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Abstract

This thesis investigates quantum transport phenomena in graphene heterostructures, fo-
cusing specifically on twisted monolayer-bilayer graphene (tMBG). Graphene, known for its
exceptional electrical properties, exhibits unique behaviours when arranged in twisted con-
figurations, giving rise to moiré superlattices. These structures dramatically alter graphene’s
electronic band structure, enabling the study of emergent quantum phenomena such as cor-

related insulating states, quantum anomalous Hall effect and superconductivity.

We report detailed studies on the fabrication of high-quality tMBG devices and its
characterization. Mechanical exfoliation and dry-transfer methods were optimized to produce
clean and uniform graphene layers, which were precisely twisted to specific angles. To ensure
accurate control of the heterostructure assembly, we used advanced methods like Atomic
Force Microscope (AFM) lithography, facilitating precise patterning and modification of

graphene layers.

Transport measurements conducted at low temperatures (1.5 K) revealed distinct in-
sulating phases at specific carrier densities, corresponding to the existence of flat electronic
bands. Notably, we observed insulating states at complete and partial fillings of the moiré su-
perlattice bands, highlighting strong electron-electron interactions. Furthermore, van Hove

singularities were identified and shown to be tunable by the applied displacement field.

Additionally, we explored Lateral Force Microscopy (LFM) as a technique for imaging
moiré patterns in twisted graphene structures at ambient conditions. Through careful analy-
sis, periodicities consistent with the expected moiré superlattice dimensions were successfully

identified, demonstrating the technique’s potential for characterizing local twist-angle disor-

der.

Finally, a quantum point contact (QPC) device using Bernal-stacked bilayer graphene
was fabricated, showcasing robustness under high DC bias and setting a foundation for future

explorations into quantized conductance channels.

This work underscores the rich and tunable physics accessible in graphene heterostruc-
tures, providing pathways for further research into quantum electronics and novel device

architectures.
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Chapter 1

Introduction

1.1 Overview

Graphene is a planar arrangement of carbon atoms that form a honeycombs lattice. It
was long theorized to exist, but too unstable to be isolated in free form. The breakthrough
happened in 2004 when Andre Geim and Konstantin Novoselov at the University of Manch-
ester managed to isolate graphenel®! by using ‘Scotch Tape’ to isolate thin layers from a
graphite crystal. This method of mechanically exfoliating graphene made it possible to study
its properties in the laboratory setting. This technique was soon applied to other layered
van der Waals materials which resulted in birth of the rapidly advancing field of engineered

2D materials.

In this study, we will look at the heterostructures of graphene. As an atomically flat
substrate, we use hexagonal Boron Nitride (hBN). The use of hBN as a substrate for graphene

devices was first demonstrated 'l by the groups of Philip Kim and James Hone at Columbia



1.2 Theoretical Background 2

University. Owing to matching lattice dimensions of graphene and hBN, these materials can
be stacked without inducing any strain or defects in graphene, so that there are no changes
to the inherent properties of graphene!!l. The big band-gap (5.97 eV) and, the dielectric
properties of hBN (e ~ 3 — 4 and Vieqrdown — 0.7 V nm ™)1 make it a comparable gate

dielectric to SiO, used in conventional Si-based transistors.

While Van Hove singularities arising from the moiré pattern in CVD (Chemical Vapour
Deposition) grown graphene layers were observed as early as 2010[22I the first deliberate

201 " This technique

twisting of two graphene layers was demonstrated by Kim et al. (2016)
was further refined by Pablo Jarillo-Herrero’s group at MIT in 201806111 They stacked
one graphene layer on top of another and twisted them at a ‘magic angle’ of 1.1°. This
resulted in the observation of correlated insulating states!’! and superconductivity!® in this
system. This discovery started the field of ‘twistronics’. Since then a lot of different twisted
graphene systems have been studied. These systems exhibit a lot of interesting phenomena

like superconductivity, correlated insulating states and orbital ferromagnetism.

The system that we are focused on is the twisted monolayer-bilayer system. In this
system, a single layer of graphene is twisted against a layer of Bernal stacked bilayer graphene.
Phenomena like the quantum anomalous Hall effect (QAHE)!? orbital ferromagnetism and
electrically tunable correlated insulating states!?!397115] have been reported in this system.
In this study, we will try to optimise the transfer process of twist graphene heterostructures

with the aim of achieving higher quality devices with lower twist-angle disorder.

We will start by discussing the relevant theoretical background for system under study

and the different phenomena that this system exhibits.

1.2 Theoretical Background

1.2.1 Graphene!'

The lattice constants of graphene(hexagonal lattice) are written as:

(52) e (22)

The lattice can be described a Bravais lattice with these lattice vectors, and the unit cell

is marked by the shaded parallelogram in Fig. la. The unit cell therefore encloses two
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inequivalent carbon atoms labelled 1 and 2.

Vectors by and by define the reciprocal lattice (also a hexagon). The first Brillouin Zone
(BZ) is shown as light blue region in Fig. 1b. This region is bounded by the perpendicular
bisectors of the reciprocal lattice vectors. The points enclosing the BZ are called K-points,

with two inequivalent corners: K and K’, given by:

K:Q—W<1,\/§>, K’:Q—W<1,—\/§> (3)

3a 3a
% 1.42A
Y

K| b,

K K

X X

K K’

K[~ b
(a) Graphene Lattice (b) First Brillouin Zone

Figure 1: Description

Now, the hexagonal lattice can be broken down into triangular sub-lattices, A and B,
represented as black and white circles in Fig. la. Graphene’s dispersion relation can now,
be obtained by using tight binding calculations, where only next-nearest neighbour hopping

is considered for a sublattice. The Hamiltonian for this system is:

H=—t Z al bjs + h.c. (4)
(i:4,0)
f

b, 1s an annihilation operator at site j with spin o on sublattice B, with ¢ being the hop-

Here, a;  is an electron creation operator at site ¢ for sublattice A with spin o, and

ping parameter. Now, a wavefunction can be written with two components, one for each
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Bie i bj cik.A/2

Here, A is the vector connecting the two sublattices (nearest neighbours), and R; is the

sublattice:

reference vector for the ¢th unit cell. The Hamiltonian then becomes:

(0 A
H_<ff2 0) N

Where, f(k) = —t> e ™4 and A are the nearest neighbour vectors. Then, the energy

eigenvalues can be calculated as:

E(k) = £[fi (7)

=4¢t,|1+4cos (@k» COS <gkx> + cos? <%ky> (8)

Shown in Fig. 2 are the energy bands. The bands coincide at the K/K’ points, called Dirac

points. On expanding the dispersion relation around the K point by taking Kk = k — K, we

get:
3V3,
fx(k) = —QL—te’KIa/‘/g(in;x — k) + O(k?) (9)
a
~ hop(Kky + 1Ky) (10)
Where the Fermi velocity of electrons in graphene is vy = *giga And fxi(k) = fr(K).
Therefore, the effective Hamiltonian around the Dirac point near low energies is:
0 0 «t+1
H = Ji(®) = hvp . Foo Ty ) _ hvpo.k (11)
fi(k) 0O Ky — 1Ky 0

And the energy eigenvalues are:
E(k) = thup|k| (12)

Eq. 11, the effective Hamiltonian of graphene near small energy values, is the famous
Dirac Hamiltonian for massless relativistic particles. From the energy spectrum in Fig. 2, we
see that the minima of the conduction band and the maxima of the valence band coincides
near the six K/K’ points. Considering the single Dirac point on the second half of Fig. 2,

we see the linear relationship of energy and momentum of electrons in graphene close to the
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K/K’ points. The electrons behave like massless Dirac fermions!!!. The spinor associated
with the Hamiltonian resembles the spin degree of freedom and is thus called pesudospin. The
pseudospin follows the momentum of the electron. This gives rise to the phenomena of chiral

transport in graphene, where the electrons move along the direction of their pseudospin.

10.0

(A=) ABasuz
v
[=}
(A=) ABaaug
(=}

80'70'6

' 0.
02 03 04 05 o 1120097

07 08

Figure 2: Left panel: Dispersion Relation of graphene. Right panel: Zoomed in view of the
band structure near one Dirac points

1.2.2 Quantum Hall Effect 3%l

When a 2D electron gas is subject to a magnetic field (B), we can observe some quantized
energy levels. The energy levels are quantized into Landau levels, which are equally spaced in
energy. We can approach this semi-classically by considering the behaviour of the electrons

in a magnetic field:
1 e \2
H=— ( —A) 13
2m P+ c (13)
Where, A is the vector potentiall™. The electrons are bound to the x-y plane, while the

constant magnetic field is considered to out of plane, such that V x A = Bz. We can write

the canonical momentum as, w = mp + eA. The Hamiltonian is as follows:
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1 1
H=_—7 -m=hwg|aa+= 14
2m71' ™ B (a a—+ 2) (14)
Where, wg = ;—Ji is the cyclotron frequency, and a = \/ﬁ(ﬂ'w — im,) is the raising

operator and a' = \/Qiﬁ (my+1m,) is the lowering operator. Similar to the harmonic oscillator,

the energy eigenvalues are:

1

These energy levels are the Landau levels. A crucial difference from the energy levels of
the harmonic oscillator is large degeneracy of the Landau levels. Landau levels have the

following degeneracy!'ll: ¢ = %A, where A is defined as the area of the 2D plane.

r

E(x) P P PP PP A
! O
CY YNV
X
(a) Landau Levels at the edge (b) Edge modes

Figure 3: Description

If we consider the cyclotron orbit of the electrons at the edge of the 2D plane, we see
that the electrons collide with the boundary. But as they are bound to orbit along the
orbit dictated by the constant magnetic field, they skip along the boundary resulting in the
formation of edge states. These edge states are shown in Fig. 3b. The edge states are
chiral, meaning that they move in one direction along the edge of the 2D plane. They have
opposite chirality on the opposite edges which ensures that the net current is zero without
the presence of an electric field. The edge states are topologically protected, meaning that
they are robust against perturbations that are time-reversal symmetric. This is because to
disrupt the edge states, electrons of opposite chiralities would have to scatter off each other
which is not possible due to the presence of the bulk. The edge states are responsible for

the quantized Hall conductance. The Hall resistance is given by:

Ry=A=2-=2 (16)
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Here, v is filling factor, n is electron density, e is electronic charge. The Hall resistance
is quantized in units of e% From the above expression we can find the density required to

fill » Landau levels:

B
= _ 17
n (1)01/ (17)
Where, &5 = }—; is the flux quantum. So when the filling factor is some integer v = n,

we have n edge modes contributing to the transport (Fig. 3a). This means that R,, is
quantized to e%u and since the edge modes are chiral and cannot be scattered into each
other, the longitudinal resistance (R,;) is zero. This would explain the quantization of
the Hall resistance, but the width of the Hall plateaus and their persistence over a range
of magnetic fields can only be understood by the existence of disorder. In experimental
samples, there is always some disorder. The disorder can be modelled as a random potential
(V) in the Hamiltonian such that the disorder is much less than the energy difference of the

Landau levels,

v
_ 1 18
hon < (18)

This means that for the observation of Quantum Hall Effect['! the sample has to be ex-
tremely clean and the disorder has to be minimal. Now the disorder in the system results in
the Landau levels broadening into Landau bands, due to the existence of localized states in
the bulk of the sample. This results in the Hall resistance being quantized to e%y spanning
a spectrum of B field, which is the hallmark of the Quantum Hall Effect.

1.2.3 Berry Phase and Chern number in Quantum Hall Effect[3°!

The quantized of the Hall conductance can be understood in terms of the topological
characteristics of the system. To see this, we will consider the Berry phase acquired by the
wavefunction of the electrons as they move in the Brillouin Zone. We consider a system
described by the Hamiltonian H = H()\), where \ is a parameter that varies adiabatically
in time, such that there is no level crossing. The eigenstates of the Hamiltonian are |n()\))
with eigenvalues E,(A). If we now look at the evolution of the wavefunction over a path C
in the parameter space, we can write the wavefunction as:

.t
0a(0) = Ve (1 [ atB,000)) nx0) (19)
Where, 7, (t) is the Berry phase. The second exponent is the dynamical phase factor. Plug-
ging this into the Schrodinger equation ih%wn(t» = H(\(t))|[¢n(t)), and multiplying by
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(n(A(t))] on both sides, we can get the Berry Phase:

y, = 7€ dr- A,(0) (20)

Where, A, (X) = i(n(A\)|Van(N)) is the Berry connection. The Berry connection is analogous
to the magnetic vector potential. It is defined as the curl of the Berry connection, €2, =
VX Ap(N). If now consider momentum space to be the parameter space, the Berry curvature

1S:

Q, = Vi x Ay (k) (21)

The Berry curvature then behaves like a magnetic field " in momentum space. Using Stokes

theorem:

= f[i; A AL\ = /S &2k - O, (k) (22)

Where, S is the surface enclosed by the path C'. We now consider the Brillouin Zone (BZ)
of a 2D system, where the opposite edges of the BZ are equivalent. We can then perform
the integral of A, (\) around the edges of the BZ in a clockwise or anticlockwise direction to
get the Berry phase, vpz or -ypz, depending on the direction. Since the opposite edges of
the BZ are equivalent, the Berry phase acquired by the wavefunction is the same for both
directions. This means that either the Berry phase is zero or it is an integer multiple of 27,
such that €87 = 1, and the wavefunction remains unchanged. And if we integrate over the

entire Brillouin Zone, we get the first Chern number, C), which is an integer:
2mC, — / 2k (k) (23)
BZ

Thouless et al. (1982) B34 showed that the Kubo formula for the Hall conductance can be used
to show the quantization of Integer Quantum Hall effect. It was then shown by Kohmoto
et al. (1985)12! that the Chern number is the topological constant that determines the

quantization of the Hall conductance, and the Hall conductance is given by:
o2

Here, the nth band has the Chern number (C,,) and the sum is over all filled n bands.
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AB

Figure 4: (a) Moiré¢ Superlattice with AA and AB stacking regions (b) Brillouin Zone of
Moiré Superlattice

1.2.4 Band Structure Modulation by moiré superlattice

When two sheets of graphene are subject to small rotational misalignments, a moiré
superlattice is formed. The moiré superlattice is a provides a periodic modulation of the
potential landscape for the electrons in the graphene layers, with a period bigger than the
lattice periodicity of the graphene. The moiré superlattice is thus used to modify the band
structure. Near certain twist angles, the energy bands associated with the moiré superlattice
become extremely flat, suppressing kinetic energy of the electrons!?l. For such regimes, the
Coulomb interaction between them dominates, leading to Mott-like insulating behaviour at
certain fillings of the moiré superlattice. These insulating states are called correlated insulat-
ing states, where the electrons effectively localize owing to the strong Coulomb interactions,
despite the availability of free states in the band structure.

Starting from a tight-binding continuum Hamiltonian, Bistritzer and MacDonald (2011)

showed that the Dirac velocity at moiré superlattice Dirac point goes to zero at certain twist
angle, leading to the formation of flat bands. This is because smaller Dirac velocity corre-
sponds to a larger effective mass of the electrons, which supresses the kinetic energy of the
electronsl. The angle where the Dirac velocity goes to zero is called the magic angle. The
first magic angle for twisted bilayer graphene (tBLG) is around 1.1°. There are other magic
angles at smaller and larger twist angles, but the 1.1° magic angle is the most studied, due
to it being large enough to be experimentally accessible, while still yielding strong flat band

conditions.
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Chapter 2

Methods

2.1 Sample Preparation

In this section, we will describe how the samples were fabricated for this study.

2.1.1 Exfoliation of layered 2D materials

We start preparing the samples by isolating thin layers of 2D materials like graphene
and hBN. This is done by mechanically exfoliating the materials from bulk crystals using
the ‘Scotch Tape’ method. The dry exfoliation of the materials is very important step, as

the presence of any contaminant at this stage will introduce disorder in the final device.
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2.1.1.1 Graphene

Graphene is exfoliated from bulk naturally occurring graphite crystals. The graphite is
cleaved using the ‘Scotch Tape’. A piece of bulk graphite with a fresh surface is then put on
the tapel®l. The tape is folded over the bulk crystal and is then unfolded to further exposes
a fresh surface and cleave the graphite. This is process is reiterated until the tape is fully
covered with graphite["?'3l. We will call this tape the ‘mother-tape’. For the exfoliation
of graphene, we directly press this mother-tape on a clean Si/SiO; substrate and peel it off
(Fig. 5a).

Figure 5: Exfoliating of graphene and hBN: (a) Bulk graphite on tape (b) Exfoliated ‘mother-
tape’ (c) graphene tape pressed to substrate (d) hBN ‘mother-tape’

To obtain a higher yield of thin layers of graphene, we can first use oxygen plasma to
clean the substrate and draw out any organic adsorbates on the surface of the SiO, ™. This
will result in a greater yield of graphene on the substrate. After sticking the mother-tape
on the substrate, we anneal the substrate at 110°C for a couple of minutes to improve the
adhesion of the graphene to the substrate, by removing any trapped gasses between the
graphene and the substrate!’l. The tape is then peeled from the silicon chip at a slow
pace. This results in the cleaving of the graphene layers from the mother-tape which were
in contact with the substrate. We do not want to transfer entire graphene flakes from the
mother-tape, as this will result contamination from the adhesive of the tape. We only want

to cleave a few layers of graphene that are in contact with the substrate.
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2.1.1.2 Hexagonal Boron Nitride (hBIN)

Just like graphene, atomically-thin hBN is also exfoliated from bulk hBN crystals. The
exfoliation process is similar to that of graphene. The hBN is cleaved using the same ‘Scotch
Tape’ method to expose a fresh surface. The tape is then folded over the hBN and peeled
off to cleave the hBN. This is repeated multiple times to obtain thin layers of hBN on the
tape until the tape is fully covered with hBN; to create the ‘mother-tape’(Fig. 6¢). A crucial
difference from the exfoliation of graphene is that the hBN is prone to breaking into small
pieces during the exfoliation process, so care must be taken to not overlap the hBN crystals
on the mother-tape. Unlike graphene, we will not directly use the mother-tape and instead
prepare a daughter-tape by sticking a clean piece of tape on the mother-tape and peeling it
off. This daughter tape is then used to transfer the hBN to the substrate to obtain clean
hBN flakes similarly to graphene.

2.1.1.3 Screening of the samples

After exfoliation, the samples are screened under an optical microscope to identify the
flakes of graphene and hBN. The flakes are identified by their optical contrast with the
substrate. To differentiate graphene flakes of different thicknesses, we use the optical contrast
of the flakes on the substrate. The contrast of monolayer graphene is approximately 3%,
while that of bilayer graphene is 6% and so on for our optical setup. For the fabrication of
a twisted monolayer-bilayer graphene (tMBG) device, we need to start with a contiguous
monolayer and bilayer graphene flake without apparent distortion (wrinkles, tears, etc.) as

such a defect can add that can add an unknown additional twist to the system.

(@) | (b) (©)

Figure 6: Screening of the samples: (a) Monolayer graphene (b) Monolayer and bilayer
graphene (¢) hBN

The hBN flakes are identified by their colour by comparing them with a pre-established

colour chart. Homogenous flakes of hBN in the thickness range of 10-40 nm are selected for
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the fabrication of the devices.

2.1.2 AFM lithography

To disconnect the monolayer and bilayer domains before heterostructure assembly, AFM
(Atomic Force Microscope) lithography was used. We used Local Anodic Oxidation (LAO) 24
to oxidize the graphene layers in the desired pattern. The AFM tip is used to apply an AC
excitation at 10V at 50KHz to the graphene layer in a humid environment of relative humidity

around 60%. In Contact Mode, the tip is scanned over the graphene layer according to the

designed pattern using the lithography module of the Park Systems AFM software.
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Figure 7: Left Panel: AFM image of graphene flake before AFM lithography. Right Panel:
Zoomed in of graphene flake after AFM lithography

AFM-LAO works by locally oxidizing the graphene layers to form carbon oxides (CO,)
which are gaseous and leave behind no residue. But to initiate this reaction, the tip must
go over the edge of the graphene flake where it encounters some dangling bonds which helps

initiate the oxidation.

AFM lithography was also employed to pattern the top graphite (5-10 layers of graphene)
gate for a Quantum Point Contact on Bilayer graphene. For a Quantum Point Contact
device, the top gate needs to be split into four quadrants!®! so that we can apply different
gate voltage to each quadrant, so that we can gate the device in a way that the potential
landscape is different in each quadrant. This however presents a problem, because to realise
this device, as a pattern needs to be made that is completely contained in the graphene
flake. This makes it very difficult to initiate the oxidation reaction as the tip cannot go over

the edge of the flake (where it encounters the dangling bonds) to initiate the oxidation. By
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Figure 8 AFM lithography: (a) AFM image after lithography (b) Optical image after
lithography

trial and error, we found that the oxidation reaction can be initiated by patterning a dot
on the flake, possibly because of better connection between the tip and the flake at some
intermediate regime while the AFM tip approaches or retracts. But this seems to occur only
once in three attempts. So, we use a ‘brute-force’ method to create several (3-4) dots by
AFM lithography at the same location. This ‘burns’ a small hole in the flake, and then we
can use the dangling bonds at the hole to initiate the oxidation in a desired pattern that is
completely contained in the flake(Fig. 8a). This process varies between AFM setups and
the exact parameters need to be optimised for each setup. We used a Park Systems NX-20
AFM with a ElectriMulti75-G cantilever with a conductive tip coated with Cr-Pt.
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2.1.3 Transfer of 2D materials

The transfer of the 2D materials is done using the dry transfer method[®®['2. To begin
with, the images of the selected flakes are added to a PowerPoint presentation to make a rough
outline of the stacking process. A ‘pick-up’ slide is prepared by putting a piece of PDMS
(Polydimethylsiloxane) on a glass slide and then covering it with a thin PC (Poly(Bisphenol
A carbonate)) film. The PC film is prepared by first dissolving some PC in Chloroform and
transferring a small amount of this solution on a clean glass slide. Another slide is slid across
the first one to smear the PC into an even film. The glass slide is then allowed to dry to let
the Chloroform evaporate. The PC film is then peeled off using a piece of tape with a hole
in the center and placed on the PDMS slide. This is the ‘pick-up’ slide (Fig. a), which is
then annealed at 140°C for 10 minutes to make sure the PC film sticks to the PDMS and to
remove any trapped gasses between the PC film and the PDMS. The ‘pick-up’ slide is then
used to pick up the identified flakes of graphene and hBN from the substrate sequentially.

This process is called ‘stacking’” of 2D materials via dry transfer method.

Figure 9: Transfer of 2D materials: (a) ‘Pick-up’ slide (b) Transfer stage

The transfer of the 2D materials is performed using a transfer stage (Fig. 9b). The
‘pick-up’ slide is attach to a XY manipulator stage, while the substrate (with the target



2.1 Sample Preparation 17

(e)

Figure 10: Stacking of 2D materials: (a) stack schematic (b) top Gate (c) top hBN (d)
bilayer and monolayer graphene (e) bottom hBN (f) bottom gate. Scale bar is 20um

flake) is placed on XYZ manipulator stage. XYZ manipulator stage also has a rotation stage

and heating element to anneal the substrate.

For the dual gated twisted monolayer-bilayer graphene (tMBG) heterostructure, the
stacking order is as follows (top to bottom): top graphite gate, top hBN dielectric, bilayer
graphene, monolayer graphene, bottom hBN dielectric, bottom graphite gate. The graphite
layers are used to apply gate voltages, while the hBN layers are used to encapsulate the
graphene layers and act as an atomically flat substrate for graphene as well as a gate dielec-
tric. For most of the devices made in this study, all the layers were stacked at a relatively
high temperature: 80°C - 110°C. This was done to improve the homogeneity of the device

during the stacking process!™!. All the steps of the stacking process are shown in Fig. 10.

After all the layers have been successfully picked up, the stack on the ‘pick-up’ slide
is then aligned with a pre-patterned substrate with gold pads for electrical contacts (Fig.
11a). After positioning the stack at the center of the gold pads, the substrate is laminated at
90°C - 110°C. After lamination, temperature is steadily increased to 180°C, beyond the glass
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Figure 11: Releasing the stack: (a) Silicon chip with gold pads (b) Stack on the silicon chip

transition temperature for the PC film (around 148°C). This results in the PC film becoming
soft and detaching from the PDMS stamp, thereby releasing the stack on the substrate (Fig.
11b). The PC film is then dissolved by soaking the silicon chip in Chloroform for a long
duration (half a day).

This stacking process was also used make a Quantum Point Contact (QPC) on Bernal
bilayer graphene. As described earlier, the top gate for the QPC device was patterned using
AFM lithography. For this stack, we started with a top hBN layer which acts an atomically
flat substrate for the patterned top gate. After picking up the top gate on the hBN layer, an
AFM scan was performed on the stack (on the ‘pick-up’ slide) to ensure that the patterned
gap in the top gate, survived the transfer process. This also demonstrates the self-cleaning
properties /¥ of 2D materials assembly, as residues seen after AFM lithography (Fig. 12a),

were not present after the transfer process (Fig. 12b).

After that another layer of hBN was picked up, followed by bilayer graphene, bottom
hBN and the bottom graphite gate. They were aligned such that electrical contacts can
be made to each quadrant of the top gate, individually. The four parts were electrically
disconnected from each other by etching away the part of graphite that was connecting
them. After successfully releasing the stack on a pre-patterned substrate, the next step is to
shape the device into a Hall bar like geometry and make electrical contacts. These steps are

described in the next section.
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Figure 12: Patterning of graphite gate: (a) Left: AFM lithography on few layers graphite;
Right: Zoomed-in image showing some lithography residue (b) After picking up the graphite
gate on hBN (c¢) Optical image of the patterned top gate with faintly visible cuts.

2.2 Device Fabrication

To turn a stack of 2D materials into a functional device, we use nano-fabrication tools
in the cleanroom to ‘process’ the stack. We begin by defining a Hall bar on the stack using
Electron Beam Lithography (EBL). Then the stack is shaped into the Hall bar by etching.
And finally contact metal is deposited, and the device is wire-bonded on a sample holder to

complete the device.

2.2.1 Electron Beam Lithography (EBL)

The first step in the EBL process is to spin-coating an E-beam resist on the Silicon chip.
We two layers of PMMA (Poly(methyl methacrylate)), one layer of 600K (600,000 gm /mol)
followed by another layer of 950K (950,000 gm/mol). Each layer is spun on the chip at 3000
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rpm, followed by 5 minutes of annealing at 180°C. A Hall bar design is made using AutoCAD
software, and an E-Beam writer (Raith EBPG) is used to write the design on the Silicon
chip. A solution of water and Isopropyl Alcohol (IPA) (3:1 by weight) is used a developer

for the E-beam Resist.
‘\\\
r ‘20_pm
(b) (c) (d)

Figure 13: (a) Stack assembled on silicon chip (b) Stack after etching (c) Contacts defined
by EBL and E-beam evaporation (d) Final device with gold pads
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500 um

2.2.2 Inductively Coupled Plasma (ICP) Etching

After defining a Hall bar mask on the stack, ICP Reactive lon Etching (RIE) is used
to uni-directionally etched away the regions not protected by the mask defined by EBL. A
mixture of Oy (Oxygen) and CHF3 (Fluoroform) is used for etching.

2.2.3 Metal Deposition

After etching, PMMA mask is dissolved in Acetone, the contacts to the Hall bar are
defined in the same way using EBL. Contact metal is then deposited on the silicon chip
using E-beam evaporation. We use a stack of Chromium (3nm), Palladium (15 nm) and
Gold (150nm) as the contact metal.

2.2.4 Sample Mounting

The silicon chip is then diced to fit the sample holder. The gold pads on the silicon chip
are wire-bonded to the sample holder to make electrical contacts. The sample is now ready

to be loaded into the cryostat for measurement.
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Figure 14: LFM Scans on Bilayer graphene on SiO,: (a) Forward scan (b) Backward scan

2.3 Lateral Force Microscopy

Lateral Force Microscopy (LFM) is a measurement configuration in AFM Contact mode,
that allows one to map the dynamic friction between the AFM tip and the scanning surface.
This can be used to measure tiny electrostatic potentials on the surface on the sample that
otherwise cannot be resolved by measuring the height profile in the Z direction. This mode
works by recording the lateral displacement of the laser spot on cantilever as it scans the
sample. LFM scans give us complementary information in forwards and backwards scanning
directions (Fig. 14).

This technique was used to attempt the imaging of moiré superlattice in tBLG. The
moiré period for the target twist angle of around 1°, is in the range of 10-20nm. This makes
it imaging the moiré superlattice especially difficult, due to environmental noise. We have
however been able to indirectly observe the moiré superlattice by analyzing the noisy data,
which will be described in the next chapter. We have also measured the noise floor of the
AFM through zero scans. Efforts are being made to improve the noise floor of the AFM to

make the imaging of the moiré superlattice more reliable.

2.4 Measurement Setup

All the data was collected in an Oxford Instruments Teslatron PTR (Pulse Tube Re-
frigerator) cryostat with a base temperature of 1.5K. It has a superconducting magnet that
go up to 8T. The devices are shaped like a Hall bar. The electrodes at each end of the Hall
bar are connected to both gates of the device (labelled V; and Vj respectively in Fig. 15).
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Figure 15: Hall bar geometry

The electrodes labelled 1-12 are connected to the channel material, i.e., the graphene
layers. DC biases are applied to the top and bottom gates!¢ using a DAC (Digital to Analog
Converter). A pair of electrodes are used as source and drain, with an A.C. excitation applied
to the source at 17.77 Hz and the current is measured at the drain after an amplification
of 107 AV~ The voltage is then measured between a pair of electrodes with a gain of
100 using a Lockin-In detection. Both current and voltage are measured using SRS 830
lock-in amplifiers. The resistance can now be obtained by simply dividing the voltage by the
current. The Hall resistance (R,,) is obtained by measuring the voltage between opposite
electrodes (electrode 2-11 for example) and the longitudinal resistance (R..) is obtained
by measuring the voltage between adjacent electrodes (electrode 1-2 for example). The

measurement schematic is shown in Fig. 16.
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Figure 16: Measurement Schematic
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Chapter 3

Results and Discussion

3.1 Phase Diagrams

The extensively studied system of tBLG, has reports of superconductivitylf!, orbital
magnetism3, and correlated insulating states’). The study of tMBG however can provide
new insights into these phenomena because the band structure can be modified by applying a
vertical electric field. This is because the parabolic dispersion of AB stacked bilayer graphene
can be better tuned by gating!*!, while the linear dispersion of monolayer graphene remains
unaffected. The band structure of tMBG can be modified by the twist angle, the vertical

electric field and the carrier density.
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Pristine Gated

Figure 17: Opening of bandgap in bilayer graphene!*"!

To see this in practice, we make a dual-gated twisted monolayer-bilayer graphene (tMBG)
device. The gates are used to apply different voltages to tune the vertical electric field (also
called displacement field) and the carrier density. The device schematic is as shown in figure
18a.

D MLG €83
BLG B) §B

BLG (A) ggg

(b)
Figure 18: (a) Schematic of tMBG device (b) Moiré superlattice in tMBG [2°)

Due to the presence of a third layer"! as compared to twisted bilayer graphene (tBLG),
the moiré superlattice in twisted monolayer-bilayer (tMBG) shows a more complex stacking
pattern, with regions of ABB, ABA and ABC stacking order. Each of these local stacking
configurations can have different band structure properties that influences how carriers move
in the device. The presence of the bilayer graphene, makes the band gap tunable with
displacement field. All of these factors contribute to a richer phase diagram in tMBG.

In tMBG graphene, the magic angle for the emergence of flat bands was predicted to
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be in the range of 0.88°- 1.5°13% The existence of Quantum Anamalous Hall Effect was

also predicted at one quarter and three quarters filling factors in a range of twist angles 1°-

1.4°1301 " This has subsequently been observed experimentally

291 We will now discuss the

data from the tMBG devices made in this study.

3.1.1 Transport measurements

A total of 10 tMBG stacks were made, out of which 6 have been processed and measured.

The summary of all the devices is as follows:

Label Measured Target Notes
twist twist
angle (°) | angle (°)

tMBG4 - 1.5 Low temperature stacking; Relaxed twist angle
tMBGH - 1.4 High temperature stacking; Relaxed twist angle
tMBG6 - 1.4 High temperature stacking; Device not
processed

tMBGT7 - 1.4 High temperature stacking; Device damaged
during processing

tMBGS8 - 14 High temperature stacking; Relaxed twist angle
tMBG9 1.38 1.4 High temperature stacking
tMBG10 1.9 1.4 High temperature stacking; Large twist angle
tMBG12 0.4-0.6 1.4 High temperature stacking; Small twist angle
tMBG13 - 1.35 Intermediate temperature stacking; Yet to be
measured

tMBG15 - 1.35 Intermediate temperature stacking; Yet to be
measured

Table 1: Twisted Monolayer-Bilayer Graphene devices

Relaxed twist angle in this context means, either the angle has reduced to zero after

the transfer process, or the angle is very large (>2°) and the layers are decoupled. In both

of these cases it is difficult to approximate the twist angle from transport measurement.

Since the stacks in this study were made at a high temperature with the goal of improving

homogeneity, there is a greater variability in the twist angle. This is because while stacking

at high temperatures, the chances of the layers sliding over each other increases, leading to

a deviation from the target twist angle. We will begin by discussing the data from tMBG9,

which has a twist angle of 1.38°, and then look at the data from other devices, that aren’t

near the magic angle.
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Figure 19: Optical image of tMBGY, with the gate electrodes labelled V; and V,, for top and
bottom gates respectively

3.1.1.1 tMBG9

This device was measured in a cryostat at the base temperature of 1.5K. The details of
the measurement configuration described in the previous chapter. The image of tMBG9 is
shown in Fig. 19. The device was measured in the Hall bar configuration, with the current
flowing from the source to the drain, and the Hall voltage measured across the Hall bar.
Maps of R, and R,, were measured by varying the voltage of the top and bottom gates 2l

and plotted against the carrier density (on X axis) and the displacement field (on Y axis).

Fig. 20b & 20a, show the R,, and R,, maps for section 1 and 2 (marked in red in
Fig. 19). X-axis and Y-axis represents carrier density and displacement field respectively,
and the resistance is plotted as a colour scale. The maps show the formation of insulating
states at certain carrier densities. At zero carrier density, we see an insulating state at some
non-zero displacement field. This corresponds to the gapped phase at the charge neutrality
point (CNP) at non-zero displacement field. At the negative displacement field, we see
the formation of an insulating state at around the carrier density of 2 x 102em~2. This
corresponds to a correlated insulating state at some partial filling of the moiré superlattice.

2

And then around the carrier density of 4 x 102cm ™2, we see the formation of another

insulating state, which is the band insulator at the full-filling of the moiré superlattice.

We also notice some noisy streaks in the phase diagrams that run along a certain direc-
tion. These are due to single gated regions in the device, where only the top or the bottom

gate is effective in gating the device. These features do not affect the overall phase diagram,
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Figure 20: R,, and R,, plotted against carrier density and displacement field (a) R,, at
zero field for contacts 11-12 (section 1) (b) R,, at zero field for contacts 10-11 (section 2)

but they can cause trouble while measuring some features if these streaks appear in the
region of interest. If this happens, a bias on the silicon gate (Fig. 18a) can be used to shift

these streaks out of the region of interest.

The X-axis can be scaled to the filling factor by dividing the carrier density by the
carrier density corresponding to fully-filled moiré band(superlattice carrier density (ny)) and
multiplying by 4 because there are four charge carriers per moiré unit cell at full-filling. The
filling factor (v) is:

n
v=4—
Ns

2. The phase diagrams after scaling the X-axis

The n, in this case is around 4.3 x10%2em™
are shown in Fig. 21. From this plot we can see the correlated insulator at half filling
(v = 2) and the band insulators at full-filling (v = 4). There is some asymmetry in the
phase diagram as the insulating state at full-filling on electron and hole doping sides don’t
occur at identical filling factors. This can be attributed to moiré disorder in the device,
which leads to a distribution of twist angles in the device around the measured twist angle.
This leads to smearing out of some features in the phase diagrams as the transport signal

from competing twist angle domains are averaged out.

Fig. 21b shows the R,, map for contacts 2-11 (section 2) at +900mT. The blue colour
(negative Hall resistance) in the map represents the negatively charged electron-like carriers,
while the red colour (positive Hall resistance) represents the positively charged hole-like
carriers. We see a change in the Hall sign at a few different places in the map. We see
a trivial change in the Hall sign at the CNP, as for v < 0 the transport is dominated by

hole-like carriers, while for ¥ > 0 the transport is dominated by electron-like carriers. At
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Figure 21: R,, and R,, plotted against carrier density (and filling factor(r) marked on the
top axis) and displacement field (a) R,, at +900mT (b) R,, at +900mT

the band insulating state at full-filling (v = +4), the Hall sign changes indicating that all
states in the current moiré mini-band have been exhausted. Any additional carriers must
occupy the next band which will have an opposite curvature leading to a change in the carrier
type. At the insulating state at hall-filling (v = 42) around D = -0.5 V/m, the Hall sign
changes from hole-like to electron-like indicating a switch in the nature of the carriers at
the insulating state. This change happens at an interaction induced band gap opening at
hall-filling of the moiré superlattice, as the Fermi level crosses the band gap from hole-like
sub-band to electron-like sub-band, as seen in Fig. 23a. All of these changes in the Hall sign

are consistent with insulating states observed in the longitudinal resistivity (Fig. 21a).

However, we also see a change in the Hall sign, at all displacement fields on hole and
electron doping regimes that cannot be explained by the existence of a gapped band structure.
This can be attributed to a van Hove singularity 37l (vHS) in the density of states at certain
carrier densities. The occurrence of vHS is attributed to the presence of a saddle point in
the band structure, which in a divergence of the density of states. In monolayer graphene,
vHSs occurs at a large distance from the Dirac point, making it inaccessible by gating in
transport measurements. However, when two layers of graphene are stacked with an angle
between them, the positions of the saddle points in the moiré BZ can be tuned by the
twist angle making them accessible by gating. The two saddle points in a twisted graphene
system can be seen in Fig. 22, both at positive and negative energies in the band structure.

This was initially observed in twisted bilayer graphene using Scanning Tunneling Microscopy

(STM) 231,
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Figure 22: Saddle points in the Energy-momentum dispersion of twisted graphene layers!??!
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Figure 23: R,, and R,, plotted against filling factor and displacement field (a) R,, at
+900mT (b) R,, at +900mT
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Figure 24: Landau fan diagram for tMBG9; R, plotted against filling factor and magnetic
field at fixed D = -0.53 V/m (a) Section 1 (b) Section 2

From the phase diagrams in Fig. 21b, we see that the Hall sign changes at certain
carrier densities on that depends on the displacement field. This agrees with the existence of
vHS in the density of states and we see this when the R,, (shown in blue in Fig. 23) crosses
zero at a distinct carrier density in the line-cuts at different displacement fields (Fig. 23b,
Fig. 23c & 23d). This change in the Hall sign at the vHS is also accompanied by a small
peak in the R,., which is consistent with the change in sign of the curvature of the band
structure near the saddle point, leading to low carrier mobility as the Fermi level cross the
saddle point. This agrees with the observation of vHS at comparable twist angles in twisted

monolayer-bilayer graphene !,

We also performed magneto-transport measurement on this device, and recorded Landau
fan diagrams (Fig. 24) by changing the magnetic field at a constant displacement field,
and plotting R,, against the carrier density and the magnetic field. We see the formation
of periodic low resistance states at certain filling factors due formation of Landau levels
consistent with Quantum Hall Effect. This data can be used to estimate the twist angle of

the device.

Twist angle extraction is done by fitting the low resistance in-gap states (Fig. 25) in
the Landau fan diagram using the Streda formula (Eq. 25), which relates the filling factor

to the magnetic field and the carrier density:

h On on
YT C0B ~ 0B/%, (25)
n = Cng (26)

e
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Figure 25: Fitting Landau fan diagrams using Streda formula; R,, plotted against gate
voltages and magnetic field at fixed D = -0.53 V/m (a) Before fitting (b) After fitting
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This can be arrived at from the expression of the Hall carrier density(17). From the slope of
the Landau fans, we can obtain the relationship between carrier density and gate voltage!?.
This scaling factor is just the capacitance of the device in a simple parallel plate capacitor
model. Using this scaling factor(Cy), we can convert the gate voltage to carrier density and
displacement field. The twist angle can then be extracted by finding superlattice carrier

density!?, n, and using the following formula to find the twist angle:

4 862

Anoir - V3a2 (27)

Ng =

Where, Ao is the size of the moiré unit celll™l, § is the twist angle, and a = 2.46A is the

periodicity of graphene. The size of the moiré unit cell is:

E/@ VB @@ \Ba?

Amoir == = 5 ~
2 8 sin?(0/2) 262

(28)

where we have used the small angle approximation, sin(f) ~ 0 for small twist angles. Here,

A is the moiré period, which is related to the twist angle by

A =a/sin(6/2) (29)

The twist angle for tMBG9 was found to be about 1.38°, which is close to the designed
angle of 1.4°.
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Figure 26: R,, plotted against carrier density and displacement field for tMBG12

3.1.1.2 tMBG12

The twist angle for this device was approximated to be 0.4-0.6°, near the second magic
angle. The phase diagram (Fig. 26) shows the formation of insulating states at certain
carrier densities. However, the insulating states are not as well-defined, and due to disorder
in the device, the features are smeared out. These insulating states seem to be correlated
insulating states corresponding to partially filled superlattice. Since this device has a lot of
twist angle disorder, there are several competing domains with different twist angles, leading
to a smearing out of the features in the phase diagram. The Landau fan diagrams (Fig.
(Fig. 27)) show very faint quantum oscillations due to the disorder in the device. As such
calculating the exact twist angle from this data is difficult. We can however estimate the
twist angle by roughly fitting the Landau fans and calculating the carrier density at for
different insulating states, since we don’t know which insulating state corresponds to full-
filling due to the contributions from different domains in the transport measurement. The

twist angle was therefore estimate to be in the range of 0.4-0.6°.

3.2 Imaging moiré superlattice

We tried to use Lateral Force Microscopy (LFM) to image the moiré superlattice in
tBLGI7. The sample was prepared by assembling an open-face tBLG on hBN, with a twist
angle of 1.1°(Fig. 29). The sample was then scanned in LFM mode, as described in the

previous chapter. From the intended twist angle of 1.1°, we would expect a moiré period of
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Figure 27: Landau fan diagrams (a) R,, plotted against magnetic field and carrier density
(b) R,y plotted against magnetic field and carrier density

Figure 28: (a) Auto Correlation Function of the LFM data (b) Power Spectral Density
Function of the LFM data

around 12.8 nm, using Eq. 29. If we account for small twist angle variations in the range
of A = £0.1° (since the sample was prepared at room temperature), then we expect, the

period to be in range of 14.1 nm to 11.7 nm.

The LFM data however doesn’t reveal any periodic pattern corresponding to the moiré
superlattice. This is because the signal-to-noise ratio in the LFM channel is not high enough
to resolve the moiré superlattice clearly. Upon further analysis of the raw LFM data, we
found that there is indeed a periodic pattern in the data, that can be extracted by calculating
the Auto Correlation Function (ACF) of the data in real space, and the Power Spectral
Density Function (PSDF) in the reciprocal space. The ACF and PSDF are shown in Fig.
28. The ACF shows a periodic pattern with a period of around 14 nm, while the PSDF shows
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Figure 29: (a) High contrast image of twisted bilayer graphene on hBN (b) hBN with tBLG
on PDMS/PC stamp

a period of around 13 nm. This is consistent with the expected moiré period for the twist
angle of the sample. The data analysis was done using the Gwyddion[?"! software, which
has built-in functions to calculate the ACF and PSDF of the data to extract the periodic

patterns.

This is an indirect observation of the moiré superlattice, as the LEM data itself doesn’t
show a clear periodic pattern. Nevertheless, this demonstrates the potential of LFM to image
the moiré patterns at abmient conditions, which can be very useful in screening of local twist

angle disorder in devices.

3.3 Quantum Point Contact on Bernal Bilayer graphene

Another device configuration that was explored in this study was a Quantum Point
Contact (QPC) on Bernal bilayer graphene. The device was made by picking up a pre-
patterned top graphite gate on hBN, and used to make a device with bilayer graphene
as the channel material. The aim was to be able to electrostatically gate Bilayer graphene
differently in four isolated regions of the device, to create a QPC by tuning to wide regions of
the channel to a resistive state, forming a narrow constriction only allows quantized channels
of conductance. The image of the device (Fig. 12¢). While we were able to successfully isolate
the four quadrants of the top gate (labelled North(N), South(S), East(E), and West(W))!®l,
we were not able to observe QPC behaviour in the device. This is because the electrode
connecting to the bottom gate was physically disconnected, due to an error in the device
design. This meant that we were not able to apply any bias to the bottom gate, limiting our

ability to tune the potential in the constriction.
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Figure 30: Image of the QPC device with the top gate quadrants labelled N, S, E, W

We were however able to apply up to 10V of DC bias on each of the quadrants of the
top gate and measure the leakage current with all other electrodes grounded. This means
we were able to apply 10V of DC bias across the narrow constriction of 64 nm, showing the

robustness of this device architecture.
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Chapter 4

Conclusion and Outlook

4.1 Conclusion

In this study, we explored the fabrication and characterization of graphene heterostruc-
tures, particularly twisted monolayer-bilayer graphene (tMBG) devices. We tried to un-
derstand how rotational misalignment influences electronic transport properties. The study
involved optimising the fabrication techniques, conducting low temperature transport mea-

surements, and exploring nanoscale imaging methods.

The fabrication of high-quality graphene devices require precise control over material
transfer and device design. We used mechanical exfoliation of van der Waals materials, and
dry transfer techniques to assembled heterostructures of graphene. The transfer of materials
was performed at an elevated temperature to improve the homogeneity of the structures.
We also used AFM lithography for precise patterning of different layers before assembly.

Standard fabrication techniques were employed to process the stack of 2D materials into a
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functional device.

We successfully fabricated and characterized several tMBG devices, and noted the vari-
ability in the twist angle of the devices. We demonstrated that the band structure of graphene
can be tuned ™! via rotational alignment and electrostatic gating, leading to distinct insulat-

(151 We also observed

ing phases at certain filling factors, due to the emergence of flat bands
van Hove singularities that can be tuned by displacement field, indicating a strongly tunable
band structure. In addition, we explored the imaging of moiré superlattices using Lateral
Force Microscopy (LFM), and were able to indirectly observe the moiré pattern in twisted
bilayer graphene. Finally, we designed and fabricated a Quantum Point Contact(QPC) on
Bernal bilayer graphene, which was able to withstand high DC bias across a narrow constric-
tion (64 nm) without breakdown. Further modification of the device design can help fully

realise its intended functionality.

4.2 Outlook

The results in this work add to the understanding of correlated electronic phases in
moiré superlattices. The observation of correlated insulating states at half-filling['® aligns
with previous findings in tBLG?! and tMBGP?! further supporting the universality of
interaction-driven phases in moiré materials. This platform has been used to achieve electric
switching of orbital ferromagnetic states*”!, which has applications in embedded magnetic
memory in logic devices. The coexistence of superconductivity and non-trivial Chern insu-
lating states in superconducting moiré systems!?’! can pave the way for topological qubits!'8!
that are robust against local perturbations. The similarity between the family of high T,
cuprate superconductors and moiré superconducting systems indicates that tunability of
these systems can be used to understand the superconducting pairing mechanisms that can
help construct new systems with enhanced superconductivity including room temperature

superconductivity 26!,

Beyond moiré graphene, there is growing interested in investigating flatband supercon-
ductivity and correlated states in ABC (rhombohedral) stacked graphene. They do not
necessarily rely on a moiré superlattice to generate flat bands and have become an attrac-
tive platform to realise exotic phenomenon like Fractional Quantum Anomalous Hall Effect

(FQAHE), chiral superconductivity and Chern insulators.

Our application of Lateral Force Microscopy (LFM) for detecting moiré patterns in

ambient conditions offers a promising avenue for twist angle screening and studying local
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twist angle disorder. This can be useful in understanding the contribution of twist angle

disorder to the transport properties of moiré devices.

The use of split-gate geometries to create Quantum Point Contact (QPC) like con-
strictions in graphene devices offers a versatile way to explore edge-state interference and
other mesoscopic phenomenal®!¥l. In particular, controlling individual edge channels in the
quantum Hall regime allows one to probe the quantum interference of chiral edge states -
analogous to Fabry-Pérot interferometer geometry for electrons - and investigate fractional
quasiparticles, Berry phases, and potential anyonic statistics in more excited fractional quan-

tum Hall states!31 191,

In summary, studying unusual stacking orders in graphene illustrate how rich correlated
physics can arise in 2D sheets of carbon atoms. The flexibility of working with graphene
also allows the design of novel device architectures that can shed light on new physics and

translate into useful applications.
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