of the 2D
peak as a function of the twist angle. This was calculated from a single Lorentzian
fit of the 2D peaks. (b) Blueshift of the center of the 2D peak w.r.t. the position
of the 2D peak in SLG. (c) Integral intensity of the 2D peak normalized to the
integral intensity of the 2D peak in SLG. All measurements are made using a 514
nm laser. Figure from [64].

Raman spectroscopy not only allows to quickly identify the thickness of a graphene
flake, but it is also able to tell the presence of a twist angle through the top h-BN
of a stack. The 2D peak is sensitive to small misalignment in all possible ways as
shown in figure 3.9. The 2D peak’s width and position decrease quickly with in-
creasing angles for small angles. In the figure, the width of the peak is characterized
by fitting a single Lorentzian peak around the 2D peak and measuring the fit’s full
width at half maximum (FWHM). The position of the peak is measured relative
to the position of the 2D peak of SLG. Finally, the 2D peak’s integrated area
also varies with the twist angle, but the variations are small at small twist angles.
These twist angle dependencies in the Raman spectrum are most pronounced when
measured with a red laser (633 nm) [64]. However, given the available expertise,
all spectra measurements in this master thesis are made with a 514 nm laser. It
is interesting to note that these features (except for the position) approach the
features of (2 sheets of) SLG graphene for large twist angles, indicating almost no
interaction between the layers at large twist angles.

Carozo et al. (2011) [65] developed a completely different method for the res-
olution of the twist angle in the Raman spectrum. It is based on the emergence
of a new peak (called the R’ peak) whose position depends on the twist angle as
shown in figure 3.10. However, the position of this new peak at the magic angle is
~ 1595 cm~! and is therefore potentially hidden by the G peak. Nevertheless, this
method might be very useful for the identification of larger twist angle. The region
in which the R’ peak might be hidden by the G peak has been set between 1570
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and 1598 cm~!. This choice is because the G peak has a FWHM of ~ 6 — 16 cm ™.
Because the R’ peak could be small compared to the G peak, a safety margin has
been (arbitrarily) set to 10 cm™! on each side. Furthermore, the G peak’s position
may fluctuate between 1580 and 1588 cm™! [59]. This yields the chosen "danger'
region.
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Figure 3.10: Left: theoretical position of the R’ peak as function of the twist angle.
The shaded region represents all the positions where the R’ peak might be hidden
by the G peak. Right: measurements of the R’ peak on a 6 +2° tBLG sample. The
green dot and the error bar on the left panel show the position of the measured R’
peak. Adapted from [65].

3.3.3 h-BN

h-BN also has a Raman signature in the 1200 to 2900 cm~! range. Only one sharp
peak is visible at ~ 1360 cm~!. This peak hence coincides with a potential D peak
in graphene, possibly hiding it in the Raman spectrum of a stack. Therefore, it
becomes unfortunately hard to know with Raman spectroscopy if a defect has been
brought to the graphene during the stacking process. Since the h-BN is well visible
under optical microscopy and its thickness doesn’t really matter for this thesis, the
Raman signature of h-BN won’t be further discussed. An example of the h-BN
peak in the Raman spectrum is shown in figure C.5 of appendix C.

3.4 Thermal annealing

It is known that, at high temperatures, tBLG tends to realign into Bernal stacked
BLG. This phenomenon is driven by a strong dependence of the Van der Waals

38



energy with the twist angle. Furthermore, as briefly mentioned in section 2.3.3,
friction between twisted graphene layers is very small, even leading to superlubricity
in some cases [46]. These two properties (high Van der Waals potential gradient
and low friction) are the origins of thermal annealing of the twist angle in tBLG.
In fact, what seems to prevent the twist angle annealing at low temperature is the
pinning effect due to chemical adsorbents between the layers. Annealing to Bernal
stacked BLG of tBLG samples, twisted by an angle of ~ 5° has been observed after
12 h at 200°C [66]. Similar studies on angle annealing between graphene and h-BN
indicate a constant annealing rate (df/dt) that heavily depends on temperature
and flake size [67].

A precise temperature threshold not to cross in order to prevent thermal an-
nealing of the samples is however hard to determine given the small number of
quantitative studies of this phenomenon. It is nevertheless possible to look at
the thresholds set by other groups who have achieved results with tBLG samples.
During their fabrication process, Cao et al. (2018) [5] have heated their stack up
to 160°C for a few minutes without consequences on their measurements. Other
papers [32, 68] mention in their fabrication process the self set limit of 180°C. The
same temperature limit of 180°C is hence imposed for the process in this master
thesis.

3.5 Dry transfer

Transfer methods of graphene are required to move the graphene flake from one
substrate to another. Two families of transfer exist: wet and dry transfer methods.
Wet transfer methods involve the contact between the graphene layer and a liquid at
some point during the process [53]. During the contact between the liquid and the
graphene, some contamination is possible which might result in undesired doping
[69]. Dry transfer techniques make use of the strong Van der Waals interactions
between h-BN and graphene to detach the graphene from its substrate. The
graphene and h-BN are usually brought in contact using a polymer. Dry transfer
methods yield higher charge carrier mobilities and are well suited to encapsulate
graphene flakes in h-BN. Therefore, a dry transfer technique is used in this master
thesis.

Different variants of dry transfer techniques exist. Differences may reside in the
chosen polymers, whether graphene or h-BN are directly exfoliated on a polymer
film or whether the polymer is also used to pick them up, ... The samples presented
in this master thesis were made using a technique similar to the ones used in ref
[70] and [71], with a few minor adaptations for practical reasons. The technique
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for the creation of a precisely controlled twist angle is adapted from [72].

3.5.1 Tools

In order to make the desired heterostructures, the different flakes of graphene and
h-BN need to be stacked onto each other. A series of tools are needed for this
action. The first tool needed is one to pick up the flakes from the wafers they are
on. This tool is made using a glass microscope slide and hence called a "transfer
slide". The second tool allows the different flakes to be precisely aligned onto each
other in order to stack them. This will be a complex system called the "transfer
table", composed of several precisely moving parts, from which the movements are
controlled by micrometre screws. They will be detailed in this section.

Transfer slides

A schematic representation of the procedure to make a glass slide is shown in figure
3.11. The idea to pick up the flakes is to use a transparent tool, with a sticky
part at the bottom that can be used under an optical microscope. Polypropylene
carbonate (PPC) is a polymer with high adhesion on h-BN flakes [72]. Furthermore,
it has the advantage of having a glass transition temperature slightly above room
temperature of ~ 40°C [73]. This makes it possible for PPC to cover the desired
flake smoothly by flowing on it when brought around 40°C and then maximize its
adhesion with the flake when cooled down. Finally, the fact that graphene adheres
better to SiOy than to PPC [71] but worse than to h-BN will be extremely useful
for the selective picking of a part of a graphene flake (see later).

The PPC used for the pick-up presents itself in the form of a thin film. In order
to precisely carry this film onto the wafer and under an optical microscope, it is
important that it is carried on a transparent and rigid structure. The rigidity is
ensured by dropping the film on a glass microscope slide. Then, it is necessary
to have a small contact area between the PPC and the wafer for at least three
reasons. First because there might be other interesting flakes on the same wafer
and we would not want to waste them by accidentally picking them up. Secondly,
the pressure on the flake needs to be applied precisely for the contact between flake
and PPC to be as smooth as possible. Thirdly, once the h-BN (with or without
graphene) is on the PPC, it loses its color (as it originated from interference inside
the SiOs) and is much harder to see under the microscope. Therefore, having
only a small region to look for the stack saves a lot of time. This smaller area
is formed by creating a bump on the glass slide where the PPC will be put on.
This bump is made from a small block of polydimethylsiloxane (PDMS) (a type of
silicone) dropped on the glass slide (figure 3.11.1) and held in place with some very
transparent tape (e.g. Scotch Crystal Tape)(figure 3.11.2). The PDMS needs to be
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very uniform and flat. PDMS has several advantages as it is optically very clear
and soft. This softness makes a good contact with the wafer possible.

Eventually, the PPC film needs to be put on the bump created by the PDMS on
the glass slide and also needs to be very flat. In order to ensure that, the PPC is
dissolved in a solvent such as anisole (e.g. 15% PPC, 85% anisole). Then, it is
spin-coated on a roughly 1 cm x 1 em Si/SiO, wafer (figure 3.11.3) at e.g. 2000
RPM. The wafer is heated up to about 110°C in order to evaporate the anisole,
leaving a thin PPC film. A hole (smaller than the PPC film) is then punched in
a piece of tape, which is then used to pick up the PPC film (figure 3.11.4). It is
useful to scratch a little corner of the film while on the wafer in order to hold the
wafer in place without holding back the film. The tape with the film is then put
on the slide, with the PPC on the bump (figure 3.11.5). Finally, the slide is heated
up to roughly 110°C? (far higher than PPC’s glass transition temperature) so the
PPC can flatten out, leaving a very smooth surface.

1) 2)

3) 4)
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Figure 3.11: Scheme of a transfer slide.

Transfer table

As mentioned before, the transfer table is required only to align the flakes precisely
before stacking them. However, given the way chosen to pick up the flakes, it is
also necessary that the table includes a heating and cooling system. The transfer
table is shown in figure 3.12. The table consists of two independent parts: one to
move around the wafer and one to move the glass slide.

The first part (on the left of figure 3.12) needs to hold the wafer in place and
be allowed to move around. It is important that the wafer doesn’t move when

2This temperature is used for practical reasons as it allows to use the same heating equipment
as the one used for the evaporation of the anisole.
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Figure 3.12: Picture of the transfer table with a few key elements highlighted.
Yellow is the aluminum stage holding the wafer. White is the copper disc beneath
the aluminum stage. In between the aluminum stage and the copper disc is the
(hidden) Peltier cooler/heater. - is the slide holding setup on the slide

holding table. - are the micrometre screws to move both the wafer holding
table and the slide holding table in the x- and y- direction. The slide holding
table can also be moved in the z-direction using the vertical screw. - is the
micrometre screw controlling the rotation of the wafer holding stage. A vernier-like
scale is available for the control of the angle. - are the electrical connections to
the PID controller for the temperature. - are the pump, pipes and reservoir

of the water cooling system. is the pipe from the vacuum pump.

a flake is picked up, especially for the control of the twist angle. Therefore, a
vacuum pump pumps the air from a little hole in the center of the stage holding
the wafer. The wafer can then be steadily held in place as it is sucked against
the stage, hence increasing the friction. The stage holding the wafer can move in
the x- and y-direction and is able to rotate. These motions are controlled with
micrometre screws.

The second part of the table is a stage designed to move the transfer slide in the
x-, y- and z-direction with three micrometre screws. The transfer slide is attached
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on this stage, with the PPC pointing downwards, with a metallic bar pressing the
slide on the stage with screws.

As mentioned, the transfer table is also equipped with a heating/cooling equipment.
This equipment is installed on the wafer holding stage. A piece of copper is held as
close as possible to room temperature thanks to a water cooling pipe twining within
the piece of copper and connected to a water reservoir. The water circulates though
the pipes thanks to a small pump. Copper has been chosen because of its high
thermal conductivity and density, making it a great heat reservoir. On the piece of
copper, there is a Peltier heater/cooler pasted with thermal grease to the copper.
On top of that there is an aluminum stage, pasted on the Peltier heater/cooler
also with thermal grease. The aluminum piece holds the wafer. Aluminum is
the material chosen for its low density and relatively high thermal conductivity.
The low density ensures that only a little amount of heat is required to reach a
given temperature. The high thermal conductivity is needed to carry the heat to
the wafer and to the PPC after that. The heating/cooling is performed with a
Peltier device because of its small size, easiness to control electronically and lack of
moving parts. However, such a device only imposes a temperature difference and
no absolute temperature. This justifies the entire heat absorbing setup with the
copper and water cooling system. Finally, a PID controller regulates the voltage
on the Peltier device, taking into account the information from the temperature
sensor included inside the aluminum.

3.5.2 Transfer

In order to obtain the desired stack one will first have to pick up an h-BN flake, then
align it on the two graphene layers, correctly oriented and finally on the last h-BN
flake. The entire stack is then dropped on a marked wafer for the lithography (see
later). The first thing to do is to identify the best h-BN flake for the desired stack.
As mentioned in the section about exfoliation, this means a perfectly flat flake of
the right size. The ideal geometry of this first flake (which will eventually end up
being the top layer of the stack) is roughly the shape and size of the graphene
flakes. This is for two reasons. First, we don’t want to take anything else than the
needed graphene flakes which are not always properly isolated. Second, once the
stack is made, the graphene flakes are no longer visible and it is much easier to
perform a lithography when the position of the graphene is precisely known. This
position is easier to identify on a small flake.
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Figure 3.13: Picking up technique for h-BN flakes. (a) and (b) show the point
at which the lowering must stop and heating must start. (c¢) and (d) show when
the heating can stop and cooling start. (e) and (f) show the actual pick-up. (f)
emphasizes the color change, seen in successful pick-ups. (g) and (h) show an
example with real colors. In all panels, the short dashed line represent the contact
front.

The pick-up method (illustrated in figure 3.13) has been briefly described when
explaining the choice of PPC as adhesion enhancing material, but will be discussed
in more details in this paragraph. The first thing to do is to identify a clean region
on the PPC to pick up the flakes. It can indeed happen that some dust lands on
the transfer slide and those could damage the h-BN flake and the final stack. The
clean region is identified by coinciding the focal plane of the optical microscope
with the PPC layer. The clean region must be aligned with the micromanipulator
above the h-BN flake. Alignment can be checked by drawing the shape of the flake
on the screen of the computer displaying the microscope image and subsequently
changing the focus of the microscope on the plane of the PPC. The transfer slide
is lowered vertically until the PPC is in contact with the wafer. The contact is
visible by a change in color as seen in figure 3.13. The region of contact between
the PPC and the wafer is bordered by a contact front (dashed line in fig 3.13).
The transfer slide must ideally be lowered until the point where the contact front
is just about to reach the flake (fig 3.13.a and 3.13.b). Then, lowering must stop
and heating to ~ 40°C can start. The contact front will expand during heating,
eventually crossing the targeted flake. This is to make sure that the PPC flows
all over the flake in a smooth way. The temperature must be held at 40°C for a
few minutes (until the contact front no longer expands) in order to let the PPC
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thermalize and make contact with the flake. Once the contact front has stopped
expanding (fig 3.13.c and 3.13.d), the voltage on the Peltier heater may be flipped
to set it in cooling mode. The cooling goes on until reaching a low temperature, far
lower than the glass transition temperature of PPC (40°C), but above 0°C as going
below 0°C would make water droplets condense on the wafer and the stack (cfr.
fig C.1 in appendix C). This effect is not desired again because it could damage
the flakes and stack. Therefore, the target temperature for cooling is set around
5°C. It can happen that, during cooling, the contact front shrinks. This is no
problem so long as the contact front doesn’t reach the flake as, from experience,
this usually leads to a failure of the pick-up attempt. If that happens, the transfer
slide can be slightly lowered to maintain the contact front distant from the targeted
flake. When 5°C is reached, the voltage on the Peltier device is switched off, slowly
letting the setup thermalize to the ambient temperature. Then, the transfer slide is
very slowly lifted from the wafer until the entire contact front has crossed the flake,
after which the transfer slide can be lifted faster. In order to maximize the rate
of success, this has to be done before the setup has reached a temperature above
12 — 13°C as has been observed from experience. If the flake has lost its color and
become white, it has been picked up by the transfer slide and the transfer is a
success (fig 3.13.e and 3.13.f). Otherwise, the procedure can be restarted. Before
any pick-up attempt, the transfer slide can be heated up to about 90 — 110°C in
order to flatten out the PPC that could have been deformed by previous transfers.
However, this cannot be done between the transfer of the two graphene flakes as
the knowledge of the relative crystalline orientation would then be lost. The reason
for that will be explained in the next section about the transfer angle.

Once part of the stack is formed and on the transfer slide, it has to be precisely
aligned with the next layer to be transferred. This is done again by drawing the
flake on the wafer and/or the stack on the PPC on the screen of the computer
and aligning both by changing the focus to the other plane (wafer or PPC). When
the transfer slide is lowered, it is important to check that the alignment has not
changed. This is for two reasons. First, because slight movements of the hand dur-
ing manipulation of the "lowering" screw may lead to a slight shift of the horizontal
position of the transfer slide. Second, because the glass of the slide and the PDMS
have different refractive indices than air. The observed position of the flake might
differ slightly when lowering the transfer slide. When picking up graphene flakes,
they become more and more blurry and harder to see when the slide goes down.
It can then be helpful to use surrounding flakes on the wafer as markers to check
that the alignment is still correct.
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Figure 3.14: Drop-down of a flake. (a) Successful drop-down. The normal contact
front (green) and a bubble in formation (red) are indicated. (b) Stack before the
contact front passes. A large bubble is visible in the contact front. (c) Same stack
as in (b), but after crossing of the contact front. Risks presented by a bubble are
illustrated, the white dashed line highlights the wrinkled part of the PPC. In all
figures, the black dashed line indicates the flake dropped.

This entire procedure is the same to pick up both the h-BN and graphene flakes.
As mentioned, the top (first transferred) h-BN flake needs to be roughly the size of
the graphene flakes. The bottom h-BN flake, however, can be any size as long as it
contains a large enough region to lay the entire stack on.
When the stack is completed, it needs to be dropped on another, clean and marked,
Si/SiOs wafer for the lithography (the reason for the marks will become clear in
the lithography section). This is the most delicate step, many things can go wrong.
The first thing to do is to align the stack (on the slide) roughly in the middle of the
wafer. Then, the slide is lowered until it comes in contact with the wafer in exactly
the same way as it was done for pick-up. The difference for drop-down is that the
temperature is then raised to ~ 80 —90°C where the PPC really becomes a (viscous)
fluid. Then, the slide can be very slowly lifted until the contact front crosses the
stack. As can be seen in figure 3.14, the contact front looks very different at such
temperatures. When the contact front has crossed the stack, the latter is dropped
and the slide can be lifted up a little bit faster. If everything went well, the PPC
has been dropped down as well and still covers the flake.
An alternative is to cool back the PPC after the contact front has passed the
stack and before lifting the slide. This alternative is more complicated, but when
successful presents two advantages. First, it almost doesn’t leave any PPC behind
on the slide (unlike the first method), making the cleaning of the stack easier.
Second, if the PPC is not too damaged, the slide can be reused for another transfer
after having heated it back to 90 — 110°C to flatten the PPC’s surface.
Two things can go wrong during the drop-down. One is that during the first (slow)
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lifting of the transfer slide a bubble appears in which the PPC wrinkles heavily.
These wrinkles in the PPC could break the stack due to increased stresses (see fig
3.14.c). If a bubble starts to form the slide needs to be lowered again, cooled to
roughly 40°C, lifted up slightly to put the contact front closer to the stack and
then heated up again. The other thing that can go wrong is during the second
(faster) lifting of the slide. If the stack is not well dropped on the wafer after the
contact front has passed it, it could be picked up again by the PPC and get lost
in wrinkles forming in the hot PPC. If this starts to happen, the slide must be
lowered again and the entire procedure restarted.

When the stack has been successfully dropped on a marked wafer it has to be
cleaned from all the remaining PPC and glue from the exfoliation. There are two
ways of doing that: physically or chemically. The physical method is to heat up
the stack in vacuum to high temperatures ~ 300°C for one or two hours. This will
make the polymers decompose and subsequently evaporate (cfr section on stack
flips). The chemical method consists in putting the wafer with the stack for ~ 10
minutes in a powerful organic solvent like chloroform [74]. The chemical method is
faster, but consists in manipulating dangerous chemicals (which is always better
to avoid). Furthermore, there is a small chance that, if a lot of PPC has been
deposited on the wafer and the stack hasn’t been dropped properly on the wafer,
the stack vanishes in the chloroform with the PPC. The physical method is safer
for the user and leads to less losses of stacks. However, at temperatures as high as
~ 300°C risks of thermal annealing of the twist angle are too high. This means
that for the production of twisted bilayer graphene, the physical method cannot be
used and all the stacks mentioned in this thesis were cleaned using chloroform.
The reader might have noticed that a small magnification (x10) has been used for
all steps of transfer under the optical microscope. This is because, with the material
used, the image becomes far too blurry to work with at higher magnifications. The
source of this problem likely originates from the poor quality of the PDMS used.

3.5.3 Twist angle

The biggest issue with producing twisted bilayer graphene is to precisely control
the twist angle. Indeed, it is hard to know in what orientation the lattice of a
graphene flake is oriented. The solution to this problem comes with the fact that
mechanically exfoliated graphene flakes is monocrystalline [51]. In order to select
the rotation angle precisely, a large flake could just be split in two sub flakes
with originally the same crystalline orientation. Then, the flakes should simply be
superimposed, while twisting one relative to the other.

As mentioned before, graphene adheres less to PPC than to SiOs, hence bare PPC
never manages to pick up graphene flakes. However, the Van der Waals interactions
between h-BN and graphene are much stronger than those between graphene and

47



SiOq [75]. The solution becomes to align the h-BN flake with only some part (£
half) of the graphene flake (fig 3.15.d). The part of the graphene flake covered by
the h-BN flake is then picked up, while the part covered by the PPC tend to stay
in place on the SiO, wafer. This is possible because graphene tend to easily tear
apart in such situations as observed experimentally and illustrated in figure 3.15.

(a) (© (e) (8)
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Figure 3.15: Stacking different flakes.

The twist angle is set by turning the rotation stage from the micromanipulator
with the appropriate angle. On screen measurements with back ground elements
may help determine and adjust the rotated angle (cfr. figure C.2 in appendix C).
However, the exact angle between the layers in the sample may vary a little from
the angle that was selected, due to three likely causes [32]:

e The top graphene may rotate onto the top h-BN as there is very little friction
between those layers.

e During pick-up, the bottom graphene has the tendency to "jump" off the
Si/SiOy wafer directly onto the stack, possibly inducing a slight angle.

e Graphene may strain during stacking, effectively changing the area of the
Moiré unit cell for a given twist angle, hence changing the electronic properties.
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3.5.4 Stack flips

(a) (b) (c) T=320°C (d)
U p<10'6 mbar
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Figure 3.16: Stack flip procedure. (a) Targeted cuts of the PPC to be flipped and
dropped on a marked wafer. (b) Light grey is the piece of crystal tape holding the
PPC, stuck on a marked sample. The grey circle with black edge in the middle
represents the PPC with, at its center, the stack with the graphene on top. The
white dashed line is the targeted cut of the PPC. (¢) Marked wafer (blue) with the
PPC (grey) and the stack on top of it. This is put inside an oven under vacuum.
(d) After heat treatment, the PPC is gone and the stack fell down on the wafer.

For any other device than twisted heterostructures, another method exists that
makes the contacting much easier, the so-called "stack flip" method. Figure 3.16
shows a schematic development of the method. In order to maintain an easy access
to the graphene, the targeted sample in this method is one with the graphene on
top (fig 3.16.d). This is done by peeling off the transfer slide, the tape holding
the PPC (tape from fig 3.11.d). The tape is then stuck on a clean, marked wafer
with the PPC completely on the wafer (fig 3.16.d). The sticky part of the tape
must be down in order to have the stack on top of the PPC. Next, the PPC is cut
from the tape on the wafer (white dashed line in fig 3.16.b). Finally, the wafer
with the PPC on it is put in an oven under vacuum (p < 107 mbar) at 320°C
for 1 to 2 h. At temperatures between ~ 220 and ~ 300°C the PPC decomposes
into volatile side products [76] which are then eliminated by evaporation under
vacuum. Because of these high temperatures at stake in this process, stack flips are
not applicable to tBLGs on PPC. However, if a polymer were found to be suited
for dry pick-up of h-BN® and with low decomposition temperature (< 180°C),
this could be an interesting alternative. Other polymers used in the literature
for dry transfer of graphene on h-BN are polycarbonate (PC) and poly(methyl
methacrylate) (PMMA). However, none of them show a decomposition temperature
below 180°C (but respectively ~ 500 and ~ 600°C [77, 78]).

3and not graphene as the tearing of graphene to create the twist angle is possible only because
of the selectivity of PPC pick-up.
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3.6 Lithography

The stack being completed, it must subsequently be put into the right shape
and contacted before any measurement can be performed. This is done using a
lithography technique, more specifically an electron beam lithography. The reasons
behind the choice of this technique are multiple. Firstly, given the size of the flakes
and the desired design, a precision of a few hundreds of nanometres is required, this
can really be achieved only by e-beam lithography or X-ray lithography. Secondly,
every stack having its unique geometry, it is much faster not to use a process
requiring the production of a mask. Eventually, the main drawback of e-beam
lithography is usually its exposure speed, but with the small size of exposed areas,
this is not a problem as the exposure only lasts up to a few minutes.

3.6.1 Working principle

Figure 3.17: Schematic representation of the lithography procedure. (a) Imaging
and registering the position of the stack with respect to marks using a SEM. The
red dashed line shows the area above the tBLG. (b) Lithography lay-out drawing
on the recorded position. (c¢) Spin coating with PMMA. (d) Exposure of the lay-out
(yellow area is exposed). (e) Development and etching. (f) Lift-off of the PMMA
resist, the coloured contours of the flakes are their "shadows" in the etched SiOs.
(g) and (h) illustrate the contacting process. (g) Lithography of the grooves. (h)
Metalization and lift-off.
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Figure 3.17 shows a schematic representation of the process of lithography. The main
idea of this technique is to give to the stack the desired Hall bar shape by etching
away the surrounding parts of the stack. This is possible by protecting the area of
the desired Hall bar with a polymer mask, before etching the unprotected regions of
the stack. To do that, the stack is covered by poly(methyl methacrylate) (PMMA),
with a very narrow chain length distribution, centered around 950000. When
exposed to an electron beam, the chains are broken into smaller bits, increasing
their solubility in a solvent like methyl isobutyl ketone (MIBK). Once the flake
is covered by PMMA, a region surrounding the desired area is exposed by the
electron beam of a scanning electron microscope (SEM). The exposed region is
then weakened by the electron beam, hence becomes soluble in MIBK. The exposed
region is thus dissolved in MIBK and and one can then use an etching technique
to remove the part of the flake or stack left uncovered by the PMMA. This entire
process leaves only the protected area behind, with the desired shape. The last
step is to dissolve the remaining PMMA.

3.6.2 Preparation

Two things need to be done before exposing the sample in the SEM. The first
thing is to precisely locate the stack on the wafer. Secondly, the wafer needs to be
covered by the PMMA resist of appropriate thickness.

The first step is performed by imaging the flake with the same SEM that will serve
for the exposure. The reason for that is that the position of the stack can vary a
little bit between the different imaging techniques. The position of the stack and its
shape are, using the SEM image, precisely recorded with respect to some gold marks
printed on the wafer beforehand. Each mark is 20 um wide and the different marks
are separated by 200 um. With this recorded position, a negative of the desired
Hall bar shape is drawn on a computer. In practice, this is done by drawing a
polygon closing in on itself, leaving a hole with the shape of the Hall bar in its center.

The thickness of a stack is typically around 80 nm. The etching process also
etches PMMA of, depending on the process, around 50 to 100 nm. For this reason,
the initial thickness of the PMMA resist covering the stack should be at least 200
nm. Such a thickness can easily be obtained by a spin-coating method. In such a
method, the combination viscosity (~ concentration)-spinning speed determines
the thickness of the resist. Calibrations with PMMA dissolved in anisole yield a
theoretical resist thickness of 219 nm for a 4 % vol. PMMA solution at 4000 RPM.
This is of the desired order of magnitude and these parameters are hence the ones
chosen for this process. After being spin-coated, the anisole must be evaporated
in order to leave only a PMMA layer behind. This is important for two reasons.
First, a 4 % solution of PMMA in anisole has a relatively low viscosity and the
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PMMA flowing freely on the surface of the wafer after exposure would dramatically
decrease the precision of the exposure. Secondly, the e-beam exposure is a process
happening under vacuum. If anisole is still present in the layer when put inside
the SEM, this would slow down the vacuum pumping step of the SEM chamber
as anisole would continuously evaporate. The conventional method to evaporate
the anisole is to leave the sample for 15 min inside an oven at 150°C. However,
heating to temperatures as high as 150°C might lead to some uncertainties in the
twist angle as the exact mechanisms of thermal annealing are still poorly quantified.
An alternative method is to put the sample under vacuum for 24h and let the
anisole evaporate that way. Nevertheless, in the case of this master thesis, most of
the samples were put inside the oven as this process is much less time-consuming.
When both of these steps are done, the sample is ready for exposure.

3.6.3 Exposure and development

After the PMMA spin-coating, the sample can be put inside the SEM and be ready
for exposure. The stack cannot be imaged this time as imaging would expose all
of the PMMA covering the stack, hence ruining the lithography. Therefore, the
position of the stack can be determined by very precisely positioning the previously
mentioned gold marks. Since the stack’s position relative to the marks is well
known, the exposure can be precisely performed without ever having to image the
stack again. The required exposure dose for PMMA is ~ 300 uC/cm? at 30 kV
acceleration potential and depends almost linearly on this voltage.

Once the exposure is done, the sample can be developed, i.e. the exposed PMMA
can be removed by dissolving it in MIBK. This is done by putting the sample in
MIBK for 1 minute and 30 seconds, slowly shaking it inside the solution. This is
enough to dissolve any exposed PMMA, but not yet enough to dissolve unexposed
PMMA. After that, the sample is put, again for 1 minute and 30 seconds, in
isopropanol to wash away all the remaining MIBK. The duration of this last step
is not critical but the step must nevertheless absolutely be performed as leaving
the sample in the MIBK for a little while longer might dissolved the unexposed
PMMA, ruining the lithography. The sample can be dried with nitrogen and
then observed using optical microscopy. If the exposure is a success, the process
continues, otherwise all the PMMA can be washed away with acetone and the
process can be restarted until it succeeds.

3.6.4 Etching

Given the available equipment, two etching methods commonly used in the literature
are possible. The first possibility is a Reactive Ion Etching (RIE) process using
a SFg/Ar mix. The second possibility, which seems to be the most common in
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the literature, is an Inductive Coupled Plasma - Reactive Ion Etching (ICP-RIE)
process using a mixture of CHF3/0O,. The main difficulty resides in the fact that
the tBLG sample is completely encapsulated in h-BN due to the transfer process.
Furthermore, there is no process known for selectively etching the h-BN and not the
graphene. This involves the necessity to contact the stack through one-dimensional
line contacts. However, because of graphene’s lack of chemical bonding sites
on its surface, the contact resistance of surface contact is much larger than for
side contacts. Hence, line contacts outperform surface contacts for graphene as
counter-intuitive as it may seem [70].

RIE SFs/Ar process

Reactive ion etching is a technique that uses a plasma to etch a material. The wafer,
containing the material to be etched is inserted in a vacuum chamber between two
electrodes. A gas is injected at a certain flow rate. This gas becomes plasma and
is accelerated between the electrodes by a radio-frequency (RF) electric field. The
etching can happen by a physical or chemical mechanism or a combination of both.
Indeed, the acceleration field leads to collisions between the charged particles of the
plasma and the material, leading to a physical etching effect. Furthermore, ionized
molecules also tend to be extremely reactive and can thus also have an etching effect
by reacting with the material exposed. The composition of the plasma, pressure of
operation, RF power supply as well as the time of exposure form together what is
known as the recipe of the etching process. [79]

In the case of the SFg/Ar RIE process for h-BN, the reference recipe has been
found in the literature [80]. The gases injected and to be ionized are SFg and Ar
in proportions 1 : 1. The total flow of the mixture is 20 standard cubic centimetre
per minute (sccm)?. The operation pressure and RF power are respectively 100
mTorr and 100 W. The time of etching mentioned is 20 s. It is worth noticing that
the actual flow matters very little as the quantity of plasma in the chamber of each
gas is mainly determined by the operation pressure and relative quantity of each
gas. The only impact of a larger flow is the faster renewal of the plasma in the
chamber, replacing reacted side-products with "fresh" plasma.

As shown in figure 3.18, this process is expected to etch at a more vertical angle
[81]. This is because, with SFg the physical sputtering effect of RIE is dominant
over the chemical sputtering effect.

ICP-RIE CHF3/0, process

ICP-RIE is a variant of the RIE technique using a magnetic coil to condense the
plasma at the center of the chamber. The denser plasma creates a more isotropic

4Volume flow in cm? /min as it would be under standard conditions of pressure and temperature.

23



etching profile because the higher plasma density enhances the chemical sputtering
process compared to the physical one.

The recipe for this process has been mentioned several times in the literature
[70, 82]. The gas mixture is CHF3/04 with respective flows of 40 sccm and 4
sccm. The RF power is 60 W. The expected etch rate of h-BN in this mixture is
30 nm/min. This method being slower than the previously mentioned process, a
problem may appear as this plasma mixture also etches PMMA. It is important
for the integrity of the stack that the protecting layer (PMMA) lasts longer than
the etched h-BN. If not, the targeted Hall bar could be etched as well. Therefore,
Wang et al. (2013) [70] suggest, on top of the PMMA layer, the addition of a
hydrogen silsesquioxane (HSQ) layer of roughly 90 nm thick. HSQ resists are also
used for electron beam lithography and do not change the process fundamentally.
This process being much more isotropic, it is expected to etch the stack at a 45°
angle. This is an advantage for the contact deposition, as inclined walls are more
accessible for vertical metal deposition.

a) ISF5/ICHF ' (b) SFg (@ CHF,
vV d
PMMA PMMA
h-BN h-BN
'/ Graphene
h-BN h-BN

Figure 3.18: Different expected results for SFg etching vs CHF3 etching. (a)
Schematic representation of a RIE procedure. (b) Expected result with SFg etching.
(c) Expected result with CHF3 etching.

Tests

Every RIE equipment is different and therefore it is important to test the etching
recipes before actually applying them on stacks. The SFg/Ar in [80] and the
CHF3/0O4 in [70] recipes were respectively used on a RIE Oxford Plasmalab 80
and an Oxford ICP 80 systems. The system available in the WINFAB facility
is an Oxford Plasmalab 100, different from the reference equipments, justifying
the need for a test. Both recipes were tried on a large 3 inch wafer holding two
smaller wafers: one coated with PMMA, the other holding exfoliated h-BN flakes
(see figure 3.19). The thickness of the PMMA layer and SiO, layer were measured
with an ellipsometer before and after the etching test. The ideal result is to observe
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the disappearance of the h-BN flakes, while the SiO, and PMMA still have a
"'reasonable" thickness. By reasonable, it is meant a loss of thickness of less than
~ 100 nm for PMMA and ~ 50 nm for SiO,. The reason is that a stack is typically
80 nm thick as the cyan h-BN flakes are typically 40 nm thick. Because the
thickness of the PMMA layer for the lithography is roughly 200 nm, the PMMA
supposedly tops the stack by a little more than 100 nm. Hence, 100 nm loss of
the PMMA thickness is the maximum that can be tolerated before putting the
integrity of the stack at risk. The SiO5 should not be etched by more than ~ 50 nm
because this would mean a gap of ~ 90 nm between the graphene and the top of
the etched SiOs (40 nm from the thickness of the bottom h-BN and 50 nm etched
from the SiOy). This would mean that, in order to successfully contact the sample,
a gold layer of ~ 100 nm would have to be deposited. The lift-off in the contacting
process (see later) would only work with a sufficient gap between the deposited
metal and the PMMA layer (of ~ 200 nm as well). Therefore, a loss of more than
~ 50 nm in the SiOy layer would require a thicker metal layer deposition, hence
putting at risk the lift-off process.

(a)

(b)

Figure 3.19: (a) 3" Si wafer with two smaller Si/SiOy wafers with respectively h-BN
flakes and PMMA. (b) Ellipsometer measurements of the thicknesses of the SiO,
and PMMA layers. (c) Checking that the h-BN is gone as well as measuring the
change in thickness of the SiO, and PMMA.
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3.7 Contacting

(@ (b) C] (d)

Figure 3.20: Scheme of the contacting procedure. (a) Coating of a PMMA resist
on the wafer. (b) Exposure and development of the grooves. (c¢) Deposition of the
gold with a thin underlayer of chromium for the adherence. (d) Dissolution of the
PMMA and lift-off of the undesired gold layer.

The contacting procedure is very similar to the lithography process as shown in
figure 3.17. The sample is again covered with a PMMA layer and put inside a SEM.
Then, grooves are drawn from the contact points of the sample going outwards.
This is done in 2-3 steps. A first exposure draws the thin grooves leaving contact
points with the stack up to ~ 100 pm from the stack. This exposure is performed
with low current as to increase precision. Then, a series of other exposures at
higher currents enlarge the grooves until they reached a width of a few hundreds of
um. From there, large squares are exposed at the end of those grooves that will
serve as contacting pads. The exposure current intensity is a trade-off between
precision and exposure speed. In order to make sure that the different parts of
each groove obtained by the different exposures are in contact with each other, a
small overlap of a few microns is planned between the different exposures. After
development, the grooves acquire their depth. The next step is to fill part of these
grooves with gold on top of a thin layer of chromium (~ 5 nm). Chromium is used
for adhesion with the substrate as it wets it well. The use of gold avoids oxidation
problems on top of gold being a low resistance conductor. This is done in a process
called metalization. In this process, a layer of 50 to 100 nm of gold is deposited
by e-beam evaporation on the entire sample and hence in the grooves. After that,
the PMMA is removed in acetone, taking with it the gold deposited outside the
grooves.
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Chapter 4

Fabrication results

In this section, results of the methods discussed in the previous chapter are discussed,
along with an analysis of their quality.

4.1 Graphene flakes

The quality of the final device heavily depends on the choice of the graphene flake
used for its fabrication. Graphene exfoliation and identification of the flakes is the
most time-consuming step of the entire process. It is thus important to know what
flakes can be expected in order to optimize this process. The minimal feasible size
for the final, 6 contacts Hall bar can be set to approximately 3 um x 5 um. The
misalignment during stacking and lithography can be up to ~ 1 um. Furthermore,
in case of a rectangular flake, a maximum of 50% of the surface of the flake can
effectively become the surface of the tBLG, as the flake is split in two. Therefore,
the flake selected must at least have dimensions of 2 x 6 um x 4 pm. This means
a surface area of at least ~ 50 um? and a width of at least 4 um. Size, however, is
not the only important factor, the shape, surroundings and uniformity of the flake
are too. Some shapes, such as triangles and curved shapes, do not allow a good
overlap between the two halves of a flake. Triangles, for example, only allow for a
maximum overlap of 33% of the area of the original flake. Isolated flakes are easier
to pick up than flakes surrounded by thick graphite chunks, as these might be an
obstacle to good contact between the h-BN and the graphene. Graphite must be
avoided or removed to use the flake. In the first case, this is done by picking the
graphene up a small margin away from the graphite, hence leaving some graphene
unused. Removing the graphite is possible by picking it up like if it were graphene.
This has been done (unwillingly) for the flake in figure 4.2, yielding the flake in
figure 4.4.a. However, this might damage the graphene flake such as in the example.
Finally, the flake’s uniformity is important as well, as the quality of the graphene
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has been the criterion for the choice of an exfoliation method.

700 T T
Gl ®Usable

600F| @ Difficult use
@ Impossible use

500F

go0r  TD/A

> bl
©
£300
<
o J
200 o ®
® o
°
100f .2 4xD

010 20 30 40 50 60 70
Largest dimension (pm)

Figure 4.1: Different limiting factors for the choice of a graphene flake. (a) Too
thin flake ~ 3 wm width. This flake would be impossible to align correctly. (b) Too
close to a thick graphite as well as non uniformity (artifacts visible on the flake).
This flake would be impossible to pick up. (c¢) Area on the lower acceptable limit,
but geometry not fitted for superposition. This flake could be used, but the tBLG
area would be small. (d) Large and uniform flake, almost rectangular geometry,
only drawback is the presence of the neighbouring graphite. This flake is close to
ideal. (e) Compilation of flakes found on 41 1 cm x 1 cm wafers, sorted by size.
The color code shows the individual quality of the flakes. The flakes marked with
a "*" were exfoliated on wafers not cleaned with O, plasma beforehand. The blue
shaded region is the mathematically impossible region for a flake to be. The red
shaded region, corresponds to rectangles with a width smaller than 4 um, which is
a good indicator for acceptable width of a flake.

Figure 4.1.a to 4.1.c displays the different factors, outside from size, leading to
a usable flake or not. Fig 4.1.e illustrates graphene flakes from the 41 first 1 cm X
1 cm wafers of exfoliated graphene made during this master thesis. Only graphene
flakes with a largest dimension of at least ~ 10 um have been recorded. The quality
of the flakes is illustrated as well. As for quantity, both graphites® used produced a
similar density of flakes. However, the importance of O, plasma cleaning of the
wafers is highlighted in the figure. Indeed, 12 of the 41 wafers were not cleaned in
O, plasma before exfoliation and yielded only 3 of the 26 reported flakes.

The intuition, based on optical contrast, of the nature of the flakes needed to be
checked through Raman spectroscopy. Figure 4.2 shows the Raman spectroscopy

!The graphites used are Hqgraphene’s "natural graphite”, > 99.98% pure and NGS Natur-
graphit’s "graphenium flakes"
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of a flake, as well as the surrounding BLG for comparison. The obtained spectra
were compared to the spectra from the literature (fig 3.8) in order to determine
the thicknesses of the measured regions. Almost all (10 out of 11) flakes presumed
to be graphene from optical contrast turned out to effectively present a Raman
signature of graphene. It can therefore be concluded that optical contrast is, in
many cases, sufficient to determine whether a flake is graphene or not.
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Figure 4.2: Raman spectrum of the graphene and bilayer graphene part of a flake.
The picture left shows where the spectra were taken (the blue and orange dots
correspond to the graphs of the same color). Right are the measured spectra. The
D+D" and 2D peak are compared to the peaks from the literature from fig 3.8
(black dashed lines). Inset is a zoom-in of the D+D" peak.

4.2 h-BN flakes

h-BN flakes are a much less scarce resource than graphene flakes because their
thickness can vary with a certain tolerance. Furthermore, h-BN exfoliation is a
much less time-consuming process as their identification is fast due to their peculiar
color. The h-BN flakes were exfoliated from h-BN crystals grown by the Japanese
researchers K. Watanabe and T. Taniguchi in two different processes, labeled M 922
and M927. h-BN from the M922 batch turned out to yield a far greater density of
flakes than exfoliation from the M927 batch.

Nevertheless, it is important to be extremely careful with the chosen h-BN flakes as
they are far more likely than graphene flakes to show surface defects. Two different
types of defects, highlighted in figure 4.3 are to be avoided: glue residues (fig 4.3.a)
and thickness steps (fig 4.3.b). Because of their thickness of several tens of nm, a
one layer thickness step (~ 0.66 nm [76]) is barely visible to the naked eye. A dark
field optical image highlights these surface defects (fig 4.3.c) and is hence a useful
tool. Finally, because the h-BN is the tool used to tear the graphene in two, it is

29



important for the used flake to have at least one clean, straight edge (fig 4.3.d).

10 um

Figure 4.3: Different limiting factors for the choice of an h-BN flake. All flakes
are of a targeted thickness (color), but not all are usable. (a) Presence of glue
and other impurities on the flake. (b) Presence of a break on the flake, possibly
indicating a thickness step. (c¢) Dark field view of the flake in (b), emphasizing the
surface defects. (d) Clean flake with a clean, straight edge.

Because the thickness of the flake is not of much importance, Raman spec-
troscopy of h-BN flakes is often useless and may only confirm the "h-BN nature' of

the flake.

4.3 Transfer

Figure 4.4 shows the different steps during the making of a stack?. As can be
seen from fig 4.4.c and 4.4.d, only the part of the graphene covered by the h-BN
has been picked up. This illustrates the power of this method to tear graphene
apart. Figure 4.4.g shows the closed stack with some yellow stains visible on top
of it. These could be either caused by bubbles/blisters of air caught between the
layers [71] of the stack or by PPC residues on the top h-BN. The former hypothesis
should probably be excluded as the stains are still present in the same area after
etching (fig 4.4.h). However, the second hypothesis also seems unlikely, as, after
10 minutes in chloroform, the stains were still present, whereas virtually all other
remaining PPC was gone. The origin of these stains remains an open question at
this point. A last hypothesis could be PPC trapped inside the stack between the
two graphene pick-ups. Indeed, the second graphene layer picked up is in contact
with the PPC during the first graphene pick-up. But then again, on figure 4.4.a
and 4.4.f, there doesn’t seem to be any PPC on the unpicked graphene.

2The flake used is the same as the one shown in figure 4.2 after a failed pick up attempt
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(d)

Figure 4.4: Evolution of the different steps in the fabrication process. (a) Graphene
flake, surrounded by the black, long dashed line. (b) h-BN flake of appropriate size,
surrounded by the red dashed-dotted line. (c¢) Superposition of the h-BN flake on
the bottom part of the graphene flake, the contours of both flakes are the same
as in images (a) and (b). (d) Remaining of the graphene flake after pick-up of
the h-BN. The orange, short dashed line is obtained by taking the intersection of
both flakes in image (c). The coincidence with the vanished graphene is noticeable.
(e) Superposition of the stack on the top part of the graphene flake. Note that a
rotation has been applied to the sample holder before putting the top graphene
layer in contact with the bottom one on the wafer. (f) Remaining of the graphene
flake after second pick-up. The black, dotted line is the intersection between the
graphene flake and the supposed location of the first picked up graphene layer. (g)
Stack closed by a bottom h-BN layer. (h) Stack after lithography. All images have
increased contrast.

Other defects have been observed on all stacks made during this master thesis,
all of which are shown in figure C.3 of appendix C. The most common of defects is
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the breaking of the h-BN flake during all of the transfer process. In that case a
break line appears on the flake, its consequences on the electronic properties of the
device have not been established. A worse version of this is the complete tearing
of the h-BN flakes. It can also happen that the graphene is not torn as precisely
as it is in figure 4.4. Table 4.1 gives an idea of the frequency of these defects by
summarizing the observed defects on all stacks. In addition to that, it also shows
the stacks lost during the drop-down, emphasizing the delicateness of this step.

Stack | Surface broken h-BN Unclear Stack

N° stains  h-BN  torn graphene cut lost
1 X
2 X
3 X

4 ? X X
5) X X
6 X X
7 ? X
8 X X

9 X X

10 X

Table 4.1: Defects observed on different stacks. Stack 1 is shown in figure 4.4,
while stacks 2 to 10 are shown in figure C.3. The "?" symbols indicate the inability
to check for the presence of stains because of a loss of the stack during the final
transfer step.

4.4 Lithography and etching

The last part of the process (lithography and etching) presented some challenges.
As can be seen from figure 4.4.h, the lithography hasn’t precisely been centered
on the flake. In practice, the lithography could simply have been restarted before
the etching, but given that at least 4 contact points could be found, it has been
decided not to be restarted. Other lithography results are shown in figure C.4 of
appendix C. The main difficulty with the lithography process is the reporting of
the exact position of the stack on the substrate. This is because h-BN (a thin
insulating layer) on top SiOs (another insulating layer) shows very little contrast
in SEM imagery. This is also shown in figure C.4 of appendix C.

Regarding the etching process, tests were performed as explained in section 3.6.
Because of technical constraints, a few parameters were changed from the given
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recipes. For the SFg/Ar recipe, the pressure was set to 20 mTorr and the etching
time to 23 s. 3 seconds were added for the initialization of the process. For the
CHF3/0, recipe, a few changes were brought as well for practical reasons. First,
the HSQ layer was left behind, replacing it instead by a thicker PMMA layer.
Second, the RF power was lowered to 10 W. The ICP power and operation pressure,
not mentioned in the reference, were set to 2000 W and 20 mTorr respectively. The
exposure time was set to 45 s. The results of the etching tests are summarized in
table 4.2 and shown in figure 4.5.

SFG/AI' CHF3/02
h-BN  SiO, PMMA h-BN Si0, PMMA
Before | Present 278 192 Present 279 201
After Gone 258 164 Blue flakes almost gone 236 97

Table 4.2: Thicknesses of the indicated layers before and after for both etching
tests. All values are measured with an ellipsometer and expressed in nm.

The results for the SFg/Ar process respect the constraints stated in section 3.6.
On the contrary, the CHF3/O5 process yields results at the lower acceptable limit
according to the constraints stated in section 3.6. Indeed, the SiOy as well as the
PMMA are deeply etched (resp 43 and 104 nm), while the h-BN flakes are still
visible (although etched as well). While the CHF3/O4 process is preferred in the
literature for the inclined walls it delivers, its selectivity issues have prevented it
from being used on any stack during this master thesis. This is a challenge that
should probably be addressed in the future.

Figure 4.5: Results of the two etching recipes. Left: etching of a stack using
SFg/Ar. These are images of the etching of a stack instead of from the test due to
image quality issues. Right: etching of h-BN flakes using CHF3/0O5. The change in
background color (~ SiOs thickness) is far more pronounced right than left, while
the etching of the h-BN is complete left and only partially complete right. This
illustrates the selectivity issues with the CHF3/0s,.
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4.5 Characterization

The stacks obtained in the previous section have also been characterized. Two
things were tested: the presence of a twist angle, if any at all, and the presence of
graphene /tBLG at the desired contact points. Both of these were tested with a
Raman spectroscopy. The results of the testing on the contact points, as well as at
different locations on the Hall bar, are shown in figure 4.6. The rightmost peak
in all of the spectra is the h-BN peak. The other peaks are the graphene peaks
discussed in the section about Raman spectroscopy. Graphene is indeed present at
all the expected contact points, which is promising for further contacting. However,
all spectra do not look exactly the same, despite similar trends such as asymmetric
G and 2D peaks.
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Figure 4.6: Raman spectra at the different contact points as well as one centered
spectrum. The thick black dotted contour is the expected location of tBLG in the
stack before etching. The green dots indicate the point where each spectrum was
taken.

More quantitatively, three things were analyzed in these spectra: the presence
of a new D peak, the presence of a new R’ peak and the characteristics of the 2D
peaks. The first feature (D peak) is examined in order to determine whether some
defects have been created by the stacking or etching procedure. The other two
features (R’ and 2D peak) were examined to try determine the twist angle.

First of all, no extra peak could be found in the vicinity of 1350 cm™! as shown in
figure C.5 of appendix C. This means that no D peak is visible.
If a R’ peak appeared, it is to be found in the vicinity of the G peak of the spectra.
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The top row of figure 4.7 shows an analysis of the G peak in the spectra of SLG,
BLG and tBLG. The peak from the tBLG seems to be composed of three peaks,
one of which (at 1581.6 cm™') is the usual G peak while the two others are new.
These two new peak are visible on three out of the five spectra shown in figure 4.6
(spectra (a), (c) and (e), cfr. appendix C, figure C.6). Each time, they are located at
respectively 1599 and 1611 ecm™!. The first one (at 1599 ecm™!) could be associated
with the R’ peak shown in figure 3.10. According to the analysis presented in ref
[65], this should correspond to a twist angle of ~ 1.8°. No explanation for the
second of these new peaks has been found in the literature.
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Figure 4.7: Top row: analysis and decomposition of the G peak in SLG, BLG and
tBLG. The peak in the tBLG spectrum seems to be composed of three peaks at
the given locations. The tBLG peak is the one from spectrum (a) in figure 4.6.
Bottom row, analysis and decomposition of the 2D peak in SLG, BLG and tBLG.
The tBLG peak has been specially acquired in the center of the stack shown in
figure 4.6. In all of these figures, the black curve show the measured spectrum, the
red curve shows the 3 or 4 Lorentzian fit, with the green curves composing it and
the blue curve shows the fit using only one Lorentzian.

The bottom row of figure 4.7 shows the analysis of the 2D peak. Four components
of the 2D peak could be found and analyzed. The width and location of the one
Lorentzian fit of the tBLG 2D peak indicate the presence of a twist angle. This
is because, at small angles, the width and position are very sensitive to the twist
angle, according to fig 3.9. That angle, could not be determined according to the
same reference, as the measured data do not correspond to any plausible angle.
Surprisingly, the position of the 2D peak for graphene is shifted compared to values
found in the literature (2676 cm™! on Si/SiO [59]). Estimating the blueshift of the
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2D peak in tBLG relative to its position in SLG as found in the literature instead
of the one measured would yield a twist angle of 1 to 2° according to the analysis
presented in figure 3.9. A similar analysis would nevertheless not match with the
measurement of the position of the 2D peak in Bernal stacked BLG.

4.6 Stack flips

As mentioned several times, the stack flip method is not suited for tBLG samples.
Nevertheless, it may prove to be a useful method for other applications as it does
not require the presence of a top h-BN flake. Therefore, a few trials of this method
were performed during this master thesis. One may wonder if dropping a stack,
albeit slowly, from a height of several hundreds of um (the height of a crumpled
PPC layer) could affect the stack’s physical integrity. It turns out that the stacks
in stack flip methods are dropped in a perfectly flat way as illustrated in figure 4.8.

Figure 4.8: Stack before and after flipping. The stack on the left appears to be a
mirror image of the stack on the right, indicating that the flipping of it has been a
success.
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Chapter 5

Conclusion and perspectives

This master thesis’ purpose was to dive into the new promising field of twisted
bilayer graphene. To begin with, an understanding of the properties of these struc-
tures was necessary. Because of its flat band structure, magic angle tBLG opens a
surprisingly easy way to access strongly correlated phenomena. Furthermore, the
shortcomings of simulation tools to model magic angle tBLG structures make it a
continuously surprising material, e.g. the unexpected discovery of superconductivity
in 2018. Its experimental study may turn out to be very precious in understanding
strongly correlated systems.

The main aspect of this master thesis’ was the development of a suitable fabrication
technique for such devices. Mechanical exfoliation of graphene and h-BN has
produced the desired results with the creation of very uniform flakes, suitable
for further transfer. Furthermore, the transfer technique, adapted from [70] and
[71] turned out to be efficient for the stacking of these 2D materials, given the
appropriate tools. The only, unexpected, difficulty arose from the drop-down step,
which has often lead to stack losses. The formation of the twisted graphene bilayer
by tearing of single domain SLG flakes also turned out to be extremely precise as
optical images have shown. Finally, the lithography and etching processes worked,
but not without posing several challenges. The lithography’s precision was limited
by the precise identification of the flake’s position. The etching processes with
CHF3 and SFg respectively lead to selectivity issues between h-BN and SiO, and
to very vertical edges, hard to contact.

Characterization of the produced samples yielded contrasted results. On the one
hand, Raman spectroscopy of the samples indicated the presence of, what seems
to be, twisted bilayer graphene as desired. On the other hand, optical images of
every sample showed all sorts of defects present, from yet unidentified stains to
broken lines in the stack. The problem of these defects need to be addressed for an
improvement of the method.

Unfortunately, due to several technical issues, the process couldn’t be totally com-
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pleted, making electronic transport characterization impossible at this stage. This
would have been the final step of the present master thesis, but will instead be left
for future candidates.

From a wider point of view, plenty of future developments are still possible in
this domain. Twistronics in graphene is a promising field of research and not only
limited to tBLG. Recent works on twisted double bilayer graphene [83, 68, 84] (two
Bernal stacked BLG stacked onto each other, with a twist angle) have shown the
presence of superconductivity up to 12 K at a slightly larger twist angle of 1.28°.
Other theoretical works predict similar phenomena in twisted multilayer graphene
that still need to be explored [85, 86]. All of these structures are accessible with
the method developed in this master thesis.

Other developments are possible in the process. For now, the limiting factor of the
process is the size of the available graphene flakes. Because the exfoliation process
is extremely time-consuming and the entire structure needs to be made from the
same flake, mass production of twisted graphene structures is still complicated.
Furthermore, the accessible number layers is limited for the same dimensional
reason. CVD produced graphene flakes are available with far greater dimensions
and would solve this problem. Therefore, progress in the quality of CVD produced
graphene flakes [54] as well as of their transfer process [87] may be a key element
in the development of this field.

Next, development of in situ rotatable twisted heterostructure devices [88] may
open the door to the exploration of many other twist angles. It would also solve
the thermal annealing problem as the twist angle can be redefined at any moment.
That would allow for the thermal cleaning of the samples, mentioned in the process
description, possibly yielding even clearer results.

Finally, a better theoretical understanding of the observed phenomena, such as
superconductivity, is crucial for further developments in this domain.
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Appendix A

Commensuration condition

Figure A.1: Two honeycomb lattices twisted w.r.t. each other by a commensurate
angle. The thick black arrows represent the defined vectors. The red dashed line
indicate the closest coinciding atoms from the two lattices.

Let’s define following vectors, illustrated in figure A.1:
) ==l =[]

a; — Ag = t = 1 (Al)
] =-[2] 13

Then, if (h, k) is a pair of integers, all atoms are located on points with coordinates:

h+§k] [ h+ 5k ]
or |3 1 (A.2)
l Pk Skt
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Rotation yields:

e h+ 1k Lk) — sin 93
[COSQ sm@] [ + 5 ] B [cos&(h—i— k) — sin 6 k] (A.3)

2
sinf  cos6 ?k} sinf(h + %k:) +C089§k
This is commensurate if, for some pairs of integers (h*, k*) and (I, m) following
equality holds:

[C?S O(h* + 1k*) —sin H?k*] _ ll + ém] o [\/éﬁL %ml ] (A4)
sin @(h* + 1k*) + cos 02k m B+ g
In other words, this yields the following equalities:
cos 0(2h* + k*) — V/3sin Ok* = integer (A.5)
V3sin 0(20* + k*) + 3 cos Ok* = integer (A.6)

From this, it follows immediately that both cos @ and sin #/+/3 must be rational
numbers. From equations A.2 and A.3 it is then clear that all atoms of a layer
rotated by a commensurate angle still have rational coordinates. If an atom had
coordinates (h, k) before rotation, after rotation, its coordinates are given by:

1

2k) + cos H?k) = K(cosf) + (2h + k)(sin6/v/3)  (A.7)

sinf(h +

2
knew = =
V3 (

1
?k — Shnew = h(cos ) — (h+ 2k)(sin 0/V/3) (A.8)
All commensurate angles can alternatively be described as all angles 6 with
cos = x/z and sinf/v/3 = y/z, with (2,7, 2) a solution of the Diophantine
equation:

1
Ppew = cosO(h + ik) —sinf

x? + 3y* = 22 (A.9)
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Appendix B

Process sheet

Step

‘ Material

Parameters

Graphene and h-BN flake production

Wafer cleaning

e Acetone, an ultrasonic
cleaner and isopropanol
for rinsing

e O, plasma chamber

e 3 min in wultrasonic
cleaner

e 60s, 40 W

Graphene exfoliation

e Graphite grains

e Scotch Magic Tape
el cm x 1 cm Si/SiO,
wafers

e Heating plate

e Quick peeling

e 90°C

h-BN exfoliation

e h-BN grains

e Scotch Magic Tape

e Scotch Magic Greener
Tape

e 1l cm x 1 cm Si/SiO,
wafers

(¢ Vacuum furnace for
cleaning)

e Slow peeling

(e ~ 300°C, 2 h)

Transfer tools

Transfer slides

e Glass microscope slides
e PDMS

e Scotch Crystal Tape

e PPC

el cm x 1 cm Si/SiO,
wafers
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e Spin coating machine
for PPC
e Heating plate

e 60 s, 2000 RPM, 1000
RPM/min
e 110°C

Transfer table

e Micromanipulator, in-
cluding rotatable stage

e Heating/cooling mod-
ule

e Vacuum sample holder

Transfer procedure

Pick-up

e Transfer slide
e Heater from the transfer

table

e Micromanipulator of
the transfer table

e Contact front of the
PPC almost at the flake
e Heat up to 40°C to
make contact

Cool to 5°C to increase
adhesion

e Lift transfer slide slowly

e Align stack with the
next flake

e Set twist angle between
two graphene pick-ups

Drop-down

o Marked wafer
e Transfer table

e Similar contact making
as for pick-up

e Heat to ~ 80 — 90°C

e Lift transfer slide slowly
( e Cool down to room
temperature after con-
tact front has passed the
stack)

Lithography

Sample preparation

e PMMA 4% vol.
e Spin coating machine
for PMMA

e 60 s, 4000 RPM, 1000
RPM/min

e Oven e 15 min, 150°C
Exposure e SEM e 300 uC/cm?, 30 kV
Development e MIBK with isopropanol | e 1:3

e Isopropanol for rinsing

e 1 min 30 s
e 1| min 30 s
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Etching

SFg/Ar recipe

e RIE process

e]:1

e 20 sccm total flow
e 20 s

e 100 W RF

e 100 mTorr

CHF3/0; recipe

e ICP-RIE process

e 10:1

e 44 sccm total flow
e 30 nm of h-BN/min
e 60 W RF

e 2000 W ICP*

e 20 mTorr*

Contacting

Sample preparation

e Similar procedure as for
lithography

Metalization

e E-beam evaporation

PVD**

e ~5nm Cr

e 50 — 100 nm Au

* Indicates values not described in the process, but used for the tests.
** Indicates a process not performed during this master thesis.
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Appendix C

Supplementary illustrations

Figure C.1: Water droplets condensation below 0°C

Figure C.2: Adjustment of the twist angle w.r.t. background elements.
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10 pm

Figure C.3: All stacks discussed in section 4.3. The dashed line represent the
suspected location of the tBLG. The solid lines (if present) represent the contours
of the top h-BN flake before transfer.

10 pm 10 um 10 um 20 pm

Figure C.4: (a-c) Results of lithography of Hall bars on different stacks. The dashed
lines represent the presumed location of the tBLG. (d) Best contrast achieved
during SEM imagery of the stack in (c).
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Figure C.5: Analysis of the h-BN peaks on an h-BN flake and at all contact points
of figure 4.6. All peaks can be decomposed in two almost identical sub peaks with
high accuracy. No D peak seems to have emerged from the stacking procedure.
The horizontal axis represents Raman shift in cm™! and the vertical axis represent
Raman intensity in a.u.
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Figure C.6: Decomposition of the G peak of the spectra (b) to (e) from figure
4.6. The 1599 and 1611 cm™! peaks appear 2 other times ((c) and (e)). Two
other unidentified peaks at ~ 1625 and ~ 1589 cm™! are visible respectively in (c)
and (d). They are likely due to external factors as they only appear once. The

horizontal axis represents Raman shift in cm™

Raman intensity in a.u.
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