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Abstract

Graphene is a two-dimensional carbon material with a unique honeycomb lattice struc-
ture and exceptional electronic properties. Its band structure confines carriers to a single
plane, allowing them to act like relativistic massless particles at low carrier densities. This
has made graphene a focal point in condensed matter physics, particularly following the
groundbreaking discovery of the first topological state using a graphene lattice. Research
into graphene’s potential as a platform for quantum topological computing has surged. In
addition to its distinct band interactions, graphene is also being studied as a potential stan-

dard for electrical resistance. However, progress in its isolation since its initial synthesis in
2004 has been limited.

This thesis focuses on the synthesis of single-layer graphene (SLG) through low-pressure
chemical vapor deposition (LPCVD) on copper films at temperatures above 1000°C'. The
graphene films are transferred using a wet transfer technique and characterized with atomic
force microscopy (AFM) and Raman spectroscopy. Hall devices for electrical transport
studies are patterned using maskless alignment photolithography, with palladium as ohmic
contacts. Electronic transport measurements are conducted at cryogenic temperatures up

to a magnetic field of 5T using 4-terminal measurement techniques.

Moreover, this work explores electronic transport in twisted bilayer graphene (TBG)
- tungsten diselenide WSe, Hall devices. This structure facilitates the study of strongly
correlated electronic states enhanced by spin-orbit coupling induced by WSe,. Preliminary
experiments to detect unconventional Hall states in similar devices are carried out at

millikelvin temperatures and in magnetic fields up to 18 Teslas.
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Chapter 1

Introduction

1.1 Background

Condensed matter physics studies the behavior of condensed phases, focusing on pres-
sure, lattice orientation, and spin ordering to observe unconventional states. Advances
in solid-state physics have enhanced our understanding of crystallography, elasticity, met-
allurgy, and magnetism, predicting intriguing states like superconductors, Bose-Einstein

condensates, and magnetic orders such as ferromagnets and antiferromagnets.

The interaction between symmetry and topology has uncovered new electronic struc-
tures. Band theory is essential for understanding these structures, leading to the develop-
ment of materials like quantum Chern insulators, topological insulators, and topological
superconductors. Despite considerable theoretical progress, further experimental valida-

tion is required to confirm the prediction of these exotic states [1].

Graphene is an ideal system for studying electronic transport in two dimensions, includ-
ing topological effects associated with edges or boundaries. Although this material does
not occur naturally, it is derived from its bulk, graphite. Graphene consists of a single layer
of carbon atoms arranged in a flat two-dimensional honeycomb lattice with sp? bonding.
This sp? structure includes three in-plane sigma bonds and one out-of-plane pi bond per
carbon atom, enabling high electrical conductivity due to the presence of free-moving elec-
trons in 7 orbital. By reducing graphite to a single layer, charge carriers become confined
to a single plane, forming a 2-dimensional electron or hole gas (2DEG or 2DHG), with
enhanced mobility and reduced scattering. This unique configuration makes graphene an

excellent platform for exploring quantum phenomena and topological states.

Early theoretical work on graphene’s band structure by Wallace, McClure, Slonczewski,



Weiss, Semenoff, and Haldane, to name a few, laid the foundation for understanding its
unique electronic properties. These researchers focused on low-energy regimes where charge
carriers in graphene behave like massless Dirac particles [2—6]. Among these developments,
Kane and Mele’s addition to band theory predicted chiral edge states that are topologically

protected and allow for dissipationless transport [7—9].

Novoselov and Geim’s groundbreaking 2004 isolation of single-layer graphene (SLG)
using the scotch tape exfoliation method revolutionized the field [10]. This achievement
provided a tangible form of graphene for experimental studies and spurred a wave of new

theoretical developments to explain its magneto-transport properties|l 1—11].

Graphene’s unique electronic properties, underscored by theoretical and experimental
advancements, have established it as a crucial material for exploring quantum electronic
phenomena and topological states. Studying graphene’s band structure is essential for
gaining a complete understanding of the potential topological phases that can arise from

this material.

In the next chapter, we will examine the detailed band structure of graphene, beginning
with its crystallographic structure and focusing on the emergence of Dirac fermions and
the Berry phase in the low-energy regime of SLG. We will also explore the band structure
of Bernal-stacked bilayer graphene (BLG) and the distinctive structure of twisted-BLG
(TBG). Furthermore, the motivation section will investigate graphene’s topological behav-
iors for various applications. This section will initially cover SLG and its use in metrology,
followed by BLG and TBG and their electronic applications and conclude by the defining

the specific objectives of this master’s project.

By understanding these aspects comprehensively, we aim to facilitate new technolog-
ical applications and contribute to the expanding knowledge in the fascinating field of

topological materials.

1.1.1 Single layer graphene crystalline structure

Due to its sp? configuration, graphene’s lattice is arranged in a honeycomb shape with p.
orbitals perpendicular to chemical bounds. The unit cell of graphene lattice consists of 2

equivalent lattice sites, as shown in Figure 1.1 (a). The primitive vectors are defined as:

a =3 (3 V3), ar =5 (3, —V/3) (1.1)

Similarly, graphene’s first Brillouin zone (FBZ) adopts a hexagonal shape in reciprocal

space characterized by distinct Dirac points. Reciprocal lattice vectors are given by:



Real space

Reciprocal spoce

(a) (b)

Figure 1.1: Graphene’s real and reciprocal hexagonal structure. (a) The primitive
cell (yellow) is composed of two lattice sites, site A (green) and sites B (red), with primitive
vectors a; and ay. The distance to the nearest neighbor is 6 = 1.48 A to the second nearest
neighbor § = 2.46 A(v/3ag). (b). The first Brillouin zone (FBZ) (blue) is composed of
I, K, K’ and M points of symmetry in momentum space. The reciprocal lattice vectors
b; and by are superimposed to the primitive cell (light blue) for reference. Adapted from

Multidisciplinary Digital Publishing Institute [15]



by = i—z (1,V3), by = :23_2 (1,—V3) (1.2)

And satisfy the relation by - a; = 27 0;;, where 9;; is the Kronecker delta. The lat-
ter guarantees a constructive interference between the real and reciprocal lattice and its
periodicity in terms of lattice translation. This directly maps eigenvalues to eigenvectors
of the Bloch Hamiltonian, defined in the next section. Figure 1.1 (b) presents the two
nonequivalent corners, K and K’, of the hexagonal FBZ. The position in momentum space

for these points is given by:

R ) (1) 0

1.1.2 Electronic band structure of Single and Bernal stacking and twisted Bi

layer graphene
Single layer graphene electronic band structure

As graphene possesses a free electron in its p, orbital, the theoretical model that describes
a free electron in a periodic potential is a good starting point to capture essential aspects
of graphene’s electronic structure. This electron wave in a periodic crystal lattice can be
predicted using the tight-binding model, which McClure and Slonczewski first used in the
case of graphene[3, 4]. This approach assumes a well-approximated linear combination
of atomic orbitals to define the solution to the time-independent single electron. The
tight-binding Hamiltonian considering only hopping between nearest neighbors is defined
as:

H=—t) (albys + H.c) (1.4)

04,0
Where t is the hopping amplitude t1, to, t3 hopping along 1, d2, d3, ¢ bonds and éj is the
creation and l;j the annihilation operator of an atom of sublattice A and B respectively. The
operator i)i+5 annihilates a fermion at site B with position R; + §, R; being the reference
point for unit cell i. The hopping amplitude of the first (t) hopping term is ~ 2.5eV
corresponding to the energy of a m bond) [16]. The distance of the three nearest neighbors,

also shown in Figure 1.1, is given by:

5y = 3(1, V3), &= 3(1, V3),  d3=a(-1,0) (1.5)

4



In a periodic system, potential energy needs to satisfy the relation V(6 +p) = V(§). In
this form, the Hamiltonian doesn’t satisfy the Bloch theorem b; - a; # 27J;;, and a gauge
transformation is needed to restore a Bloch form. Therefore, the creation and annihilation

operations are rewritten as:

1 iR, 1 ik-(Ri+0)
Cp Q= —— e e a, Cip=—— et e, 1.6
kA \/N ; A k,B \/N ; J,.B ( )

Where the creation and annihilation operators are redefined in terms of Fourier trans-

formations and sum over all N atomic sites. The two operators are stacked together and

cp = Cra (1.7)
CIZ,B

Which allows us to rewrite the Hamiltonian in a simple Bloch form :

rewritten in a vector form such as:

0 A
H =" c.H, H; = (Aﬁ Ok) (1.8)
i k

where Ay = —t > =123 e'*%i. This H is a purely-off diagonal 2x2 matrix. This feature
originates from the model used, which doesn’t allow direct tunneling between A-A sites.

As a result, we only have tunneling with the nearest neighbors from A-B sites.

This unitary matrix can be described in terms of Pauli matrices where Hj; = JZE o)+
do(k - 09) with d(k) being the 3-dimensional (3D) space vector and & is a vector grouping
the Pauli matrices in the x, y and z direction. Therefore, vectors in 3D mapped to this

momentum space are found to be :

do(k) ==t Y cos(k-3)), dy(k)=—t Y sin(k ;)
j=1...3 j=1...3 (1,9)
) =0, dO(E> =0

—~

!

dz(

Thus, the energy bands are obtained by diagonalizing the Hamiltonian as follows:

+A

B (k)

k

3 (1.10)

By (k) = j:t\/l + 4005(2@) COS(TRy) + 40082(§/§y)

5



Figure 1.2: The band structure of single-layer graphene. (a) 2D picture of the FBZ
showing the curvature in the field converging to points K and K’. (b) 3D representation of
SLG’s FBZ with the additional point of symmetry M, being the middle point between K
and K’. A close-up of these points shows the Dirac cones forming in the low-energy regime

with the valence band in red and the conduction band in blue.

with + representing the conduction and the valence band respectively. Graphene’s
band structure is presented in Figure 1.2, where we see the conduction and valence band (
7 and %) vanish precisely at the corner of the FBZ, forming the K and K’ valleys. Figure
1.2(a) shows the 2D plot of the field curvature converging to singular points in momentum
space, better pictured in the 3D plot on the right (Figure 1.2(b)). Now, rewriting the single
electron wave function in a structure with relative weight and phase of the wavefunction
on each sublattice in spinor form:

1 d, +d 1 [ +1 111)
Vy == —— s Vg = ——= . .
P2(d+dy) \d, +id, =2 \emite,

With arctan® relating the d, and d, components and d regrouping the component d,,
d, and d,. It is important to note that the magnitude of the 2 components is the same,

with the phase being the only degree of freedom remaining for the system.

The Dirac points, where the bands converge to form the K and K’ valleys, are the
regions that gained interest in the early '50s. As we approach the semi-metal band’s
junction, charge carriers start behaving differently. Figure 1.2 (b) shows a close-up of the

low-energy spectrum of SLG’s band structure. The linear dispersion of the low-energy



regime can be approximated up to 1 eV [17, 18], where the band structure adopts a conical
shape in that region. Near the Dirac point, where |k| < |K|, d, and d, can be approximated

as %gaRw /3 and the Hamiltonian reduces to a Dirac Hamiltonian:

k k
H = hvy 0 w0a FRy0y ) _ huso - k, (1.12)
kyoy — kyoy 0
HK = th(kzO'l« + k’yO'y), HK/ = th(kZmO'z — ]{JyO'y) (113)
H = hvy(kyo, + T.kyoy) (1.14)

And 7, introduces a factor that is related to the K (1) and K’(-1) points. This equation
is the Dirac Hamiltonian for relativistic massless particles, where the speed of light is
replaced by Fermi velocity vy = ‘%a ~ 10°n/s. The latter equation shows that two
degrees of freedom describe the system: the spin degree of freedom(o) and the valley

degree of freedom(k).
Looking at Eq 1.12, we see an opposite behavior for the K and K valleys. This shows

that both sublattices have opposite relations in momentum space and, thus, are considered
as time reversal partners. Here, we see that the vorticity of sublattice A is clockwise
compared to anti-clockwise for sublattice B. This is an important conclusion of the low-
energy regime graphene lattice, stating that the helicity is directly related to the chirality
of sublattices A and B. More interestingly, as long as the Dirac points are protected by
Cs, and TR symmetries, the vortexes and anti-vortexes will never collide and annihilate.
This distinctive property can be better understood when looking at the SLG’s structure

discrete symmetry more precisely for C,, and time-reversal (TR) symmetry.

In the case of a 2D material, the inversion and C,, symmetry are equivalent due to
the absence of a 3" dimension. Looking at the crystalline structure of graphene presented
carlier in Figure 1.1(a), we see that it is possible to rotate the structure by 180° around the
z-axis to obtain the same lattice back, therefore showing C,, symmetry. Similarly, inversion
symmetry implies that all coordinates are mirrored relative to the lattice’s center. Figure
1.3 also captures why these symmetries are not equivalent in the 3D case, where realizing
the latter operation is impossible. That means, for every k we respect the relation of h(E)
= th(—Eax). TR-symmetry differs because it implies that the system remains unchanged
with the inversion of time. For SLG, the opposite vorticity of the K and K’ valleys proves
the presence of TR-symmetry. In that case, the requirement imposed by this symmetry is
that h(k)=h*(-k) for every k.

Figure 1.3 presents the case of a system with both Inversion and TR-symmetry. The first

highlight is when each symmetry is taken individually. Each symmetry gives us relations

7



C2; X TR =

C..T guarantees d:=0

Figure 1.3: Bloch sphere showing graphene’s symmetry. The leftmost Bloch sphere
shows the relations in momentum-space imposed by Co, symmetry. In the center, a Bloch
sphere shows the relations in momentum-space imposed by TR symmetry. The rightmost
Bloch sphere combines TR and Cs, symmetry. This implies that d, = 0 as it is the only

solution possible for TR and C,, symmetry to remain unbroken.



in momentum space rather than a constraint. Thus, the symmetries themselves are not
strong enough to protect the Dirac points from colliding. When the two symmetries are
added, a new constraint appears in the system. The Bloch sphere resulting from the 2
symmetries illustrates the only possible solution to keep TR and Inversion symmetry; this
is only possible if there is no third dimension. This is why the Dirac points are protected,

and unless one of the symmetries is broken, they will remain stable in space and time [7].

Bilayer graphene electronic band structure

When an additional single layer of graphene is added to the system, Bilayer graphene (BLG)
will naturally adopt an AB stacking configuration, also called Bernal stacking. In this
configuration, additional interlayer hopping terms are added to the Hamiltonian. Figure
1.4 presents the crystalline structure and band structure of BLG. In this configuration,
BLG is still protected by TR and Cs, symmetry but not by inversion symmetry. Using the
tight-binding model of graphite with additional terms for the nearest neighbor Hamiltonian
[19], that gives for BLG:

I:—, == Z(éiml;m] + HC) - N Z(é;i)lj + HC)

1,5 %

beginaligned Where m represents the 1 the 2" . In the Bernal configuration, the sites
A and B overlap in distinct planes. This adds a strong interlayer hopping term between
A and B sites (1) and weaker interlayer A-A and B-B hopping terms. By the convention
of notation for graphite, the hopping term used earlier (t) is replaced by 7,. The extra
hopping parameters are presented in Figure 1.4, which are approximately given by v, ~
0.4eV, v3 = 0.3eV, 74 =~ 0.04eV. The interlayer parameter v; ~ 0.4 eV < vy >~ 2.5 eV
indicates the favorability of the carrier of hopping inter-layers [20]. Rewriting Eq.1.13 in a

4x4 matrix:

%4 v5(qe +1gy) 0 0
- o — 0 %4 0
A= | V7l = i) n | (1.16)
0 M Vv V(g + iqy)
0 0 Uf(Qa: + iQy) 14

With the effective Hamiltonian reducing in the A; — By subspace to [20]:



Figure 1.4: Crystalline and electronic band structures of Bilayer Graphene. (a)
Bernal bilayer graphene (BLG) with the intra-layer hopping term -y, and the additional
inter-layer hopping terms 7, 73 and 74 between the A-A, B-B and A-B respectively. (b)
Bernal BLG band’s structure with 4 parabolic bands: 2 main and 2 sub. The left picture
shows the band structure of pristine BLG compared with that of gated BLG on the right,

when an in-plane electric field is applied (e.g., via a top gate electrode). Adapted from

American Physical Society [16] and Springer Nature [21].
. v 0 k ko)
g ) (ka0 + Ky (1.17)
M\ (kzoy — kyoy) 0

The energy spectrum is now given by :

2
E? = V2UIRK? + %(1 + \/1 + 4’k [13) (1.18)

Where V is the electrostatic potential difference between the two layers, in its pristine
form, no voltage is applied between layers; therefore, V=0. When a voltage is applied
(V # 0), it causes the opening of a small bandgap of A = 2V — 4V3/42atq = /2V/hvy
[16, 21, 22]. Looking at the low energy spectrum of BLG, Eq 1.16 reduces to :

2E £ m)? — 4ih*¢* = 77 (1.19)

The latter demonstrates the loss of the linear dispersion near E = 0, which is replaced
by a parabolic relation. Figure 1.4(b) presents the new hyperbolic band structure, featuring

two main bands degenerating at points now referred to as Charge Neutrality Points (CNP)

10



(a) Graphene (b) Bilayer graphene (c) 2D electron gas

Figure 1.5: Berry phase of SLG, BLG, and a conventional 2DEG. A Berry phase
of m and 27 is acquired in the case of SLG (a) and BLG graphene (b), respectively. The
case of a trivial 2DEG (c). Reproduced from American Physical Society [2/]

and the two subbands. Adding this single graphene sheet makes the fermions massive

enough to alter the band structure significantly.

Moreover, BLG can be distinguished from SLG by its Berry phase of 27, where Figure
1.5 compares the Berry phase of SLG, BLG, and a trivial semi-conductor [23]. This Berry
phase is defined as the phase acquired when the pseudospin vector completes a full rotation
around a singular point. Figure 1.5 shows that SLG has a Berry phase of pi, BLG has
a Berry phase of 27w, and a conventional 2D semiconductor has no Berry phase. Park
et al. proved that this unconventional aspect was related to the Berry phase’s winding
number [21]; (b) and (c) show the equivalence between a Berry phase with factor 27 and

a conventional 2DEG with no winding number.

Twisted bilayer graphene

To briefly discuss the TBG band structure without covering its theory, the weak Van der
Waals (VDW) forces allow the separation and also the recombination of graphene layers
in ways that are not naturally possible. TBG is a good example of VAW material where
the two stacked graphene layers are rotated relative to each other. The addition of a small
angle of rotation between the layers gives rise to Moiré patterns. This pattern results from

the periodic projection of the relative lattice constant mismatch, which modifies BLG’s
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Figure 1.6: Crystalline structure and electronic band structure of TBG. (a) Two
sheets of graphene rotated in the plane relative to each other(i.e., ”twisted”) form a Moiré
pattern with Moiré wavelength (A). (b) The A-A, A-B, and B-A intertwining stacking
regions. (c¢) The main Brillouin zone (MBZ) results from the junction of the FBZs of the
first (blue) and second (red) layers, forming the flat band at a "magic”-angle of 1.1° (d).
(e) (f) and (g) Interlayer hybridization leading to the formation of a flat band for w=0, (f)
where 2w >hugky and (g) 2w ~hvsky. Adapted from Springer Nature [25].
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band structure. The creation of such a pattern can be seen in Figure 1.6 (a), where the
addition of a second layer (blue) to a first layer (red) forms a Main Brillouin zone (MBZ).
When the twist angle changes, this MBZ also changes, where a low rotation angle generates
a smaller MBZ.

Based on the Haldane model, Allan H. MacDonald and Rafi Bistritzer extended the
BLG’s tight-binding model for the case of TBG. They predicted the formation of a flat
at a small angle of 1.1°, called the "magic” angle [26]. Po et al. extended this model to
accurately describe the flat band while preserving all symmetry in the system [27]. Kang et
al. further contributed with a low-energy tight-binding model confirming local symmetry

and time reversibility near the flat band [9].

For TBG with a twist angle close to the magic angle, the Moiré pattern generates a
superlattice with a unit cell much larger than the crystalline unit cell. In these systems,
the distance between the superlattice cell is defined by the Moiré A = a/2 sin (6/2), with
A = 12.8nm. The new periodic potential introduced by the twisted angle modifies BLG’s
band structure so that the conduction and valence bands vanish in the A-A regions. These
flat bands confine carriers in the low energy regime of less than 10 meV [25] with Moiré
hybrid bandgap ranging from 30 to 50 eV [28]. The low kinetic energy allows a stronger
electron-electron interaction, which can lead to more exotic physical states [25]. This
particular graphene band structure is shown in Figure 1.6. Hybridization of the Dirac
point in the A-A regions initiates when the hybridization energy 2w<< hvokf), which
pushes the bands toward E=0, with k¢ being the momentum displacement of the Dirac
cones. For this reason, TBG is distinct from Bernal stacking BLG, where the flat band
exhibits very different physics.

1.1.3 First topological insulator and Chern numbers
Berry Phase and Berry Curvature

The Berry phase was first introduced in 1984 to describe the phase accumulated by the
wave function that completes a rotation in k-space. This phase is found by taking the

integral of the Berry curvature defined in terms of the Berry vector potential A:

Qk) =V x A (1.20)

With the Berry vector potential that can be obtained directly from the spinor vy:

13



—

A(k) =i (vg] Vi |vg) (1.21)

Where the Berry phase is defined as:

y = /Q(i%’)d?k (1.22)

The Berry vector potential is not observable, whereas the Berry phase is a measurable
quantity. This can be thought of as an indicator of the system’s electric polarization
or "vorticity”. Another way to interpret this is to see the Berry phase as reflecting the
global properties of the parameter spaces, whereas the Berry vector potential gives a local

description.

The Haldane model

The emergence of topological insulating phases can be understood by looking at the re-
spective system’s symmetry [1, 29]. First, let’s look at when the inversion symmetry is
broken. Inversion symmetry breaking can happen with the addition of material, creating
lattice mismatch, like in the case of Moiré materials. This introduces a Dirac mass term
in the diagonal of the Hamiltonian of Eq. 1.12 with an extra d, magnitude component A.
Hence, the eigenenergy is rewritten as:EL = j:\/m . This symmetry breaking
opens a gap in the graphene band structure (2A), changing it into a semiconductor whose
carriers behave as massive particles. With hexagonal boron nitride (hBN), the band gap
opening is rather weak with 2A = 10-30 meV depending on the crystalline alignment[30],

and other factors, electric potential, twist angle, etc [21, 31, 32].

The Haldane model is a toy model proposed in 1988 for the 2D honeycomb lattice
structure [6]. It is the first model to predict a topological phase transition. For their
contribution to topological physics, Haldane, Thouless, and Kosterlitz were awarded the
Nobel Prize in Physics in 2016[33]. His contribution is to add a complex next-nearest
hopping term in the tight-binding Hamiltonian that breaks TR symmetry. By doing so, a
Haldane mass term A appears in the diagonal of the 2x2 Hamiltonian in Eq. 1.12, similar
to the Dirac mass. Figure 1.7 presents the Haldane toy model, showing tunneling occurring

in momentum space. The Haldane Hamiltonian is thus described as:

H=—t Z(c}cj +He)+ A Z(eicjci + H.c) —to Z(e‘i”ij‘f’c;rcj + H.c) (1.23)
~ - —
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Figure 1.7: Haldane toy’s model with the local Berry phase at K and K’ valley
(a) Haldane toy model with hopping terms evolving clockwise (blue) and anti-clockwise
(red) with a global Berry phase located at the FBZ center. (b) local Berry phase ( 7 in
blue and -7 in red) of the K and K’ valleys. Adapted from and Springer Nature [341, 35].

where
€ = *1, v;; = sign of (u} X u3), (1.24)

giving a component in d, and dy:

d.(k) = A + 2ty sin(¢ Z 7 sin kaj)
B =t (1.25)
do(k) = —2t5 cos(¢ Z (—=1) cos kaj)
j=1..3

where, in the K and K’ valleys, it reduces to d.(k) = +3v/3tssin(¢). This v factor
can be understood as the vortexes’ direction forcing the carriers to rotate in the FBZ,
represented by the red and blues arrow in Figure 1.7(a). The figure shows that The full
Brillouin zone rotation is completed after 3 valley permutations. The local magnetic flux
of each valley & 3 ¢ cancels out when added together, resulting in zero net magnetic flux.

When a lap of the FBZ is completed, carriers accumulate a phase called the Berry phase.

Figure 1.8(a) plots the normalized mass flux as a function of the phase of the second
hopping term amplitude. When the phases of carriers are changed, TR symmetry no
longer applies, and topological bands emerge. The Chern number(C) ==+1 characterizes

this topological transition and calculated as followed:
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Figure 1.8: Berry curvature of trivial and topological insulator with their re-
spective C (a) Plot of the normalized mass flux as a function of the hopping phase of
the second hopping parameter leading to topological phase transitions. The topological
insulating state is defined with C = + 1 and a trivial insulator, C = 0. (b) Berry curvature
with Berry phase ( 7 in blue and -7 in red) of a trivial 1/3 (3¢ - 3 ¢¢) = 0 ¢rot) (top
figure) and a topological insulator 1/3 (3 ¢p + 3 @) = 2¢14) (bottom figure). Adapted
from [30] and Springer Nature [37].

_ 1 2
= o /BZQd k (1.26)

The latter normalizes the berry curvature over 2 m, which represents a circular lap of
the FBZ. In the example of a trivial insulator, the integration of the berry curvature results
in a net magnetic flux of 1/ (3¢, - 3¢5,), which corresponds to C = 0. In the other case, the
integration of the Berry curvature of topological insulator results in a net magnetic flux
of 1/3 (6 ¢.), which corresponds exactly to a multiple of27 and therefore results in C =
1. This trivial link between the completion of the circular motions and topological states
captured by C is very important in topology and serves as an indicator of the presence of
topological bands[6].

This topological state can naturally occur in materials like SLG. However, it can also
be introduced by adding materials that induce a strong SOC. Kane and Mele were the first
to realize that adding spin-orbit interactions (SOI) to the Haldane model could lead to
different band interactions. In 2005, they predicted the spin quantum hall state emerging
from SLG’s band structure in the presence of SOI strong enough to lead to the fusion of

conduction and valence, called band inversion [7]. Contrarily of the QHE, Spin QHE is
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Figure 1.9: Band inversion (left) showing tunability of such band structure of becoming
topological insulator(top-right) or Weyl-Dirac semi-metal (bottom-right) with spin Hall
edges states with control on the SOC strength. Reproduced from Springer Nature [29].

related to the spin current of o,, = i% without the presence of exterior B and when
TR symmetry is preserved. The resulting band interaction opens a gap no longer defined
by a unique Dirac point but by a set of points called Weyl nodes. These nodes come in
pairs where points act as sources and drains of the berry flux, thus responsible for the
split of chiral spin states characterized by C+1/2. This addition to the Haldane model
extended the understanding of numerous topological phases. Figure 1.9 shows the case of
semimetal with band inversion when SOC is induced. Depending on its strength, SOI can
fully open a gap and break TR symmetry or partially open a gap, preserving TR symmetry.
Overall, Haldane’s toy model significantly contributed to the band theory, showing that

band structures may have topological properties.
1.1.4 Quantum hall effect in Single and Bi layer graphene

QHE in conventional 2DEG

When an electric current flows through a flat conductive material placed under a perpen-
dicular magnetic field (B), the moving charge carriers will be deflected perpendicularly
to their initial direction due to Lorentz’s force (I, x B,). This causes an accumulation
of charges at the edges of the material, leading to the generation of a transverse voltage
known as the Hall voltage (Vi or Vuay) (Figure 1.10 (a))[38]. Under these conditions,
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Figure 1.10: Classical and quantum Hall effect. (a) Hall bar geometry with charge
carriers deviating according to the Lorentz law (I, xB,). The Shubnikov de Haas oscilla-
tions for the QHE are measured with V,, and the Hall with V,,. (b) Classical Hall and
Quantum Hall effects are at low and high fields for conventional 2DEG. Adapted from IOP
Publishing [39]

the longitudinal and transverse resistivity are given by p,, and p,,, respectively, and are

described by the following relations:

Vay B,
oy = —— = 1.27
p Y Ixm nee ( )
W Vi
ey = — —— 1.28
p I, (1.28)

With B, the perpendicular perpendicular applied magnetic field B ,ng, the density of
carriers, and e is the elementary charge. Equation 1.27 shows that the Hall voltage is

independent of the sample geometry but proportional to the carrier density at a specific
field.

When the system is cooled to cryogenic temperatures, we observe a transition of the
classical Hall effect to the quantum Hall effect (QHE). The linearly dependant Vi, evolves
into quantized values over a wide range of B, forming Hall plateaus[10]. Shubnikov-de
Haas (SdH) oscillations in the longitudinal resistivity accompany the emerging quantum
Hall states and confirm the confinement of charge carriers in a two-dimensional electron
gas (2DEG). The SdH is characterized by the drop in potential difference to V,, = 0 within
the range of the plateaus (Figure 1.10 (b)), indicating the suppression of back-scattering.
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This is due to the fundamental properties of the bulk that are topologically protected by
the Hall bulk states. For back-scattering to occur, charge carriers need to tunnel to the
opposite edge, which is strongly suppressed when the sample width is large compared to

the cyclotron orbit radius [11, 12].

The formation of these Hall plateaus is understood as Landau levels (LL) being filled
with charge carriers undergoing cyclotron motions. This quantization of cyclotron orbits
drastically modified the density of states (DOS) by breaking it into discrete levels or LLs.
These levels are found by solving the Schrodinger equation of a free electron in the presence
of both a magnetic and electric field [13]. The problem reduces to a simple harmonic

oscillator with eigenenergies :

Ey = hwe(N +1/2), N € Z. (1.29)

With the cyclotron frequency defined by w. = eB/m*. By completing the cyclotron

orbits, carriers enclose a magnetic flux &y = h/e, with localized carriers per unit area ny:

B eB
nrr o, h ( )
HZSL ’

filled, the Fermi level of the system lies within the gap between the highest occupied and

The number of filled LLs, or filling factor, is given by v = When a level is fully

lowest non-occupied LLs. Plateaus in resistivity appear at the quantized values:

B. B.

h
= 2 = - 1.31
Py nse evnrr — ve2 ( )

Where h is the Plank constant, e is the elementary charge, and v is an integer in an ideal
sample. LLs are occupied uniformly throughout the sample. In reality, different localized
LLs can emerge due to local electric potential differences emerging from the presence of
impurities or defects [12]. Experimentally, LLs are observed by varying carrier density and
keeping B constant or, by doing the inverse, keeping the Fermi level constant and varying
B.

QHE in single and bilayer graphene

Graphene exhibits unique magnetotransport features differing from conventional 2DEGs
(Figure 1.11). Solving Eq. 1.12 in an electric and magnetic field, the energy spectrum is

no longer modeled by a harmonic oscillator but rather looks like :
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Ex = £4/2hw} |N]eB, NeZ (1.32)

and LL occurring at filling factors:

v=4(N +1/2), NeZ (1.33)

Where N is the number of LLs. The glaring difference for graphene is the energy
spacing of Landau levels 6E}; « v/ B compared to 6 Er;, o B for conventional 2DEG with
a distinctive 0" LL, a consequence of graphene’s ambipolar behavior (Figure 1.12) [10, 13].
Additionally, Landau levels in graphene are wider and fourfold degenerate due to the extra
degree of freedom brought by graphene’s K and K’ valleys. The emphasis here is the TR
relation of the K and K’ valleys and the intrinsic relation of the carrier’s momentum with
the vorticity, not the Berry phase itself. Interestingly, BLG has a different Hall signature
than SLG, where Hall plateaus appear at different filling factors (Figure 1.13) [23]. In the
case of BLG, the energy spectrum is given by:

Ey = thw/IN[(N[=1), neZ (1.34)

and levels appearing at filling factors:

v = 4N, NeZ (1.35)

Like SLG, each non-zero LL has four degenerate states except for the 0* LL, where
the degeneracy doubles. The 8-fold degeneracy is a special case caused by BLG’s energy
spectrum degeneracy of N=0 and N=1 LL. For a long time, the experimental observation
of this unconventional QHE was wrongly associated with the absolute value of the Berry
phase, which is twice the value of the Berry phase of SLG [21].

Until now, only the case where an exterior B was considered. However, observing Hall
conductance without an exterior field being applied is also possible. This phenomenon
is called the quantum anomalous hall effect (QAHE), arising from a localized intrinsic or
extrinsic magnetic field. Taking the graphene case, previously described by the Haldane
model, the AQHE emerges from the valley’s vorticity at low carrier density [16—18]. The
Hall conductance of the QHAE is characterized by o,, = Ce?/h. The QAHE differs from
the QHE in the number of chiral edge states it exhibits (Figure 1.14). Materials exhibiting
these states are referred to as Chern insulators. More broadly, these materials fall under

the category of topological insulators due to their topological band structure.
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Figure 1.11: QHE signature of SLG. Comparison of the QHE in a conventional 2DEG
(dashed line) and the case of graphene (solid line). Graphene LLs are fourfold degenerate,
but the first LL is observed at v=2, namely the half-integer QHE. Adapted from IOP
Publishing [39]

Figure 1.12: Landau quantization (a) in the case of a conventional 2DEG and (b) the
case of a massless Dirac fermion. The energy spacing between Landau levels (LLs) AE,s=
hw,. where w, = qB/m* for (a) and w, = \/ﬁ for (b). (c) A strip of conductive material
is placed under a perpendlcular magnetic field B. Carrlers undergo cyclotron motion in the
bulk of the material, with edges propagating unidirectionally. Adapted from John Wiley
and Sons [11].
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Figure 1.13: Comparison of BLG and SLG’s Hall signature. LLs separation for
BLG (left) and SLG (right), picturing the energy spacing of a 2DEG and a massless Dirac,
respectively. Here € correspond to Ey and the brackets (N, 7,) the LL number N and
the valley factor 7, = £1. At its center, a comparison of the Hall conductivity o,, as a
function of localized carrier density for BLG (solid line) and SLG(dashed line). Adapted
from American Physical Society [20].
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Figure 1.14: Quantum Hall Trio. Quantum Hall effect (right), Spin Hall Effect (middle),
and Anomalous Hall effect (Left) with their respective discovery date. H and M design the
exterior magnetic field B and the sample magnetization, respectively. Reproduced from

The American Association for the Advancement of Science [15]
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1.2 Motivation

Graphene exhibits a unique Hall signature, making it an ideal platform to study diverse
quantum Hall states. However, the material’s quality often limits the study of these phe-
nomena. This limitation arises mainly from the laborious synthesis and nanofabrication
process, where graphene is subjected to various stresses and exposed to diverse sources of
contamination. For quantum transport, even minor imperfections can affect the sample

morphology and limit the carrier’s mobility.

Despite these challenges, the unique properties of graphene make it a promising can-
didate for applications in metrology, topological computation, and the discovery of exotic
insulating phases. Precisely controlling Hall quantization in graphene could lead to sig-
nificant advancements in these fields. For instance, graphene-based resistance standards
in metrology could offer more accessible and cryogenic-free alternatives to the currently
used Gallium Arsenide/Aluminium Gallium Arsenide (GaAs/AlGaAs) heterostructure. In
topological computation, the unique electronic properties of graphene could enable the
development of new device architecture, facilitating the manipulation of quantum dots
(QDs). Additionally, exploring graphene’s Chern insulating and other topological phases
could deepen our understanding of topological materials and pave the way for new technolo-
gies. Graphene’s potential in these areas hinges on overcoming the challenges associated
with material purity and reproducibility. Advancements in synthesis techniques, such as

CVD, are crucial for producing high-quality graphene.

1.2.1 Graphene-based Resistance Standard

Topological insulators have more robust insulating behavior than ”conventional band ma-
terial” [19]. The Hall resistance h/e* = 25812.807 (), separating the Hall plateaus, is
called natural resistance because it is found uniquely with the plank constant (h) and the
electron’s charge (e). This phenomenon is interesting for metrology because this QHS is
reproducible and stable in any 2DEG (or 2DHG) system as long as the system shows high
charge carrier mobility. Based on its robustness, the QHE is now used to define the Ohms
with 107 of uncertainty [50, 51]. Since 1992, Metrology laboratories have calibrated stan-
dard resistors using GaAs/GaAs heterostructure devices. Hartland et al. were the first to
report a large calibration procedure based on the Hall plateau at v = 2 of GaAs/AlGaAs,

the material currently used as resistance standard [52].

Due to its exceptional electronic properties, graphene has emerged as a promising can-

didate for developing next-generation quantum resistance standards. Traditional resistance

23



standards based on GaAs/AlGaAs heterostructures require stringent conditions to achieve
high measurement accuracy [53]. However, graphene has the potential to provide more
accessible and cryogenic-free resistance standards, assuming that high-quality SLG can be

produced with large-scale homogeneity and reproducibility [39, 53, 54].

Metrological institutes use cryogenic current comparator (CCC) bridges to calibrate
standard resistances with high accuracy, down to parts per billion (ppb) [39]. The CCC
bridges utilize a superconducting quantum interference device (SQUID) to compare mag-
netic flux, where the magnetic field is proportional to the current, with exceptional preci-
sion. For graphene to be used effectively as a resistance standard, specific sample require-
ments must be met. Larger channels are needed to apply a larger critical current, which is
necessary for accurate CCC measurements. Typically, large coverage of around 6000 pm

with ohmic contact resistance lower than 10 ohms is desirable [55].

In 2015, Ribeiro Paulo et al. observed Hall quantization with an accuracy of 1x10~°
under more relaxed experimental conditions. This achievement was made at a tempera-
ture of 10 K and a magnetic field of 3.5 T, and the observation was sustained over a range
of 10 T with currents up to 0.5 mA [53]. For comparison, GaAs/AlGaAs requires 10 T,
1.3 K, and 0.05 mA to achieve the same level of accuracy [56]. This significant improve-
ment demonstrates graphene’s potential to operate under less stringent conditions while

maintaining high precision.

Graphene demonstrates the Quantum Hall Effect (QHE) with exceptional precision.
Nevertheless, several experimental challenges must be addressed to establish graphene as a
reliable resistance standard. Achieving Hall quantization in graphene requires addressing
several issues. First, substrate inhomogeneities, lattice defects, and contaminants must be
minimized. Enhancements in the size and quality of graphene films are crucial for their
use in metrology. A promising method to address this issue is encapsulating graphene with
hexagonal boron nitride (hBN) [57].

In 2004, Novoselov and Geim first used mechanical exfoliation, known as the ”scotch-
tape technique,” to isolate graphene layers from highly oriented pyrolytic graphite (HOPG)
[10]. This method relies on weak interlayer Van der Waals forces compared to strong in-
tralayer covalent bonding, allowing the separation of a single layer of the VAW material.
The thin flakes are transferred onto the desirable substrate using dry transfer techniques.
The graphene obtained by exfoliation is cleaner and has fewer impurities or defects, result-
ing in fewer scattering events. Using this method, researchers have achieved ultra-clean
graphene with carrier mobility above 1,800,000 ¢cm?/V's, encapsulated in hBN [55]. How-
ever, the scalability of mechanical exfoliations is limited, as flake sizes rarely exceed 1 mm?

[59]. In its early discovery, graphene’s mobility was reported to be around 15,000 cm? V!
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Figure 1.15: Comparison of Hall quantization in graphene and GaAs/AlGaAs.
Hall plateau of GaAs/AlGaAs (Blue) at T =1.3K compared and, 100K graphene(red) and

associates SAH oscillations (green). Adapted from Springer Nature [53].

s~1 on a bare Si/SiO, substrate [60]. The highest mobility reported for exfoliated graphene
is now above 350,000 cm? V! s7! at room temperature [(1]. In the latter experiment, the
SLG was encapsulated with WSe,, a TMD, and hBN.

Since Novoselov’s advancements, researchers have explored other ways to isolate graphene.
In 2009, Park S. and Ruoff R. S. reported the first high-quality graphene growth using
CVD [62]. CVD-grown graphene offers extensive coverage, making it attractive for indus-
trial applications. However, the material’s polycrystallinity is almost unavoidable. The
grain boundaries, formed by merging graphene domains, create energetic barriers and in-
crease the risk of scattering charge carriers [51]. Consequently, mobility in CVD-grown
graphene is typically 5,000 to 12000cm? V~! s7! when used on a bare substrate [63, (4].
Another disadvantage of CVD synthesis is the wet-transfer processes needed to transfer
large graphene films. These techniques require the use of photoresists and strong oxidizing

agents, compromising the material’s quality [63].

Higher mobility is usually observed in SLG single crystals, free of grain boundaries.
For example, when SLG is encapsulated with hBN, the substrate inhomogeneities are
reduced, and the carrier mobility can go as high as 37,000 ecm?/V's [57]. The highest
reported mobility for single-crystal SLG is 150,000 ¢cm?/V's [57], achieved using a wet-
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transfer technique. However, CVD techniques lack reliability in controlling nucleation sites
and developing scalable. As a result, CVD-grown graphene requires greater reproducibility

and uniformity before it can replace the current resistance standard [54, 63].

Nevertheless, graphene holds significant potential as the next-generation resistance
standard. Its capability to operate at higher temperatures and potentially in cryogenic-free
setups makes it an appealing candidate for future metrological applications. However, fur-
ther progress in fabrication techniques and control over material contamination is essential

for its widespread adoption in national metrology institutes (NMIs).

This master’s project aims to produce high-quality, low-defect (SLG) through chemical
vapor deposition (CVD). As a high mobility carrier is required for observing quantized Hall
plateaus, we aimed to synthesize SLG with mobility higher than 5000 cm?V ~1s~!. The
project’s initial phase focuses on synthesizing SLG using low-pressure CVD (LPCVD) and
thoroughly characterizing the material. Preliminary results from atomic force microscopy
and Raman mappings are promising, demonstrating our ability to grow high-quality SLG.
Following its synthesis, Hall devices were patterned and then characterized at low temper-
atures. We have not yet observed the QHE in our samples, but the transport characteri-
zation of these Hall devices remains in the early stages. The thesis is structured to reflect
the project’s progression: Chapter 2 explains the LPCVD growth and characterization of
the graphene films, Chapter 3 focuses on the fabrication of Hall devices, and Chapter 4

centers on their magnetotransport measurements.

1.2.2 Topological Computing and Chern Insulators

Topological quantum computation uses the robust topologically protected Hall state to
protect the qubits, physical units storing quantum information, from local disturbances.
This qubit is created by confining the 2DEG (or 2DHG) in 1D to form a QD. Carriers can
be loaded and unloaded onto the QD to perform quantum manipulation. The spin-up and
down of an electron are used as an analog to bits 1 and 0 of a classical computer. Another
key element of these QD devices is the confinement charge carriers required to initiate,

manipulate, and read out quantum states.

Due to the impossibility of confining carriers in SLG, BLG is generally considered for
this application. BLG has long been considered a promising candidate for hosting spin
qubits due to its high natural abundance and lightweight atoms. As a result, two primary
decoherence mechanisms, spin-orbit coupling (SOC) and hyperfine coupling, are mitigated

in graphene-based qubits [05].
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Considerable advancements have been made regarding the controllability and the read-
out of BLG single QD [12, 66-70]. Graphene QDs promise, in particular, to facilitate
the device scalability by taking advantage of the graphene’s ambipolar nature to form p-n
junctions as natural barriers between QDs. The case of a double and triple QD system
has already been explored theoretically and shows promising results in terms of scalability
[66, 71, 72]. Graphene QDs, in particular, hold the potential to enhance device scalability
by utilizing graphene’s ambipolar nature to form natural p-n junction barriers between
QDs. The theoretical exploration of a double and a triple graphene QD shows already

promising results regarding its scalability [66, 71, 72].

Graphene valleys can be lifted when an external magnetic field is applied, unlike the
valleys found in silicon. L. Banszerus et al. demonstrated that applying a perpendicular
magnetic field (B, ) causes the loss of spin degeneracy, while an in-plane magnetic field
By affects valley degeneracy, offering a wide variety of qubit manipulation techniques [71].
Using this distinctive aspect, a high-fidelity charge detection, above 99%, and spin T} re-
laxation times, with valley states relaxation times up to 500 ms, was achieved. These
advancements and the development of models simulating tunneling and spin-orbit inter-
action (SOI) provide a solid foundation for the larger-scale implementation of BLG QD

devices.

Pablo Jarillo-Herrero and his research team at MIT were the first to isolate magic-angle-
TBG. They demonstrated the possibility of tuning its flat band and its superconducting
states [25]. The study of TBG’s potential for hosting superconducting qubits is currently

at the preliminary stage but ongoing.

Recently, researchers have focused on the fractional quantum anomalous Hall (FQAH)
states in Moiré materials, which are predicted to host anyons: quasi-particles with topolog-
ically protected edge states, obeying non-Abelian statistics at zero magnetic fields. These
non-Abelian anyons, such as Majorana fermions, have a unique property where the se-
quence of their exchange affects the system’s quantum state. This property is promising
for quantum computation because it enables qubit manipulation that is inherently robust
against errors, offering a pathway to fault-tolerant quantum computing [73]. In early 2024,
Long Ju et al. were the first to report a fractional quantum anomalous Hall state in rhom-
bohedral pentalayer graphene-hBN Moiré superlattice, proving possible to realize such

states in graphene systems [74]

Our collaboration with Professor Usha’s group from the Indian Institute of Science has
given us an opportunity to observe and characterize these states in graphene. They pro-
vided us with a TBG stack-WSe, Hall bar device to perform magnetotransport character-

ization in high magnetic fields. This unique architecture combines the strongly correlated
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systems found in Moiré superlattices and the SOC induced by the TMD, thus increasing
the likelihood of forming Chern insulating phases. While this study did not reveal these
topological phases, the characterization of this device is an important component of this
master’s research project, and therefore, chapter 5 of this thesis will cover a comprehensive

analysis of its magnetotransport properties.
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Chapter 2

Chemical Vapor Deposition Synthesis of
Graphene

2.1 Single-Layer Graphene Synthesis

The Quantum Nano-Fabrication Center (QNFCF') has an LPCVD system capable of grow-
ing large-area SLG. The Angstrom Engineering LPCVD system consists of an 8” diameter
quartz chamber designed for a 67 diameter wafer and can be modified for smaller samples.
In such cases, an inner quartz tube of 2”7 diameter partially covered with molybdenum
foil is placed inside the main chamber. The sample is usually positioned inside a quartz
boat in this inner tube. Gases such as argon (Ar), methane (CHy), and hydrogen (Hz)
are introduced using mass flow controllers (MFCs). These gases are mixed before being
injected into the chamber and pumped out of the system with a mechanical pump, which
also serves to control the chamber’s pressure. The growth chamber is surrounded by heat-
ing and cooling components, allowing temperature control up to 1100°C and rapid cooling.

Finally, growth recipes are created and managed using the Aeries Angstrom software.

LPCVD provides a low-pressure environment known to obtain cleaner materials with
low impurities. Additionally, the low-pressure environment promotes uniform SLG cover-
age, whereas other CVD techniques, such as atmospheric pressure chemical vapor deposi-
tion, generally result in few-layer graphene [75]. Parameters such as grain size, morphology,
and the number of layers must be controlled to obtain high-quality graphene. Controlling
the reaction is the critical element in obtaining large SLG crystal domains. The primary
reaction mechanism responsible for graphene growth on a metallic substrate at high tem-
peratures includes surface-mediated growth, which dominates for metallic substrates with

low carbon solubility like Copper (Cu), and the segregation and precipitation of carbon
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species, which dominates for metals with high solubility [76]. We use Cu as a metallic
substrate for its low carbon solubility. The process of synthesizing graphene involves five

key steps:

1. Dehydrogenation of carbon species, mainly through gas-phase reactions
2. Absorption and dehydrogenation on a metal surface

3. Diffusion of active species on or in the metal surface

4. Nucleation on the metal surface

5. Lateral growth of graphene grains

The first two steps are competing mechanisms for the dehydrogenation of carbohy-
drates, with gas reactions being further promoted when a metallic substrate with low
carbon solubility is used. Nucleation of the crystals begins when carbon species near the
substrate surface reach a sufficient size and possess enough energy to overcome the sub-
strate’s energy barrier. The reaction continues as long as carbon species are available or

the graphene edges are dehydrogenated [70].

The QNFCF has a standard operational procedure for growing SLG on a Cu substrate.
We use Cu foil 25 microns thick 99.98 % trace metal basis bought from Sigma-Aldrich.

Before loading the substrate for growth, the oxide layer is etched using a glacial acid acetic

1»
3

sealed in a bag for their transportation. This step is realized a few hours before starting

purchased from Fisher Scientific. The foils are cut in pieces of 1”7 by 3”7, cleaned, and

the growth as the Cu surface will re-oxidize over time.

Copper foils are placed at the bottom of the quartz boat and then loaded in the growth
chamber. The growth recipe proposed by the QNFCF is structured in 6 steps:

1. Initial flush of the chamber

2. Ramp-up to the annealing temperature
3. Annealing of the metallic substrate

4. Ramp-up to growth temperature

5. Growth

6. Cooling to room temperature.
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Figure 2.1: CVD-graphene synthesis process. (a) The CVD reaction chamber shows
the injection of gases using MFCs, their travel to the chamber, and their subsequent
pumping out of the system. (b) The growth mechanism on a metallic substrate reveals
the metal’s active site in red, with hydrogen and carbon atoms pictured in white and gray;,
respectively. (c) Description of wet-transfer process. First, PMMA-A4 is spin-coated on
graphene, and the Cu layer is then etched with ammonium persulfate (0.5M). Following
this, the graphene is transferred onto the Si/SiOs substrate, and the polymer is removed

using Remover PG. Reproduced from Multidisciplinary Digital Publishing Institute [77]
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Figure 2.2: Reference growth recipe. Step (1) and (2) flushing step and then ramp-
up to the annealing temperature of 850°C' with an Hy flow is kept at 50 sccm. Step (3)
annealing, where the same parameters are maintained for 30 minutes. Step (4) ramp-up to
the growth temperature of 1025°C' with an Ar flow of 1 slc and the Hy flow reduced to 4
sccm. Step (5) growth, begins by introducing 20 sccem of C'Hy and lasts 10 minutes. Step
(6) Cool down. Shut down the C'H, and Hy flow but increasing the Ar flow to 1.35 slc.

31



First, particles that may have entered during boat loading (Figure 2.1) must be elim-
inated. The following step is to ramp up the temperature to 850°C using 50 sccm of Hs.
This temperature and gas settings are maintained for 30 minutes during the annealing step
to eliminate volatilized residues [78, 79]. This lower-temperature annealing phase cleans
the copper surface and segregates it from unwanted compounds before the growth stage.
Then, the temperature is increased to 1025°C under 4 sccm of Hy and 1 slc of Ar. These
conditions are sustained for approximately 2 hours before introducing any carbon source
into the reactive chamber. This higher-temperature annealing step encourages Cu surface
recrystallization and promotes the (111) crystallographic orientation necessary to reduce
defects within the Cu lattice [30]. The growth phase begins with the introduction of 20
sccm of C'Hy and 4 scem of Hy (25 mTorr and 5 mTorr respectively). These conditions are
maintained for 10 minutes without altering the flow of Ar. Once the growth is complete,
the system is rapidly cooled to 600°C', with the argon flow increasing to 1.35 slc. The most
time-consuming step is gradually cooling to room temperature, which can take up to 24

hours. Ar flow is finally halted as the chamber reaches room temperature.

The first growth using the QNFCF reference recipe was performed to assess graphene
quality. It was observed that graphene’s domains were separated from each other, which is
unsuitable for our intended application, where uniform coverage is essential. Consequently,
improvement regarding the growth recipe was needed to enhance graphene coverage and
uniformity. New growth recipes were, therefore, developed with modified parameters such

as growth temperature and partial pressure of reactive gases.

An initial growth was conducted without any modifications to the established process
and serves as a reference for subsequent trials. The second growth was carried out at
an elevated growth temperature, transitioning from 1025°C' to 1070°C', to enhance carbon
solubility and reduce the nucleation density, resulting in bigger grain size [75, 79, 81] (Figure
2.2). However, due to an instrument offset, the growth temperature was actually 1100°C,
exceeding Cu’s melting point (Figure 2.3). This growth was thus realized using a metallic
substrate in a liquid phase. For the last trial, the Cu foils were curved in the quartz boat
to see if the disposition would impact the crystal structure. All other parameters of this
growth were kept similar to the reference growth presented in Figure 2.2. To facilitate the
understanding, graphene resulting from the different growth recipes will be presented in
Table 2.1.

The Cu foil is removed from the growth chamber and etched using a wet transfer
technique. First, a poly-methylmethacrylate-A4 (PMMA) layer is spin-coated onto the
grown graphene and allowed to dry overnight. The PMMA supports the graphene film
during the transfer. A 0.5M solution of ammonium persulfate (98%, Sigma-Aldrich) is
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Table 2.1: Acronyms for different growth recipes.

CVDREF CVDHT CVvDCV
Reference growth ~ Growth completed Growth completed

on a liquid substrate on a curved substrate

G 1070 |
9_, sccm sccmr H
- g5 | I ’
S 1 slc ;1. 5 slc Ar
= _
a @ CHa
5
= 100
0 Time

Figure 2.3: High-temperature growth recipe. Step (1) and (2): flushing step and
then ramp-up to the annealing temperature of 850°C' with an H, flow is kept at 50 sccm.
Step (3): annealing, where the same parameters are maintained for 30 minutes. Step (4):
ramp-up to the growth temperature of 1070°C’" with an Ar flow of 1 slc and the H, flow
reduced to 4 sccm. Step (5): growth begins by introducing 20 sccm of C'H, and lasts 10
minutes. Step (6) Cool down. Shut down of the C'Hy and Hy flow but increase the Ar flow
to 1.35 sle.
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prepared to etch the Cu foil. The graphene is put with the PMMA side up and left with
the Cu side until the metallic substrate was barely or no longer visible. The film is rinsed
and then transferred onto a Si/SiO, substrate of approximately 1 em?. The sample is
dried vertically, and the polymer is washed with acetone, rinsed in isopropyl alcohol (IPA),
and deionized water (DI). The substrate is selected to have a thick oxide layer of ~ 300nm
and low resistivity, in our case 0.001-0.00552 - cm, to be usable as a back gate in the future
device architecture. The Si/Si0y wafer is dice into pieces measuring 1.2 cm X 1.2 cm and

cleaned before transferring the graphene film.

2.2 Material Characterization

The SLG characterization involves several methods: atomic force microscopy (AFM) to
measure the material’s thickness, Raman spectroscopy to assess its electrical properties,

and optical microscope pictures for visual examination.

The samples were first characterized using Raman spectroscopy. Graphene’s Raman
spectrum exhibits three prominent bands: the D band (&~ 1350cm™'), the G band (~
1580cm ™) (Figure 2.4(a)), and the 2D band (=~ 2700cm™!). The G band corresponds
to the in-plane vibration of the carbon ring. In contrast, the 2D band corresponds to
the breathing of the carbon ring, both providing valuable insights into the graphene’s
transport properties. The 2D peak is associated with the Fy, Raman active phonon mode
at the center of the FBZ. This is a first-order Raman process involving the scattering of
a single phonon. The D peak is associated with the alg vibrational mode at the K point
of the FBZ. This is a second-order Raman process involving two-phonon scattering, which
leads to more complex spectral features (Figure 1.3(b)). The ratio of the intensity of the
2D band compared to the G band (I(2D)/I(G)) can be used to determine the number of
graphene layers and provide information about the material’s electrical properties (Figure
2.5). Similarly, the presence and the intensity of the D band (I(D)/I(G)) offer insights into
the material’s defect density. This peak is also associated with the A;, vibrational mode
but requires the activation of a defect. Therefore, this band is absent from the pristine

graphene sample. The G and D bands’ intensity ratio indicates the material’s quality.

A Renishaw Raman Spectrometer equipped with a 532nm wavelength laser and a
24001/mm grating was used for the analysis. The samples were mapped over an area
ranging from 60 to 150 um? at 900 points, with specific instrument settings including a
10% laser intensity, 2 seconds of exposure time, and 2 acquisitions, using a 50x objective.

Raman spectra were acquired within two ranges: 1300 to 1800 cm ™! covering the D and G
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Figure 2.4: Dominant Raman active SLG phonon modes. (a) SLG Raman spectra
(b) Raman processes responsible for the G and the 2D band. The green arrow represents
the excitation process, and the red arrow, the relaxation process. The G peak corresponds
to 2 Ay, vibrational modes and the 2D band to the F,, vibrational mode. Adapted from
Springer Nature [382] and Multidisciplinary Digital Publishing Institute [15].
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Figure 2.5: SLG and BLG double phonon scattering process. (a) SLG 2D band
structure is characterized by its narrowness (b) Deconvolution of BLG 2D band reveals 4
sub-bands due to the additional antisymmetric process, resulting in the broadening of the
2D band. Adapted from Springer Nature [32]. excitation process and the red arrow, the

relaxation process.

35



bands, and 2400 to 2800 cm ™! covering the 2D band. The acquired data are reprocessed to

remove cosmic rays and perform baseline correction using the acquisition software WiRE.

Criteria were implemented to assess graphene’s quality based on the Raman mapping of
the samples. It is well-established in the community that high-quality single-layer graphene
(SLG) presents a [(2D)/I(G) band ratio of > 2 with 2D band full-width-half-maximum
(FWHM) < 35cm ™! and is therefore used as the first indication of high-quality graphene
em ™79, 83]. The third criterion concerns the defect density, determined using the intensity
ratio of D/G peaks. A threshold value of I(D)/I(G) > 0.1 considers the material to have
low defect density.

Figure 2.6 shows the Raman spectra of CVD-grown graphene and displays the three
characteristic bands of graphene. The top spectrum exhibits a sharp 2D band with 2D
band FWHM = 31.8 cm ™! and is 2.2 times smaller than the G band. In this specific region,
an intensity ratio of 0.7 for the D/G band indicates the presence of defects. The bottom
spectra display a wider 2D band, with 2D band FWHM = 41.7 and an 1(2D)/I(G) band
ratio of 1. A minor defect peak is detected with an I(G)/I(D) band ratio of 0.1. The fitting
of the peaks was realized using Python, which was used to map the I(2D)/I(G), 2D band
FWHM, and the I(G)/I(D) band intensity ratio across the sample. Appendix A covers the

data reprocessing more extensively.

These spectra introduce the color scale used following mapping to characterize the
sample’s quality. The color purple is used with smaller ratios or 2D band FWHM values
and higher values to yellow. For example, the maximum value for the I(2D)/I(G) band
ratio is 4, and 1 for the I(G)/I(D) band ratio will appear yellow on the mapping.

The CVDREF mapping is illustrated in Figure 2.7. The graphene crystals are barely
visible, with only 13% with I(2D)/I(G) ratio greater than 2, and with FWHM under 35
em~!. The central regions with the highest quality also exhibit a low-defect area with an
I[(D)/I(G) ratio of less than 0.1. These graphene domains have an irregular shape with

random coverage.

The CVDHT mapping is shown in Figure 2.8. The characteristic dendritic shape of the
crystal domains contrasts with the substrate and is discernable from in 1(2D)/I(G) map-
ping. About 83% of the spectra show an [(2D)/I(G) band ratio above 2, with the majority
above 3.5. The center of the crystals shows a different profile with an I(2D)/I(G) ratio
under 2. The FWHM mapping reveals that a majority of graphene coverage has FWHM
under 36 cm ™!, with the center of the crystal showing a wider 2D band at approximately

70 em~!. The graphene isn’t pristine based on the I(G)/I(D) band ratio mapping.

In the case of CVDCV, the mapping is shown in Figure 2.9. The crystal features of the
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Figure 2.6: SLG Raman spectra. (a) From CVDCV sample - [(2D)/I(G) band ratio
of 2.2 with 2D band FWHM of 31.8. The I(D)/I(G) band ratio of 0.7. (b) From CVDHT
sample - [(2D)/1(G) band ratio of 1.0 with 2D band FWHM of 41.7. The I(D)/I(G)
band ratio of 0.1. All spectra are acquired with 10% laser intensity, 2 seconds of exposure

time, and 2 acquisitions.
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(a) Picture of the mapped region

(¢) FWHM (d) I(D)/I(G) band ratio

Figure 2.7 CVDREF Raman mapping. (a) Picture of the mapped region. (b)
I(2D)/I(G) band ratio. (c) FWHM. (d) I(G)/I(D) band ratio. 900 (30 x30) spectra

are acquired over 150 pum?.
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(a) Picture of the mapped region

(¢) FWHM (d) I(D)/I(G) band ratio

Figure 2.8: CVDHT Raman mapping. (a) Picture of the mapped region. (b)
I(2D)/I(G) band ratio. (c) FWHM. (d) I(G)/I(D) band ratio. 900 (30 x30) spectra

are acquired over 60 pm?.
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(¢) FWHM (d) I(D)/I(G) band ratio

Figure 2.9: CVDCV Raman mapping. (a) Picture of the mapped region (b) I(2D)/I(G)
band ratio (¢) FWHM (d) I(G)/I(D) band ratio. 900 (30 x30) spectra are acquired over
60 pum?.

40



graphene are less recognizable than in the previous growth, with a considerably varying
I(2D)/I(G) band ratio, where 29% of the spectra have a graphitization ratio above 2. The
FWHM profile of the 2D band is similar to the previous mapping at around 36 cm ™!, with
regions on the edge sometimes showing FWHM approximately 75 em~!. Looking at the
graphene domain, the I(G)/I(D) band ratio is overall more significant than in the previous

sample, with the D band, on average, three times smaller than the G band.

Atomic force microscopy (AFM) can measure features as small as the angstrom range.
This instrument operates by bringing a cantilever close to the substrate, enabling it to
sense any interactions between the tip and the surface, such as van der Waals forces. A
laser is used to calibrate the initial position of the cantilever, allowing the photodetector
to detect any deviations from this position. As the stage scans the material’s surface, the
AFM tip deflects when encountering any height variation, and this information is used to

create a high-resolution topographical map of the sample surface.

The Bruker Icon Atomic Force Microscope in ScanAsyst-air mode is used to analyze
the properties of grown graphene. This model is derived from tapping mode, with a
retroactive loop adjusting the tapping parameters during scanning to enhance sensitivity.
A more extensive section of ~ 20um? of 251 lines with a rate of 0.5Hz is initially selected,
followed by a smaller section of about 1-4 m?, where the scan is averaged over three times.
The data are then reprocessed in the NanoScope Analysis software, where the surface is

first flattened before using the section tool to analyze and measure specific features.

The theoretical thickness of SLG is approximately 3.4 A, equivalent to twice the carbon-
carbon bond length or the interlayer spacing in graphite (0.335 nm) [21]. However, ex-
perimentally measured thicknesses typically range from 0.5 nm to 1 nm [10, 84]. These
discrepancies arise due to the unavoidable interactions between the graphene, substrate,
and AFM tip, which can introduce an additional height offset of around 0.4 nm [34]. For
BLG, the expected theoretical thickness is &~ 6.7 A, but reported measurements generally

range from 1 nm to 1.6 nm [10].

Figure 2.10 shows the AFM height profile scan of CVDHT, where a height of 5.39 A is
measured at the crystal’s edge. No discernible step is detected in the nucleation centers,
which are identified as multilayer regions through Raman spectroscopy. This observation
was consistent across multiple crystals. Figure 2.11 presents the AFM height profile of
CVDCV, showing a step height of 7.77 A. Both samples exhibit a significant presence of

contaminants on the graphene surface.

The 2D /G and FWHM mapping confirms the presence of regions of single-layer graphene
(SLG) with high quality (/(2D)/I(G) > 2) for all growths. What sets them apart is the
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Figure 2.10: CVDHT AFM images and height profile. (a) AFM image of 20um?.
(b) AFM image of crystal edges of 1.4 um?. Height profile of the region delimited by the

white square.

42



12.1Tnm

: -7.7nm

0.0 Height Sensor 20.0um
(a)

o *:# Y ‘; i

; | ;

" E T .\,‘_/'% . N
. -1.7nm | !
0.0 Height Sensor 1.3um ’ ' E g ; ' ‘ "
(b)
Figure 2.11: CVDCV AFM images and height profile. (a) AFM image of 20um? (b)

2

AFM image of crystal edges of 1.3 um®. Height profile of the region represented by the

white square.

43



(a) CVDREF (b) CVDHT (c) CVDCV

Figure 2.12: Graphene growth microscope picture. (a) CVDREF. The graphene
crystals have an irregular shape, as if they were damaged during the process. (b) CVDHT.
The crystal domains are large (> 25um?) with a dendritic shape. (¢) CVDCV. The crystal
domains are small (< 10um?) with shape resembling hexagons. All picture where taken at

100x magnification.

crystal domains’ coverage and uniformity differences. Some mappings show almost no
defects compared to others, where the defect band dominates the spectrum, even if the
graphene comes from identical growth sequences. These defects could result from the
chemical doping caused by PMMA but are essential for the wet transfer of graphene. Since
SLG is one of the thinnest materials, measuring values in the A with high accuracy is
challenging [34]. Both graphene films exhibit AFM height profiles that fall within the
reported thickness range for SLG, confirming the presence of SLG regions suitable for our

application.

Figure 2.12 compares each growth at a magnification of 100x. At low magnification,
PMMA residues with numerous cracks and ripples from the wet transfer are visible in all
growths. The crystal domains lack grain boundaries, have an area of ~ 7.5 to 10 um?, and
spacing of ~ 2 to 10 um?2. The crystals appear irregular and appear to have been etched.
Some growths show nearly absent or uneven graphene. The second growth, completed with
Cu in a liquid phase, exhibits a different dendrite shape and large crystals of ~ 25 to 30 um?,
forming several polycrystalline domains. A darker color at the crystal’s nucleation center
indicates a multi-layer region, as less light passes through the material [35]. The last growth
resulted in crystal shapes resembling hexagons with crystal domains of approximately 1
square micrometer and sometimes forming polycrystalline domains. These crystals are =
5 to 10 pwm? in size. Due to insufficient coverage, no graphene resulting from the reference
growth was used for further characterization. Appendix B contains additional optical

microscope pictures with 2.5x, 10x, 20x, and 50x magnifications for all growth completed.
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2.3 Discussion

When observing a picture of the reference growth, most of the crystals appear randomly on
the substrate and seem to have been etched. Interestingly, these features are absent in other
growth, which denotes an inconsistency between growths. According to Le Chatelier’s prin-
ciple, it is possible that the edges of graphene crystals are being etched in a hydrogen-rich
environment to reform methane [36]. Another probable cause is the presence of impuri-
ties, like oxides, in the gases [76]. Considering the poor hydrogen environment used in
our process, these results suggest contamination of the growth chamber with oxides. As
none of the gas flow changes, further investigation is needed to understand the sources of

contamination or other possible causes responsible for the material’s etching.

The catalytic decomposition of Cu is enhanced at high temperatures ~ 1000°C' but re-
mains endothermic for complete dehydrogenation. As a result, this reaction is unfavorable
and leads to an increase in gas-phase reactions. When there is a high ratio of CH, : H,,
methane dehydrogenation becomes the preferred reaction, resulting in the formation of high
concentrations of carbon species with a greater potential for forming multilayer graphene
[76]. This was observed during the second growth on a liquid substrate. The darker
shade at the crystal’s center exhibits the characteristics of BLG with I(2D)/I1(G) < 2
and FWHM double SLG’s FWHM. The AFM height profile did not capture any steps at
the crystal center. Increased concentrations of carbon species generally lead to bottom-up
graphene layer formation. Alternatively, the inverted case can occur, where the second
layer is grown from the top down, but usually involves the absorption and diffusion of
carbon species underneath the layer, which is feasible when the graphene coverage is high
[76]. The absence of detected steps here suggests the latter mechanism. Graphene crys-
tals grown on liquid substrates are known for their uniform nucleation density with large
nucleation sizes, up to 10000um?, and the particular absence of grain boundary formation
[87-89]. The mapping reflects this particularity with an I(2D)/I(G) ratio exceeding 3.5.
This homogeneity extends over large areas of the crystal. These crystals exhibit a dendritic
shape, which is more pronounced compared to other single-layer graphene (SLG) crystals

but is nevertheless expected under reactive conditions with a high ratio of CHy : H.

There is a need for improvement regarding crystal shape, size, and, particularly, the
repeatability of the process. One critical point that requires attention is the contamination
of oxides, which is crucial for achieving reproducible growth [90]. Starting with the system,
the inner quartz tube and the boat should remain inside the LPCVD chamber and only be
brought to room temperature when loading or unloading Cu foil [90]. Turning our focus

to the manipulations, the preparation of Cu foil should also be approached differently.
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Amontree J et al. demonstrated that the foil used by industrial presses to prepare Cu
foil adds carbon to the material’s surface. As only the oxide layer has been removed, an
etching step is recommended to be added in the Cu foil preparation following the oxide
layer removal. To this end, dipping the Cu in an ammonium persulfate solution for a
few minutes should be sufficient, ideally removing > 5um on each side. In summary, this
approach grants better control over the potential sources of contamination of the LPCVD

system.

Additional steps are needed during Cu foil preparation to improve the graphene quality
further. For example, a thin layer of Cu foil must be removed to reduce the substrate’s
surface roughness and the presence of impurities limiting the latter. To this end, the
substrate must be polished chemically or mechanically, removing ~ 5 um on each side of

the material and smoothing its surface [90].

The growth parameters for the recipes have been completely changed, as none of the
crystals showed a hexagonal shape. First, we need to assess the oxygen contamination of
the chamber. Two recipes are proposed and presented in Figure 2.13 to assess this. For
both recipes, the annealing temperature is changed from 850°C' to 1000°C' using 1 slc of Ar
flow with the chamber pressure set to a maximum pressure of 1 Torr, this for 20 minutes.
The temperature is maintained for the growth step to reduce the gas-phase reaction while
trying to keep a low crystal density, replicating the process conducted by Amontree J et
al. A flushing step is also added to purge the gas lines before the growth step. In both
cases, the ratio of reactive gases becomes 1:10 CHy:H, with a flow rate of 5 scem and 50
sccm, respectively, with the pressure of the chamber set at 1 Tor. A lower CHy:H, ratio
leads to the formation of hexagonal crystal domains [76]. The only difference between the
two recipes lies in the composition of gases used during the annealing step. Annealing
at higher temperatures reduces Cu ripples, reducing the chances of graphene defects. An
inert environment is also more suitable for this step as it promotes a poor Cu surface in
hydrogen and catalyzes Cu’s catalytic reaction. The first recipe proposed only uses argon
during the annealing step compared to the second recipe, which uses a mix Ar:H, of 50:5.
The small addition of hydrogen during this step is used to reduce oxide contamination as
the presence of hydrogen can balance the presence of Oy in the system [76, 90]. Comparing
these two recipes will help us better understand the growth environment and better orient
the parameters needed to achieve large-area defect high-quality SLG for subsequent growth

trials.

For the characterization of SLG, a laser intensity of 1% with an increase in accumulated
spectrum should be realized. High-power lasers can generate thermal damage and create

pictures using the D bands. Even if some spectra didn’t present any D band, reducing
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Figure 2.13: Proposed growth recipes (a) Step (1) and (2) flushing step and then
ramp-up to the annealing temperature of 1000°C' with an Ar flow kept at 1 slc. Step (3)
annealing, where the same parameters are maintained for 20 minutes. Step (4) growth,
introducing 50 sccm of Hy and 5 scem of C'Hy for 10 minutes. Step (5) Cool down, shut
down of the CH, and H, flow and increase of the Ar flow to 1.35 slc. (b) same as (a) with
only difference in Step (3) annealing with 0.5 slc of Ar and 50 sccm of Ho.
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laser power eliminates this error source and helps judge the material’s quality. A defect
band can also be linked to the wet transfer, requiring the use of chemicals known to dope
graphene.

This research’s operation mode strategically changes focus to single crystal rather than
polycrystalline SLG growth. This shift is significant as it allows us to gain control of crystal
domains before extending the process further. First, focus on crystal shape and then on
crystal size and optimize both to obtain high quality and uniform graphene coverage. When
large-area graphene is desired, the growth time can be increased. It’s a characteristic of
the Cu substrate to be self-limiting, meaning that the formation of multi-layer graphene
is usually highly unfavorable. When the desired crystal with a hexagonal shape and large
domain size can be obtained reproducibly, we can focus on the transfer of SLG single

crystal from the Cu-substrate using a polymeric stamp.
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Chapter 3

Device Fabrication

3.1 Hall Bar Pattern

Figure 3.1 presents an optical micrograph of a CVD-grown graphene Hall bar. The figure
displays the substrate and the ohmic contacts connecting the graphene channels to the
metallic tracks. The device fabrication process remains consistent with the previous project
[91]. The only change is the provenance of the graphene, which is now transferred in our
laboratories. Both the large and small Hall bars have remained their original sizes, with
dimensions of 20 pum by 8 um and 5 um by 2 pum respectively. Both Hall bars have a
length-to-width ratio of 4. A larger Ti/Au pad at the bottom of the device is used to
connect the back gate. Figure 3.2 shows the design of the entire chip, which includes 80
graphene-based Hall bar devices. The figure’s color scheme represents different fabrication
steps. The first step, shown in blue, involves patterning the tracks and pads (light blue),
alignment marks, and back gate (darker blue). This first step is used to align the pattern
of the successive steps. The second step is illustrated in orange, while the last is depicted

in gray.
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Figure 3.1: Graphene based Hall bars devices. (a) Optical micrograph of a large Hall
bar of CVD-grown SLG (Device CVDHT-01-H07-5) - Eight Pd Ohmics contacts (50nm)
contact the graphene channel to the Ti/Au (20/80nm) tracks. The graphene Hall bar
appears in a darker pink, and the SiO, layer appears in a lighter shade. (b) Hall bar design
(L x W : 20 showing the first nanofabrication step (blue), the second (orange), and the
thirds (orange), where PD covers both the graphene and the Ti/Au contacts
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(Right

).

patterning are completed using photolithography. Close-up of one

ohmic contacts (gray)

Hall device pattern and finished device (Left).
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3.2 Fabrication Process

Graphene Hall bars are created using maskless photolithography, O, plasma etching, and
Ti/Au (20/80) and Pd(50) for the metallization of the alignment marks and the ohmic
contacts, respectively. The photoresists used in this process are copolymer poly(methyl-
methacrylate) (8.5) 10% in ethyl lactate (MMA), Shipley 1805, and Shipley 1811, which
are both positive photoresists. The process involves spin-coating MMA onto graphene,
followed by the Shipley, which never comes into contact with the graphene. Due to this,
an additional step of reflowing the photoresist has been added so that both polymers can
adhere together. Supplementary details about the nanofabrication process can be found

in Appendix C.

1. Alignment marks and tracks patterning

a

b

(a) Pre-process Backing
(b) Photolithography

d
(e) Liftoff

Metallization

)

)
(c) Graphene’s etching
(d)

)

2. Graphene Hall bars patterning

a

(
(b

) Pre-process backing

) Photolithography with inverted exposure
(c) Graphene’s etching

)

(d) Photoresist removal
3. Ohmic contacts patterning

a

b

(a) Pre-process Backing
(

Photolithography

)
)
(c¢) Metallization
(d) Liftoff
)

(e) Post-process Backing
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It’s important to note that graphene is very sensitive to the nanofabrication process,
including the presence of water molecules beneath the graphene crystals. During the spin-
coating of the photoresist, the torch can cause damage to the graphene film or remove any
remaining water molecules [91]. However, in our case, the most limiting problem was the
nucleation size of the crystals, which needed to be closer to form continuous domains. Out
of the 80 Hall bars patterned, only a few survived the process and were suitable for further
measurement. These are precisely the Hall bars with the smallest features. The latter is

also discussed in Appendix C.
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Chapter 4

Magnetotransport Measurement of CVD-grown

Graphene

A Hall bar CVDHT — 01 — H21 — 2 was used to measure the transport properties of
CVD graphene on a liquid substrate. The Hall bar has small dimensions, with a length
and width of 8um, respectively. Out of the 8 original contacts, only 5 are usable for
measurements. The selected Hall bars undergo a visual inspection to ensure they have

fewer defects, imperfections, and residues.

The back gate is connected in the same manner as before. The chip is scratched at
the bottom of the design, the dark blue bottom pad, as shown in Figure 3.2. Silver epoxy,
Epo-Tek H20E, is applied to the scratch to connect the Ti/Au pad to the underlying Si
substrate. Before its application, the silver epoxy is left at ambient conditions for several

hours to allow the solvent to evaporate and make the epoxy more viscous.

The chip is then glued onto a chip carrier before wire-bonding the desired device to the
pins of the chip carrier. Wire-bonding is carried out using the Westbond 7476E Manual
Wirebonder with aluminum wires, using the default settings. Subsequently, the chip is
cooled using a Janis 1.5K Cryostat to characterize transport at a temperature close to ~
1.6K. Magnetotransport measurements are performed using standard AC lock-in 2-terminal
and 4-terminal measurement techniques. With this cryostat, magnetic fields up to 6T are
reachable. The lock-in amplifier used in this setup is the Stanford Research Systems Model
SR830DSP, coupled with a pre-amplifier model SR560 from the same manufacturer. The
voltage source used to manipulate the back gate is a Keithley model 230, which ranges
from £ 100V.
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100 kQ

Figure 4.1: 4-terminal and 2-terminal measurement setup. (a) 2-terminal measure-
ment setup with 100 'V applied to measure the total current of the circuit. (b) 4-terminal

measurement setup where 100 nA of constant current is applied to the sample to measure
Viz and V.

4.1 Transport Characterization

Figure 4.1 illustrates the 2-terminal and 4-terminal setups used to evaluate the ohmic
contact resistance and perform the Hall measurements. On the right, the 2-terminal setup
employs a voltage divider of 10 for 10000 V. By setting the Lock-in to a current input of
10° V/A gain, 1V is applied to the sample and determining its resistance using AV = RI.
This measure includes the resistance of the lock-in, both the input and the output line, and
the device’s resistance, which typically totals around 2 k2. The 4-terminal setup is shown
on the left, where 1 M2 resistor is utilized for the + I contacts. £V, and £V, signal are
pre-amplified with a gain of 100 and measured with lock-in set to the voltage input of 10°
V/A gain. In that case, the 100 nA is applied to the sample. The resistance of the sample is
determined by measuring V., and the ohmic contact resistance is obtained by subtracting
the resistance measured with the 4-terminal from the 2-terminal measurement. Other than

assessing the ohmic contact resistance, a 4-terminal measurement is always used.

Table 4.1 presents the device’s ohmic contact resistance at room temperature (RT) and
cryogenic temperature. The best contact to measure the Hall voltage is Is_g) and I3 g for
the longitudinal voltage. The ohmic resistance ranges from 1.6 K€ to 7.9 K2 at RT and
from 2.9 KQ to 12.5 KQ at T 1.42K. The ohmic contact resistance is in the same range

as the sample sheet resistance, which is expected for graphene-Pd metal contacts [92].
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RT T=1.42K

I7. (kQ) 6.5 11.5

ls-o(kQ2) 1.6 2.9

l7.5(k€2) 7.9 12.5

lgo(kQ) 3.1 4.5

Ig11(k€2) 341 4.6

Sheet resistance (£2/0) 357 397
Peak Mobility (cm? V' s7) 3036

Table 4.1: Ohmic contact resistance as a function of temperature. Hall voltage
contact (contact Is_g), and the longitudinal voltage contacts (contacts I7_g and Ig_g. Sam-
ple sheet resistance and peak mobility measured chronologically in time following events

that may change the sample’s behavior

Figure 4.2 and Figure 4.3 present the charge neutrality point (CNP) at 1.423K and
T = 160K, respectively. The CNP at 160K occurs at a back-gate voltage (V},) of 49V,
with a corresponding resistance (Rgpee;) of 985 €. There are two other noticeable inflection
points, a characteristic of multilayer graphene, appearing between V4, values of 60 V to
67 V and. At these points, the sheet resistance (Rgpeet) is approximately 1154 Q. The
CNP at T = 1.423K is shifted to (Vj,) of 43V with resistance (Rgpeet) of 1258 Q The sheet
sample sheet resistance at (V3, = 0) is measured at 160K and 1.423K to be 357 and 397
2/0 respectively.

The carrier’s density is calculated using the formula n = %, where Vi is the

anti-symmetrized V,, for both £B (V,y 15 — Viy —5/2). Anti-symmetrization is necessary
because the offset is significantly larger than the Hall voltage for graphene samples. The
reduction in carrier density should be understood as electron and hole carriers pairing up

rather than disappearing altogether.The carrier’s mobility is found using the formula u =
I(L/W)
enVyz

at the lowest carrier density, and mobility is zero at the charge neutrality point (CNP).

, with V,, being symmetrized (Vyz +5 + Vir —p5/2). Maximum mobility is expected

Figure 4.4. illustrates the carrier’s density and mobility as a function of gate voltage
at a fixed magnetic field of 2T. The highest mobility measured for the sample occurs at
Viy = 26 with a carrier mobility of 3036 ¢cm?V ~ts™! and a carrier density of 39.71 105m 2.
The carrier’s mobility dip and density peak at Vj, = 49V exactly at one of the CNPs.
Other inflection points are expected to be observed at V;, ~ 60V, but measurements near
these regions become almost irrelevant due to the charge-density fluctuation created by
the electron-hole puddles [93]. As the voltage source reaches its limit of 100V, the sample

density entirely transitions to the electron carrier side.
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Figure 4.2: Sample sheet resistance as a function of (V;,). CVDHT-01-H21-2 device

sheet resistance as a function of back-gate voltage taken at T=1.423K. The CNPs is found
at Vg = 43.
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Figure 4.3: Sample sheet resistance as a function of (V},) at room tempera-
ture. CVDHT-01-H21-2 device sheet resistance as a function of back-gate voltage taken
at T=160K. The CNPs are found at V;, = 49, V4, =~ 60 and V4, ~ 66.9.
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Figure 4.5: Magnetoresistance as a function of magnetic field. The Hall (right axis)
and the longitudinal resistance (left axis) as a function of a magnetic field at fixed density
40.58" em=2(V, = —25V). Device CVDHT-01-H21-2 measured at T = 1.833K.
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In Figure 4.5, magnetoresistance is plotted as a function of the magnetic field from 0T
to 5T at a fixed back gate voltage of V, = 25V. No Hall plateaus or SdH oscillations
are observed, even when the density was set to the highest mobility. The R,, dependency
in the field is parabolic, as expected for multilayer graphene [94]. All the devices exhibit
multilayer regions, as confirmed by the microscope and Raman spectroscopy, indicating

characteristics consistent with multilayer graphene.

4.2 Discussion

The transport characteristics of the graphene used in this project show improvement com-
pared to the previously SLG-hBN (.6nm on a lem x lem Si/Sioy substrate) purchased
from Grolltex. Using this material, Sakuragi achieved a carrier mobility 3327 cm?V ~1s~1
for a density of 7.16' cm ™2 after in-situ current annealing of the sample [J1]. In our case,
we didn’t use this procedure to improve the material’s quality and still observed a close
to the above value. The highest mobility measured in our sample is slightly lower at
3036cm2V 1571, at a density of 39.7110'em=2. Overall, our samples generally exhibit a

higher carrier density and a lower sheet resistance.

This initial characterization of graphene confirms the doping of the material. This issue
has been previously reported in experiments where the Dirac point was also p-doped [91].
However, the exact step leading to the source of contamination has yet to be identified.
The nanofabrication process, which involves spin-coating photoresists like MMA, is known
to dope graphene and can only be avoided if the graphene layer is protected with materials
such as hBN [63].

Further investigation into the observation of low carrier mobility, ~ 3000 ecm?V ~1s~! is
also needed. This low mobility is related to electron-phonon scattering processes intrinsic
to the material rather than the material’s doping. As pre-fabrication Raman mapping
indicates high-quality graphene, Raman mapping after nanofabrication could aid in under-

standing whether the fabrication process has caused any structural changes.

Lastly, placing the material on a bare Si/SiOy substrate reduces graphene’s intrinsic
mobility. The roughness of the oxide layer and the presence of charge impurities increase the
possibility of scattering events. A device with suspended graphene or encapsulated hBN-
graphene-hBN is needed to reduce the substrate scattering centers. Damage might also
have occurred during the graphene transfer. Imaging our graphene by scanning tunneling

microscopy will better indicate the sample’s intrinsic defects and how they might have

60



formed. The energy-dispersive X-ray spectroscopy will also confirm that no more copper

particles will remain after the transfer.
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Chapter 5

Twisted Bilayer Graphene-WSes

In 2023, a collaboration began with Prof. Usha’s group from the India Institute of Science,
bringing expertise in quantum transport in graphene to our spintronic group. The main
goal of the collaboration is to design and develop magic-angle TBG-based quantum-dot
devices. We aim to use TMD, such as W Se,, stacked on top of graphene to induce the
spin-orbit coupling (SOC) by proximity [95, 96]. This architecture allows the study of
unique electronic phases of magic angle TBG. The two VDW materials are encapsulated
with hBN to ensure the quality of the sample. A secondary objective of this project, as
the quantum-dot devices are still in fabrication and optimization, is to explore the various
new Quantum Hall phases and their topological signatures emerging at low temperatures.
This objective was achieved using facilities available through the Quantum Colab, allowing

the exploration of regimes at millikelvin temperatures and magnetic fields up to 20 T.

Usha’s group fabricated a TBG device with a twisting angle of ~ 2° and sent it to
Waterloo to perform magnetotransport measurements. The device architecture is shown
in Figure 5.1, depicting the top and side views of the device design. The heterostructure
was assembled using the "tear and stack method” employing a polymeric stamp made of
Poly-(Biphenol-A-carbonate) (PC) film and a polydimethylsiloxane (PDMS) block. The
graphene is torn apart, and the existing flake stack picks up half of it. The stage is then
rotated to the desired angle, and the second half is picked up. The TBG-TMD stack is
encapsulated with hBN of approximately 25 nm for the bottom gate and approximately
16 nm for the top gate. The sample was then released on a Si/SiO, substrate with ~
285nm of oxide. The device has a SLG and a TBG region. Figure 5.2 presents a more
detailed device architecture. The Hall bar shape was patterned using E-beam lithography
and etched with Reactive ion etching using CHF3/O,, with Cr/Au (5nm/60nm) deposited
to contact graphene. After the transport, only the TBG side was usable, and therefore,
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Figure 5.1: TBG-W Se, device architecture and its different region. (a) SLG region
(orange) and TBG-W Se, region with (blue) and without (green) a top gate (b) side view
of the device architecture. The TBG-W Se, is encapsulated between ~ 16nm (top) and =
25nm (bottom) of hBN. The material is contacted with a Au top gate (orange) and and
the substrate, Si/Si0, 285nm of oxide (gray), used as back gate.

the focus was on this side.

Martin Gmitra. et al. modeled the Hamiltonian of single-layer graphene in contact
with various TMD. They concluded that SOC by proximity results in spin degeneracy
and subsequent band inversion of TBG’s band structure [97]. Among the TMDs studied,
MoSy, WSy, MoSey, and W Sey, only W Se, exhibited SOC strong enough to induce a
band inversion. Additionally, TBG-W Ses heterostructures break both inversion and TR

symmetry, making them an ideal platform for studying Chern insulating phases [93].
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Figure 5.2: Contact diagram of TBG-W Se, device. Top view of the contact diagram
of the TBG-W Se,y device.

5.1 Transport Characterization

The device was received pre-mounted in a Leadless-Chip-Carrier (LCC) socket and was
connected using a wiring diagram shown in Figure 3.2. The LCC socket is mounted on
an LCC adapter fitting on the probe to be cooled down. Magnetotransport measurements
were conducted using a standard AC lock-in measurement technique. Both 2-terminal and
4-terminal measurements were performed in a pumped 3He/* He wet dilution refrigerator
with the sample being loaded from the top and reaching temperatures as low as 11mK. This
equipment can reach high magnetic fields up to 20T. The same instrumentation was used
for the lock-in and the pre-amplifier, which are from Stanford Research Systems Model
SR830DSP and Model SR560, respectively and used a SIM900 GSM voltage source.

The measurements began with assessing ohmic’s quality and the impact of the metal-
work function. This was achieved using a 2-terminal measurement setup, as explained in
the previous chapter. Table 5.1 shows the ohmic contact resistance measured for the mag-
netic field, TBG’s sheet resistance, and peak mobility at various time points, with the data
presented chronologically. Between the first and second sets of measurements, the device

was brought to room temperature and went through a thermal cycle. Since the device
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oT 18T or 10T oT 15T

Ic11 (k€2) 2 - 4 42(62) 5 157

lk1-r1(k€2) - i 4 42(57) 5 249

In-F1(kQ) - - 3 42(69) 5 217

lk1-2(kQ) 26 113 37 60(69) €6 164

L1-k2(k2) - = 27 100(88) 16 193

IF1.81(KS2) - : 27 58(67) 41 250

lao.p1(k2) 18 500 12 42(62) 10 128
Sheet resistance (2/0) 88.1 90.8 115
Peak Mobility (cm? V' s7) 195 750 355 163 8259

Room Temperature 4—/ Thermal Cycle‘—/

Table 5.1: Ohmic contact resistance as a function of magnetic field. Hall volt-
age contacts (Ixi—y2, L1-k2, and Ip;_p1), and the longitudinal voltage contacts (Ix1— 1,
Ix1-p1, and Ij_py for holes (electrons). Sample sheet resistance and peak mobility are

measured chronologically in time following events that may change the sample’s behavior.

experiences significant temperature variations, its sensitivity to change can be improved or
diminished. For example, the ohmic contact resistance improved for I45_p; between series
compared to Ixq_s1, which decreased. The ohmic contact resistance increases as a function
of the field, with the best ohmic contact resistance of 42 K €2 for the hole carriers in the
intermediate magnetic field. Longitudinal contact pairs Ix1_ 1, Ix1_F1, and I;;_p; exhibit
lower resistivity than all Hall contact pairs Ix1_jo, 151 g2, and Ip;_p;, ranging between
2-5 k€2 and 16-66 k2 respectively.

In Figure 5.3, 4-terminal measurements were used to observe the sample’s resistance
as the top gate voltages varied at different back gate voltages. The device schematic
for the ohmic contacts shows where the current is measured (gray contacts) and where
the constant bias voltage is applied (orange contacts). The device behavior was initially
observed in a cryostat at T=4K at the India Institute of Science and then reproduced at a
lower temperature, T=31mK, in Waterloo. The bag gate voltage was set to the level with
the sharpest CNP peak and highest resistivity, corresponding to the lowest metal work
function. Preliminary results presented in Figure 5.3(a) show the ideal back gate setting
at Vpy = —5V with CNP’s R, ~ 1650€). This sweep was replicated in our lab with CNP’s
R, = 1684Q at Vig = —0.31V, so the bag gate was set to V3, = —5V for subsequent

measurements.

Figure 5.4 presents the device magnetoresistance as a function of top gate voltage at a

fixed field of B= 18T. Initially, the CNP shifted in the field at V;; = —0.18V. The signal
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Figure 5.3: TBG — W Se, sheet resistance as a function of V,,. (a) reference from the
India Institue of Science of the sample’s resistance for different back gate voltages taken
at T =4K (b) reproduced in Waterloo with a 4-terminal setup (£I (orange) + V. (blue
or gray)) at T=31mK.
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Figure 5.4: TBG-W Se, magnetoresistance as a function of V;, at B= 18T and
Vog = —0V. CNP is found at V;;, = —0.18V" and plateaus appears at R, at R,, = 6470,
5188 and 4333 2. The device is measured at T = 31mK.
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—5V. plateaus are starting to form in R,, at v = 8, 10, 12, 16 and 20. The device is
measured from B=-0.2T to 10T at T = 31mK.

Figure 5.5: TBG-W Se, magnetoresistance as a function of B at V;; = =2V and V}y, =
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is noisy in the low-density regime near the CNP, with no quantized resistance observed in
that region. Hall plateaus are visible at R,, = 6470, 5188, and 4333 €2, corresponding to
the filling factors v = 4,5,6 with no apparent SdH oscillations in R,,. It’s worth noting
that filling factors 5 and 6 are uncommon for TBG and thus require further verification
before drawing any conclusions. However, filling factor 4, typically associated with BLG,
is identified over a range of 0.54 V in the top gate voltage. At higher top-gate voltages
Vig > —3V, the ohmic contacts became very resistive, and it was no longer possible to

perform Hall measurements in a magnetic field.

In Figure 5.5, magnetoresistance is shown as a function of the magnetic field ranging
from -0.2T to 10T at a constant top-gate voltage of V;, = —2V. A plateau begins to take
form at filling factors v = 8,10, 12, 16, 20 with no Shubnikov-de Haas (SdH) oscillations in
R,.. The ohmic contact resistivity also significantly increased for both electron and hole

carriers.

Figure 5.6 and Figure 5.7 illustrates the carrier’s density and mobility as a function of
the top-gate voltage at fixed magnetic fields of 1T and 3T, respectively. The lower magnetic
field sweep displayed the highest measured mobility at Vi, = —32, with a carrier mobility of
355 163 cm?V ~1s~! and a carrier density of 2.0010m 2. The higher field sweep revealed
a peak mobility at V;, = —28, with a carrier mobility of 149 988 cm?V ~'s~! and a carrier
density of 4.73 10°m 2.

Figure 5.8 shows the Hall resistance as a function of the top-gate voltage at a fixed
magnetic field of B = +3T". The voltage sweep was conducted at 1.8V per hour to minimize
noise from the ohmic contacts. For both electrons and holes, a plateau is observed at v = 8
with Rpyay ~ 3226Q2. Although Shubnikov-de Haas (SAH) oscillations are present, they do
not fully reach R,, = 0 when the Hall plateaus are observed. Additionally, they exhibit an
asymmetric shape rather than the typical sin-cardinal function-like shape. As the sweep
was repeated to assess the repeatability, an incident at the beginning of the sweep altered
the sample sensitivity, preventing the observation of Hall plateaus even following an anti-

symmetrization of V,,. Consequently, a thermal cycle was performed to reset the device.
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Figure 5.6: TBG-W Se; Magnetoresistance and respective carrier denisty and
mobility as function of Vj, and fixed B £ 1T and V,,= -5V. (a) Hall resistance
(left) and longitudinal resistance (right) taken at B £1T. CNP is found at V;, = -0.32V.

(b) Carrier density (left) and mobility (right) taken at B +1T. Measurements are performed
at T=31mK.
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Figure 5.7: TBG-W Se; Magnetoresistance and respective carrier density and
mobility as function of V,, and fixed B + 3T and Vj,= -5V. (a) Hall resistance
(left) and longitudinal resistance (right) taken at B £3T. CNP is found at V;, = -0.28V.

(b) Carrier density (left) and mobility (right) taken at B £3T. Measurements are performed
at T=31mK.
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Figure 5.8: TBG-W Se, magnetoresistance as a function of V;, and fixed B+ 3T
and V,, = 0V. (a) A Hall plateau appears Rpyq; =~ 322652 (b) repeated measurement with

sample behavior changing at Vi, = —1.92V. Measurements are performed at T=31mK.
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Figure 5.9: TBG-WWSe, sample sheet resistance as a function of the V,, and its
respective carrier mobility (a) repeated measurement 4 terminal measurements (£ I
(orange) £ V,,) of the sample sheet resistance as a function of the V;, for different Vj,.

(b) Carrier’s mobility as a function of top gate voltage for the V;, = -20, 0 and 20V.
Measurements are performed at T=31mK.
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5.2 Discussion

After conducting the thermal cycle, we re-evaluated the contact metal-work function. Fig-
ure 5.9 shows the sample sheet resistance as a function of top gate voltage for various
back-gate voltages. We adjusted the settings to lower the metal-work function with the
back-gate at V,, = OV rather than V;, = —5V/, resulting in R,, = 1749 at the CNP.
Despite this, the sample’s sheet resistance increased from 90.8 to 115 €2, and the mobility
dropped significantly to below 10,000 em?V ~ts71.

Our measurements are significantly limited due to the high ohmic contact resistance,
typically in the k2 compared to the sample’s sheet resistance of approximately 100 €.
Despite our efforts to improve it, the ohmic contact resistance for measuring the Hall
Voltage effect has not been below 15 k2. A solution for this issue would be to use a
different metal with lower contact resistance. Pd is a strong candidate for this purpose, as
it is known to provide the lowest ohmic contact resistance with graphene[92]. It’s important
to mention that the ohmic contact resistance tends to increase for electrons compared to

hole carriers.

During the magnetic field sweep in the intermediate field (Figure 5.5), the top gate
voltage was set to -2V to avoid the noisy region near the charge neutrality point (CNP).
Under these conditions, the Hall plateau for nu=8 appears only at 9T, whereas the cor-
responding plateau was observed at 3T for a V;, ~ -0.6V in later measurements (Figure
5.8 a)). This suggests that the chosen carrier density wasn’t optimal, although the correct

filling factors are still observed.

The highest mobility was measured at a magnetic field of 1T. A lower mobility is
expected in a higher field as V., increases with the magnetic field. The decrease in mobility
at B=3T is consistent with the field-induced broadening of the SAH oscillations, which
become less pronounced and noisier at 1T and 3T despite a top gate sweeping rate of 1.7V

per hour.

The repeating measurements changed the sample’s behavior, making it unusable for
further Hall measurements. These new characteristics include a shift in the CNP toward
p-doping, an increase in the sample’s sheet resistance, and reduced carrier mobility. Fig-
ure 5.9 shows that the mobility decreased significantly, almost 50 times lower, even with
the proper top and back gate settings. This plot also highlights the inverse relationship
between high contact resistance and carrier mobility, where a wrong back gate setting can

considerably reduce carrier mobility.

Furthermore, a different measurement setup could be used to perform a first assessment

of Chern insulating phases, which requires low magnetic fields and temperatures in the
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Figure 5.10: Proposed setup to measure the AQHE. Setup to perform the Onsager

anti-symmetrization in low B ~ 50mT

range of millikelvins. Our collaborator demonstrated this measurement setup in a recent
study [98]. Figure 5.10 illustrates the configuration, showing the contacts permutation
of £V and +I. Anti-symmetrization of the signal was required for Hall measurements,
which still applies here. For this setup, an Onsager anti-symmetrization approach can
be used. This anti-symmetrization is performed by interchanging 4+ and £V contacts.
The Detection of a hysteresis loop in Vi, in a low-energy regime indicates the presence
of graphene’s local valley magnetization and confirms the existence of Chern insulating
phases. Following this first assessment, the characterization could then be extended to

higher magnetic fields for further analysis.
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Chapter 6
Conclusion

The recent ability to synthesize graphene represents a significant breakthrough in study-
ing condensed matter physics and its practical applications. Graphene’s planar lattice
structure creates a band structure where charge carriers behave like relativistic massless
particles at low carrier densities. This unique electrical property has shown potential
in various applications. Among these, SLG shows promise as a possible resistance stan-
dard in metrology. High mobility and low defects graphene demonstrate the possibility
of observing the Hall effect under less stringent measurement conditions than the current
GaAs/AlGaAs resistance standard used by NIST. Furthermore, the possibility of confine-
ment in BLG’s band structure and TBG’s tunable superconducting and insulating phases
opens up the potential for their use in quantum topological computing. These unique
properties have sparked interest in utilizing graphene to study strongly correlated states
and as a platform for superconducting quantum devices. While CVD provides a convenient
method for synthesizing large quantities of graphene, its reliability and high quality still
require improvement. Our research project focuses on synthesizing high-quality, low-defect
single-layer graphene using the LPCVD system available at the QNFCF.

This thesis first introduces the crystalline and band structures of SLG, BLG, and TBG
and briefly covers the topological band theory. We then discuss the application of SLG,
mainly for metrology applications, and the potential application of BLG and TBG for
quantum computation. The second chapter covers different growth recipes for synthesizing
SLG using LPCVD. Aiming to grow large-area single-crystal graphene, parameters such
as the temperature and the position in the loading boat have been explored and compared
to improve the QNFCF reference growth recipe. The synthesized materials were then
identified and characterized using AFM and Raman spectroscopy. Mapping of the materials
suggests the synthesis of high-quality graphene with few defects. However, preliminary
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transport measurements of the devices aren’t characterized by high carrier mobility superior
of 5000cm? V~! s~ and thus, no Hall plateaus were observed. A deeper investigation is
needed to understand the discrepancy with Raman mappings. However, mobility is similar
to our group’s, which was previously measured using purchased CVD-grown graphene. The
last part of this thesis discusses the transport characterization of the TBG-W Sey device

where conventional hall states were observed but no signature of chern insulating phases.

The CVD synthesis of graphene was completed on a liquid Cu substrate, and the Hall
bar devices were patterned by photolithography. As shown in the scope pictures and the
Raman mappings in Chapter 2, CVDHT graphene crystals are characterized by multilayer
graphene nucleation centers. The quadratic dependency observed for the longitudinal volt-
age in a magnetic field, characteristic of multilayer graphene, confirms the first observation.
Despite the non-repeatability of the growth recipe, the initial results are promising con-
cerning the potential of growing SLG graphene at the QNFCF.

The magnetotransport performance of graphene devices is heavily influenced by their
quality and interactions with the material’s surface. The wet-transfer techniques used to
transfer the graphene film add polymer residues, which are hardened by the baking step
in our process. To avoid this, a dry-transfer technique could be used to encapsulate SLG

with hBN crystals and protect it for the subsequent fabrication steps.

It is important to note that the issues encountered with the previous student persisted
throughout this project. Residual photoresists get stuck on the graphene channel and are
hard to remove. These residues are the limiting factors to this process yield, making these
Hall bars unusable for measurement. With an initial hypothesis of skin forming between
photoresists, other UV-photoresist developers could be tried out to avoid its formation.
Another possibility would be to change the use of photolithography for beam lithography,

as it is primarily done in the literature.

The TBG-W Se, structure enables the study of Chern insulating states, although it
requires improved contact resistance to be observed. Developing a chip holder compatible
with our group’s dilution refrigerator would benefit us, especially since observing the AQHE

does not require high magnetic fields.
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Appendix A
Data Reprocessing

Following the mapping of the samples, the resulting data are stacked in a text file and need
to be reprocessed to map the desired parameters. Additionally, the mapping is cut into 2
acquisition ranges to accelerate the mapping. A first range of 1300 cm ™! to 1800 em ™! cover
the D and G band region. the second range of 2400 em ™! to 2800 covers the range of the
2D band. The peaks are fitted to a Gaussian function. Figure A.1 percent the peak fitting
on real data, in the case of clear data and noisy data. Even in the case of a signal-to-noise
ratio peak can be distinguished from the background. The I(2D)/I(G) band ratio is found
by comparing the height or peak intensity of the 2 peaks. Figure A.2 presents the resulting
reprocessing of spectra with an 1(2D)/I(G) band ratio of 3.2 and FWHM of the 2D band
of 31.4cm™!. Figure A.3 presents the case of an I(2D)/I(G) band ratio of 1.4 and increased
FWHM of the 2D band of 46.6cm ™. The presence of high-quality SLG is only considered
with an I(2D)/I(G) ratio greater than 2 and with FWHM under 35 cm™!. Figure A.3 and
Figure A.4 present the I(2D)/I(G) band ratio and I(D)/I(G) band ratio in the case of no
or low defect density and high defect density graphene. Graphene is considered to have
a low defect density for I (D)/I(G) ratio < 0.1. Figure The I(2D)/I(G) band ratio is 2.8,
and the I(D)/I(G) band ratio is 0.0. In the case of Figure A.4, the I(2D)/I(G) is 1.2, and
the I(D)/I(G) band ratio is 2.8 for an I(D)/I(G) of Figure A.4.
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Figure A.1: Peak fitting of Raman spectra. a) Clear data. b) noisy data. c) pure

noise. The peak can be fitted with a signal where the signal-to-noise ratio is < 3.
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band ratio showing 1.4 for sample 274. b) The mapping of the 2D band FWHM is showing
46.6 ¢cm~1 for sample 424. c¢) Raman spectra of sample 424. Mapping of a CVDCV

graphene sample.
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Appendix B

Optical Microscope Pictures

The following section extends the optical microscope pictures in Chapter 2. Pictures taken
using an Olympus BX63 microscope at low magnification (2.5x, 10x, and 20x) are used
to identify contamination and damage caused by the wet transfer and graphene coverage.
Pictures taken at higher magnification (50x, 100x) are used to assess the crystal’s shape
and size as their domains become more discernible. Figures B.1 and B.2 present the
microscope pictures of CVDREF samples, and Figures B.3 and B.4 show CVDHT and
CVDCV microscope pictures, respectively.
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Figure B.1: CVDREF-01 Microscope picture a)2.5x, b)10x, ¢)20x and d) 50x mag-
nification. The crystal domains are irregularly shaped in size ~ 10um? and are separated
from each other. The graphene coverage is uniform but presents residues and damages

from the transfer.
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Figure B.2: CVDREF-02 Microscope picture a)2.5x, b)2.5, ¢)10x, d)20x, e) 50x and

f) 100x magnification. The crystal domains have an irregular shape but smaller domain

size &~ 7.5um? than CVDREF-01. The graphene coverage is uniform, not continuous. This

sample is more damaged than the others but presents fewer photoresist residues.
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Figure B.3: CVDHT-01 Microscope picture a)2.5x, b)10x, ¢)10x, d)20x, e¢) 50x and
f) 100x magnification. The crystal domains have a dendritic shape with large domain

size ~ 25um?

. The crystal’s center appears in a darker shade. The graphene coverage
is uniform, and the domains are close to each other. There is a noticeable amount of

photoresist residues.
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Figure B.4: CVDCV-01 Microscope picture a)2.5x, b)10x, ¢)10x, d)50x, e) 50x and f)
100x magnification. The crystal domains resemble hexagons with domain size ~ 7.5um?.
The graphene coverage is uniform, and the domains are close to each other. Damages and

residues from resulting from the transfer are also noticeable.
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Appendix C
Nanofabrication

The nanofabrication of Hall devices is realized in the QNFCF cleanroom. The patterning
process for each fabrication step is similar to Sakuragi’s process but varies for the duration

of the reflow and the etching steps[91]. The new process is described below.

Figure C.1 presents the evolution of graphene crystals during the nanofabrication pro-
cess. As the process progresses, the crystal domain remains undamaged. However, the
most significant issue in nanofabrication remains: the photoresist becoming stuck on the
graphene channel renders the device unusable. One possible explanation is the creation
of a skin at the interface of photoresists following the development of Shipley-1811. This
is suggested by the relatively long development time of 90 seconds, which is unusual for
similar nanofabrication processes and tends to indicate the presence of a hardened layer
within the photoresists. One unexplored option is to use a different developer other than
MF-319 for this step.

— Pre and post process backing step (QNFCF — FISHER oven)
(a) Gas: Ny
(b) Temperature: 180°
(c¢) Time: 30min
1. Photolithography (1% and 3" step) - Alignment marks and tracks patterning.

(a) MMA 8.5 el 10 Spin-coating (QNFCF - REYNOLDSTECH-Twincoater or BREWER-
Ebeamspinbake)

— Spin-coating recipe:
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i. 5000 rpm, 500 rpm/sec, 60 sec
ii. 0 rpm, 500 rpm/sec, 10 sec
— Baking recipe:
iii. 180°C for 5 min
(b) Shipley-1805 Spin-coating (QNFCF - REYNOLDSTECH-Twincoater or BREWER-
UVspinbake)
— Spin-coating recipe:
i. 500 rpm, 500 rpm/sec, 1 sec
ii. 5000 rpm, 1000 rpm/sec, 30 sec
iii. 0 rpm, 1000 rpm/s, 10 sec
— Baking recipe:
iv. 120°C for 90 sec
(¢) UV exposure(QNFCF — HEIDELBERG-MLA150)
— Exposure with 405nm laser:
i. Dose 95 mJ/ecm?, Defocus 2
(d) Shipley development (QNFCF — DEVELPUV wetbench)
i. MF-319 for 1 min
ii. DI water

(e) MMA exposure (QNFCF — Novascan UV ozone)

* This tool is not available in the list of equipment you can require training

on online. You need to ask the staff directly.
i. Reflow on a hot plate at 150°C' for 3 min
ii. 25°C' for 15 min with a stage height of 9 cm.

(f) Shipley development (QNFCF — SOLVENT 1, 2 or DEVELOPEBL wetbench)
i. IPA:DI (7:3) 35mL : 15mL for 2 min 40 sec

ii. DI water
2. Photolithography (2"? step) (Hall bars patterning)

(a) MMA 8.5 el 10 Spin-coating (QNFCF - REYNOLDSTECH-Twincoater or BREWER-
Ebeamspinbake)

— Spin-coating recipe:

i. 5000 rpm, 500 rpm/sec, 60 sec

112



ii. 0 rpm, 500 rpm/sec, 10 sec
— Baking recipe:
iii. 180°C for 5 min
(b) Shipley-1811 Spin-coating (QNFCF - REYNOLDSTECH-Twincoater or BREWER-
UVspinbake)
— Spin-coating recipe:
i. 500 rpm, 500 rpm/sec, 1 sec
ii. 5000 rpm, 1000 rpm/sec, 30 sec
iii. 0 rpm, 1000 rpm/s, 10 sec
— Baking recipe:
iv. 120°C for 90 sec
(c) UV exposure(QNFCF — HEIDELBERG-MLA150)
— Exposure with 405nm laser:
i. Dose 95 m.J/em?, Defocus -2
B Inverted
B margin: £ 4 mm in x and £ 3.4 mm in y

B crosses: £ 3.9 mm : £3.2 mm and aligned the design
(d) Shipley development (QNFCF — DEVELPUV wetbench)
i. MF-319 for 90 sec

ii. DI water
(e) MMA exposure (QNFCF — Novascan UV ozone)

i. Reflow on a hot plate at 150°C' for 3 min
ii. 25°C for 15 min with a stage height of 9 cm.

(f) Shipley development (QNFCF [-] SOLVENT 1, 2 or DEVELOPEBL wetbench)
i. IPA:DI (7:3) 35mL : 15mL for 2 min 40 sec

ii. DI water
3. Etching (1% and 27¢ step)

(a) Recipe # 8 (QNFCF — YES-as):
i. RF power 200W
ii. Pressure: 300 mTorr

iii. Temperature: 25°C'
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iv. Oy flow: 40 sccm

v. Duration: 30 sec ((1% step) and 1min (3"
4. Metallization (1%¢ and 2" step)

(a) (QNFCF — ANGSTROM - Ebeam)

— Titanium/ Gold alignment marks and pads(1°* step):
i. Thickness: 20/80 nm
ii. Deposition rate: 3 A/s

— Palladium ohmic contacts (Step 3):
i. Thickness: 50 nm
ii. Deposition rate: 3 A/s

5. Liftoff (1°* and 3" step)

(a) (QNFCF — SOLVENT 1 or 2 wet bench)
i. Remover PG ~ 30 min
ii. Acetone
iii. IPA
6. Photoresist removal (2" step)

(a) (QNFCF — SOLVENT 1 or 2 wetbench)
i. Remover PG 100°C' for 2 hours

ii. Acetone

iii. IPA
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Figure C.1: Microscope picture of the graphene domains during the fabrication
process. a) End of alignment mark and track patterning (yellow) with the presence of
graphene (dark pink) on the substrate (light pink). b) Development of Shipley-1811. c)
Reflow. This step leads to an enlargement of the Hall bars’ features due to the melting
of the polymers. d) Development of MMA (8.5). The blue-yellow polymeric skin layer
isn’t supposed to be present. e) graphene etching. f) End of graphene channel patterning.
Harden photoresist remains on the graphene channel. Picture taken on CVDHT-01-H22-2
Hall device.
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