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ABSTRACT
Correlated states can be existing in van der Waals materials in various ways, materials
like NbSe2 can hold both superconducting and charge density wave states intrinsically at
low temperatures. Through doping or proximation effects, correlated states can be induced
in normal materials like graphene. The advances in the van der Waals heterostructure
fabrication techniques that realized high-accuracy rotation angle control between the van
der Waals layers. When the two layers are twisted from each other at certain angles, the
electronic bands will be flattened, and correlates states will appear when the bands are
partially filled. This thesis will focus on the characterization of correlated states and flat
bands in three different platforms.
The first topic is to probe the proximitized superconductivity and charge density waves
in graphene/NbSe2 heterostructure. At a temperature of 4.6 K, we have shown that both
superconductivity and charge density waves can be induced in graphene from NbSe2 by
proximity effects. By applying a vertical magnetic ﬁeld, we imaged the Abrikosov vortex
lattice and extracted the coherence length for the proximitized superconducting graphene.
We further show that the induced correlated states can be completely blocked by adding a
monolayer hBN between the graphene and the NbSe2, which demonstrates the importance
of the tunnel barrier and surface conditions between the normal metal and superconductor
for the proximity effect.
The second topic is to characterize the flat bands and correlated states in twisted bilayer
graphene at the “magic angle” of 1.1 degrees. This small twist angle leads to a long
wavelength moiréunit cell on the order of 13 nm and the appearance of two flat bands.
We have found that the wavefunctions at the charge neutrality point show reduced
symmetry due to the emergence of a charge-ordered state. The wavefunctions of the lower
band are delocalized when the top band is partially filled, meanwhile, the wavefunctions
are localized at different parts within the moiréunit cell, which points to the correlated
nature of the spin and valley degeneracy broken states.
The third topic is to prove the existence of flat bands in twisted bilayer metal
dichalcogenides, and characters their electronic properties. We investigated twisted bilayer
WSe2 in two rotation angles, 3°and 57.5°. From spectroscopy studies, we have shown the
flat bands are near the valence band edge for both configurations. From direct spatial
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mapping of the wavefunctions at the flat-band energy, we have shown that the shapes of
the wavefunctions agree with theoretical calculations.
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Chapter 1 Introduction
1.1

Background and motivation

Van der Waals materials have been intensively studied in the last decade, the realization
of controllable stacking sequence and orientation has enabled versatile heterostructure
construction. Correlated states are particularly interesting in van der Waals materials with
the potential of interplay with low-dimensional physics. The formation of flat bands in
twisted bilayer heterostructures has raised broad interests in the last two years, however,
the origin of the correlated states in long-wavelength moiré systems like “magic-angle”
graphene is still under debate.
By exploring the correlated states in van der Waals heterostructures in different
configurations, the experimental discoveries will facilitate the understanding of electronic
correlations. Electrical transport studies have revealed interesting new observations from
heterostructure devices, such as: spectacular Andreev reflection [1] in proximitized
superconducting graphene; superconductivity and Mott insulating states in “magic-angle”
graphene [2,3]. Using local scanning tunneling microscopy and spectroscopy, we can
further explore these materials on the atomic level and directly image the wavefunctions
of the flat bands and the spatial dependence of the correlated states.

1.2

Outline of the thesis

The basic theory of the relevant van der Waals materials that are necessary for
understanding the experimental results will be introduced in the rest of this chapter.
Chapter 2 will present the details of the experimental methods that are being used in this
thesis. Chapter 3 to 5 will cover the three major projects in this thesis: proximitized
superconductivity in graphene, flat bands and correlated states in “magic-angle” graphene,
and flat bands in twisted bilayer WSe2. Finally, the possible future research directions will
be briefly discussed in Chapter 6.

1.3 Overview of van der Waals materials
In this section, we will go over the basics of the van der Waals materials that have been
used in this study. First, the band structure and density of states of graphene will be
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calculated based on a simple tight-biding model. Then, we will introduce the crystal
structure of hexagonal boron nitride and transition metal dichalcogenides, as well as their
properties that are most relevant to the experiments.

1.3.1 Band structure and density of states of Graphene
Graphene is a single sheet of carbon atoms formed in hexagonal lattice, which can be
described by two triangular sublattices denoted as A and B, as shown in Figure 1-1:

Figure 1-1 Schematic of graphene lattice
The unit cell of contains two identical carbon atoms with Bravais lattice vectors written
as:
𝑎
𝑎
(1-1)
(√3, 1), 𝒂𝟐 = (√3, −1).
2
2
where 𝑎 ≈ 2.46Å is the lattice constant of graphene. Each carbon atom has 6 electrons,
𝒂𝟏 =

with 2 occupying the 1s orbital, 1 occupying the 2s orbital, and 3 occupying the 2p orbitals.
The 1s electrons are effectively inert, and the 2s, 2px and 2py orbitals hybridized to form
three sp2 orbitals in the plane of graphene lattice. These in-plane σ bonds connecting the
nearest neighbor carbon atoms are very strong, they are responsible for maintaining the
structural rigidity of graphene. The remaining electron in the 2pz orbital forms π bonds with
neighboring atoms, which can hop to neighboring sites and are responsible for the low
energy electronic properties of graphene. Considering only the nearest-neighbor hopping
terms, the Hamiltonian for the π band electrons can be written as [4]:
𝐻 = −𝑡 ∑(𝑎𝑖+ 𝑏𝑗 + 𝑎𝑖 𝑏𝑗+ )
𝑖,𝑗

(1-2)
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where 𝑡 = 3.16 eV is the nearest-neighbor hopping energy, 𝑎𝑖 and 𝑏𝑗 are the annihilation
operators for the electrons on sublattice A and B respectively, 𝑎𝑖+ and 𝑏𝑗+ are the
corresponding creation operators. The summation is over nearest-neighbor atoms given by:
𝜹𝟏 =

𝑎

1 √3
( , ),
√3 2 2

𝑎

1 √3
( ,− ),
2
√3 2

𝜹𝟐 =

𝜹𝟑 =

𝑎
√3

(−1,0).

(1-3)

We write trial wave functions 𝜙𝐴 and 𝜙𝐵 for the A and B sublattices as:
𝜙𝐴 (𝒌, 𝒙) =

1
√𝑁

∑ 𝑒 𝑖𝒌∙𝑹 𝜑(𝒙 − 𝑹) ,

𝜙𝐵 (𝒌, 𝒙) =

𝑹

1
√𝑁

′

∑ 𝑒 𝑖𝒌∙𝑹 𝜑(𝒙 − 𝑹′ )

(1-4)

𝑹′

where 𝒌 is the wavevector in momentum space, 𝒙 is the real space position, 𝑁 is the
number of atoms, 𝑹 is the lattice vector for a given atom, 𝜑(𝒙 − 𝑹) is the wave function
of an electron at atomic position 𝑹. Using these two wave functions as the basis, and rescale
the diagonal terms to 0, we can write down the Hamiltonian matrix as:
0

∑ 𝑒 𝑖𝒌∙𝜹𝒊
𝑖

𝐻 = −𝑡

∑ 𝑒 −𝑖𝒌∙𝜹𝒊
(

𝑖

(1-5)
0
)

The eigenvalues of this Hamiltonian are:

𝐸(𝒌) = ±𝑡√3 + 2 𝑐𝑜𝑠 𝑘𝑦 𝑎 + 4 𝑐𝑜𝑠 (

1
√3
𝑘𝑥 𝑎) 𝑐𝑜𝑠 ( 𝑘𝑦 𝑎)
2
2

(1-6)

The band structure of graphene from the above equation is plotted in Figure 1-2 (a):
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Figure 1-2 (a) Band structure of graphene. (b) Top view of band structure.

The conduction (yellow) and the valence (blue) band only touch each other at the six
corners of the hexagonal Brillouin zone, namely the K and K’ points, as shown in Figure
4𝜋

4𝜋

1-2 (b). We can expand the Hamiltonian (Eq. (1-5) near 𝑲 = (0, 3𝑎 ), 𝑲′ = (0, − 3𝑎 ) and
two other set of points that are rotated 120°and 240°from these two points. By writing the
wave vector 𝒌 as 𝒌 = 𝑲 + 𝒒, where 𝒒 is small, the off-diagonal term of the graphene
Hamiltonian can be written as:
𝑓(𝑘) ≡ ∑ 𝑒 𝑖𝒌∙𝜹𝒊 = 2𝑒

𝑖

𝑎
𝑞𝑥
2√3

cos (

𝑖

=

𝑎
2𝜋 𝑎𝑞𝑦
−𝑖 𝑞𝑥
) + 𝑒 √3
+
3
2

(1-7)

𝑎
𝑖
𝑞𝑥
2√3
2𝑒

𝑎𝑞𝑦 √3
𝑎𝑞𝑦
1
(− cos
−
sin
)+
2
2
2
2

𝑎
−𝑖 𝑞𝑥
√3
𝑒

Use Taylor-expansion we have:
𝑓(𝑘) = 2 (1 +
≈−

𝑖𝑎𝑞𝑥

1 √3𝑎𝑞𝑦
𝑖𝑎𝑞𝑥
) (− −
)
) + (1 −
2
4
2√3
2√3

√3𝑎
(𝑞𝑦 + 𝑖𝑞𝑥 )
2

(1-8)

Then the low-energy graphene Hamiltonian becomes:
𝐻 = 𝑣𝐹 (

0
𝑞𝑦 − 𝑖𝑞𝑥

𝑞𝑦 + 𝑖𝑞𝑥
)
0

(1-9)
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where 𝑣𝐹 ≡

√3
𝑎𝑡
2

≈ 1.1 × 106 m/s is the Fermi velocity of graphene. The low-energy

energy dispersion relation then simplifies to:
𝐸 = ±ℏ𝑣𝐹 𝑞

(1-10)

where the plus and minus sign corresponding to the conduction and valence bands. Because
of this linear dispersion relation, electrons in graphene are described by Dirac equations
for massless relativistic particles, the 𝑲 and 𝑲′ points are called Dirac points, and the coneshaped band structure around the Dirac points is called Dirac cone. The eigenfunctions of
the Hamiltonian in Eq. (1-5) are:
𝑞𝑦 − 𝑖𝑞𝑥
𝑞 − 𝑖𝑞𝑥
1 − 𝑦
( 𝑞
),
(
)
𝑞
√2
√2
1
1
1

(1-11)

Let tan 𝜃 = 𝑞𝑥 /𝑞𝑦 , we can express the eigenfunctions in the form of two-component
spinners:
1 𝑒 −𝑖𝜃
1 −𝑒 −𝑖𝜃
(
),
(
)
1
√2 1
√2

(1-12)

The resulting wavefunctions indicate that the electrons in graphene have an additional
degree of freedom called pseudospin, which arises from the two triangular sublattices of
graphene. Thus, including the spin of electrons, the ground state of graphene is four-fold
degenerate. A lifting of the degeneracy in the pseudospin corresponds to the breaking of
sublattice symmetry.
An important quantity for scanning tunneling spectroscopy experiments that we can
derive here is the density of states (DOS) of graphene, which is defined as the number of
electronic states available within a given energy range from 𝐸 to 𝐸 + 𝑑𝐸 per unit sample
area: 𝜌(𝐸) = 𝑔

𝑑Ω(𝐸)

, where 𝑔 is the degeneracy and Ω is the 𝑘-space area, which can be

𝑑𝐸

𝜋𝐸 2

written as Ω(𝑘) = (ℏ𝑣

𝐹)

2

in 2-dimensional 𝑘-space. Using Eq. (1-10), we have Ω(𝑘) =

𝜋𝐸 2 /(ℏ𝑣𝐹 )2, considering the 4-fold degeneracy from the spin and pseudospin, the density
of states is given by:
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𝜌(𝐸) =

8𝜋|𝐸|
(ℏ𝑣𝐹 )2

(1-13)

1.3.2 Moirépattern and Van Hove singularities in twisted bilayer graphene
When placing two layers on top of each other, an additional free parameter is the twist
angle between the two layers. For two hexagonal lattices, a periodic moirépattern will be
formed with a wavelength 𝜆 given by [5]:
𝜆=

(1 + δ)𝑎

(1-14)

√2(1 + δ)(1 − cos𝜙) + δ2

where 𝑎 is the lattice constant of the lattice with shorter wavelength, δ and 𝜙 are the lattice
mismatch and the twist angle between the two lattices respectively. For twisted bilayer
graphene, 𝑎 = 0.246 nm and δ = 0. The relative angle between the moirépattern and the
lattice with lattice constant of 𝑎 is a useful measurable quantity, often used to determine
the origin of the moirépattern, which is given by [5]:
tan 𝜃 =

sin 𝜙
(1 + δ) − cos 𝜙

(1-15)

The twist angle between the layers and the formation of moirépatterns can change the
electronic property of the materials, one example is the twist angle dependent energy
separation of van Hove singularities (VHS) in twisted bilayer graphene, which is given by
a continuum model [6,7]:
Δ𝐸VHS =

8πℏ𝑣F
𝜃
sin ( ) − 2𝑡⊥
3𝑎
2

(1-16)

where 𝑡⊥ is the interlayer coupling strength that is estimated to be ~0.24 eV [6]. When the
3𝑎𝑡

energy separation of the two VHS peaks became zero at the ‘magic angle’, 𝜃m ≈ 2πℏ𝑣⊥ , an
F

flat band will be formed near the Fermi level with vanishing Fermi velocity [8] leading to
interesting correlated physics, which we will discuss in the later chapter.

1.3.3 hBN
Hexagonal boron nitride (hBN) is another widely used material for building van der
Waals heterostructures, it has similar atomic structure as graphene, as shown in Figure 1-1,
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but the sublattice A and B will be Boron and Nitrogen atoms respectively. The lattice
constant of hBN is only 1.8% longer than graphene, making it is possible to form longwavelength moiré when stacked with graphene. Different from graphene, hBN is an
insulator with a wide band gap of ~6 eV [9,10], thus it is often used as tunnel
barriers [11,12] or dielectric layers [13]. hBN is also an ultra-flat substrate that can greatly
reduce the disorder and charge inhomogeneity [14], which make the observation of new
electronic states possible.

1.3.4 Transition metal dichalcogenides
Transition metal dichalcogenides (TMDs) are a class of materials with the formula MX2,
where M is a transition metal (e.g., W, Nb, Mo) and X is a chalcogen (e.g., S, Se, Te).
Depending on the specific elements and their combinations, TMDs can have a broad range
of electronic properties, from semiconducting (e.g, Mo and W dichalcogenide) to metallic
(e.g., Nb and Ta dichalcogenides). All TMDs have a hexagonal structure, with each
monolayer composed of three stacked layers (X-M-X). The crystal structures for
monolayer trigonal prismatic TMDs are shown below:

Figure 1-3 Lattice structure of TMDs. (a) Top view. (b) Side view.
Different from monolayer graphene and hBN, where all atoms are in the same layer,
here M and X are in different layers as shown in Figure 1-3(b). From the side view we can
see that monolayer TMDs lacks inversion symmetry and there is a net in-plane dipole
moment dnet, which can result in strong spin-orbit coupling (SOC) for band edge carriers.
The SOC leads to an out-of-plane Zeeman-type spin splitting of the valence band, which
is most prominent in tungsten dichalcogenides such as WSe2 (estimated to be
~450meV [15]).
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For bilayer TMDs that were obtained through exfoliation, the two layers are naturally
rotated 180°from each other, thus restoring the inversion symmetry. Thus, the SOC is
absent in the naturally exfoliated bilayer TMDs, second harmonic generation
measurements are often being used to distinguish exfoliated monolayer and bilayer TMDs.
If we stack two monolayer TMDs manually, depending on the twist angle between the two,
various stacking configurations can be created, we will discuss the details of the stacking
configurations for twisted bilayer WSe2 in Chapter 5.

1.4 Theoretical foundations of Scanning Tunneling Microscopy
The scanning tunneling microscope (STM) was invented in 1982, by Gerd Binning and
Heinrich [16], who have earned the Nobel Prize in Physics in 1986. Based on the quantum
tunneling of electrons between a metal tip and the conductive sample surface that are
separated by a vacuum barrier usually several Angstroms wide, STM can measure the
atomic-scale surface structure and electronic properties for a wide range of materials. In
this section we will go over the fundamental principles of the tunneling theory and STM,
the operation and experimental details for STM will be presented in Chapter 2.

1.4.1 Basic electron tunneling model
The tunneling current between an STM tip and the sample surface can be understood by
looking at a simple one-dimensional tunneling model, as shown in Figure 1-4.

vacuum level

𝜙

𝐸𝐹

0
𝑒
𝐸𝐹

Figure 1-4 Schematic of a one-dimensional tunneling model, red curves representing the
wavefunction of electrons.
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Region I and III are two conductors that represent the tip and the sample, they are
separated by a distance of z and a barrier height of 𝜙. A bias voltage of V was applied
between the two regions. With WKB approximation, we can write the wavefunctions in
the three regions as:
𝜑𝐼 (𝑥) = 𝐴𝑒 𝑖𝑘𝑥 + 𝐵𝑒 −𝑖𝑘𝑥
𝜑𝐼𝐼 (𝑥) =

(1-17)

1
𝐶
− √2𝑚(𝜙−𝐸)𝑥
ℏ
𝑒
[2𝑚(𝜙 − 𝐸)]1/4

(1-18)

𝜑𝐼𝐼𝐼 (𝑥) = 𝐷𝑒 𝑖𝑘𝑥
Where 𝑘 ≡

√2𝑚𝐸
,
ℏ

the transmission probability is defined as 𝑇 ≡

(1-19)
|𝐷|2
|𝐴|2

. The tunneling

current I is proportional to 𝑇, by using the continuity condition for wave functions at 𝑥 =
0 and 𝑥 =

while assuming that 𝜙 is much bigger than 𝐸, from the above equations we

have:
∝ 𝑒−

2𝑧
ℏ √2𝑚𝜙

(1-20)

Although obtained from a simple one-dimensional tunneling model, the above equation
captures one key aspect of STM measurements, that is the exponential decay of the
tunneling current as a function of the tip-sample distance, which gives STM the atomiclevel resolution capability.

1.4.2 Bardeen’s tunneling theory
A more accurate picture of the electron tunneling between two metals is Bardeen’s
approach [17,18], who viewed the tunneling current as the summation of independent
scattering events that transfer electrons across the tunneling barrier. Suppose the tip is
biased with a voltage

with respect to the tip, as shown in Figure 1-5, then the tunneling

current can be written as [19]:
4𝜋𝑒 ∞
=−
∫ 𝜌 (𝐸 + 𝜀)𝜌𝑡 (𝐸𝐹 − 𝑒 + 𝜀)|𝑀|2 [𝑓(𝐸𝐹 − 𝑒 + 𝜀)
ℏ −∞ 𝑠 𝐹
− 𝑓(𝐸𝐹 + 𝜀)]𝑑𝜀

(1-21)
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Where 𝜌𝑡 and 𝜌𝑠 are the density of states (DOS) of the tip and sample respectively, M is
the tunneling matrix, 𝑓(𝜀) ≡ (1 + 𝑒 𝜀/𝑘𝐵 𝑇 ) is the Fermi distribution for temperature T.

Figure 1-5 Schematic for the tunneling between the sample and an STM tip that is biased
with a voltage V, blue area indicate the filled states.
In STM measurements, we can utilize Eq. (1-21 to measure the sample DOS. To see how
it works, we first need to simplify the expression based on realistic experimental conditions.
The Fermi distribution function can be approximated by a step function since STM
measurements are usually performed at low temperature (e.g. 𝑘𝐵 𝑇 ≈ 0.4 mV for 𝑇 =
4.6 K). So the term [𝑓(𝐸𝐹 − 𝑒 + 𝜀) − 𝑓(𝐸𝐹 + 𝜀)] equals to 1 within the energy range
[𝐸𝐹 − 𝑒 , 𝐸𝐹 ] and equals to 0 outside that range, then the current becomes:
4𝜋𝑒 𝑒𝑉
=
∫ 𝜌 (𝜀)𝜌𝑡 (𝜀 + 𝑒 )|𝑀|2 𝑑𝜀
ℏ 0 𝑠

(1-22)

In experiment, the tip is usually made of metals (e.g. W and Pt), so 𝜌𝑡 can be treated as
a constant in the energy range of interest. The tunneling matrix 𝑀 can be approximated by
2𝑚𝜙

Eq 𝑒 − 2𝜅𝑧 , where 𝜅 = √

ℏ2

+ 𝑘∥2 is the decay constant, if the bias voltage V is much

smaller than the barrier height 𝜙. Thus, the expression for the tunneling current further
simplifies to:
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=

4𝜋𝑒
ℏ

𝑒𝑉

𝜌𝑡 𝑒 − 2𝜅𝑧 ∫0 𝜌𝑠 (𝜀) 𝑑𝜀

(1-23)

Now we can see that by measuring the derivative of the measured current I with respect
to voltage then we can obtain the sample DOS.

1.4.3 Topography
Topography is the imaging of the sample surface structure, and it is the most common
measurement with STM. To perform this measurement, a bias voltage

bias

is applied

between the tip and the sample, and the tunneling current I is kept near constant by a
feedback loop, as shown in Figure 1-6. The feedback loop can adjust the position of the tip
in z direction by applying a voltage to the piezo that the tip is attached to. When the current
becomes higher than the set value, the feedback loop will move tip away from the sample
and vice versa. By recording the voltage that was applied on the piezo by the feedback loop
while the tip is raster-scanned across the sample surface (in xy-plane), we can obtain an
effective map of the height information of the sample surface. Since the tunneling current
is also proportional to the sample DOS integrated from the Fermi energy to the bias voltage,
to be precise, the topography is a measurement of the contour of constant charge density
that is integrated up to the bias voltage.

I
VBias

VGate

z
y

x

Figure 1-6 Schematic of STM measurement set up.
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1.4.4 Spectroscopy
Scanning tunneling spectroscopy (STS) usually means the measurements of the local
density of states (LDOS) as a function of energy (determined by bias voltage) at a fix
position. Different from DOS, which is a spatially averaged quantity, the LDOS also
contain the local spatial information of the electronic wavefunction, measuring dI/dV
locally can give us the sample LDOS. To perform this measurement, the tip is first
stabilized at some chosen position, then a small ac bias modulation dV is added in addition
to the bias voltage while the resulting current modulation dI is recorded by lock-in
detection. This way the signal to noise ratio can be greatly improved compared to doing
numerical differentiation from I. Depending on the specific variants of the spectroscopy
modes, the feedback loop will be turned off for constant-height spectroscopy (dI/dV)z and
kept on for constant-current spectroscopy (dI/dV)I. Additionally, the LDOS can be
measured at a fixed

bias

while the tip is raster-scanned in x and y directions, providing a

spatial map of the wavefunction at certain energy.
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Chapter 2 Experimental methods
This chapter includes the procedures for sample fabrication techniques, experimental
details for STM measurements, and introductions about other techniques that are used in
this thesis like Raman spectroscopy and atomic force microscopy.

2.1 Sample fabrication
Sample fabrication is an important part in the study of van der Waals materials,
breakthroughs in fabrication techniques usually leads to numerous new discoveries. The
isolation of graphene on silicon chips [20] has led to an explosion in research on graphene
as well as other van der Waals materials. The advances in dry transfer techniques that
allowed high accuracy rotational alignment [21] has enabled researchers to manually
control the wavelength of moiré patterns and led to the discovery of unexpected
superconductivity in magic-angle graphene. In this section, I will introduce the details of
all sample fabrication techniques that I have used for my three main research projects.

2.1.1 Mechanical exfoliation and chemical vapor deposition
The first step in making van der Waals heterostructures is producing atomic thick layers
of each of the component materials. Two methods are used to obtain atomic thick van der
Waals materials: mechanical exfoliation and chemical vapor deposition.
Because the interlayer van der Waals force is much smaller than the intralayer valence
bonds for layered materials, it is much easier to separate the layers with mechanical force
while keeping the in-plane structures intact. Thus, mechanical exfoliation methods were
developed based on the concept that the van der Waals force between the SiO2 and the
graphene is bigger than it is between graphene layers. The Nobel prize winning Scotch tape
exfoliation of graphene opened a whole new field of physics, the study of two-dimensional
materials has been the hot topic over the last two decades and continues to draw more and
more attention.
The steps for mechanical exfoliation are listed below:
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1) Prepare a piece of tape about 10 cm long, “Scotch magic tape” usually gives best
results for most materials.
2) Put a small piece of bulk single crystal material (graphite for example) onto the
tape, then remove it from the tape, there will be some material left on the tape.
3) Fold the tape onto itself several times to reduce the thickness and improve the
uniformity of the materials on the tape.
4) Put the tape on a clean SiO2/Si chip, depending on the material, bake the tape with
the chip can give better results. For graphene, baking at 110 ℃ removes water
residue and lets the flakes adhere to the SiO2/Si chip better.
5) Peel off the tape from the SiO2/Si chip, depending on the material, the speed of
peeling off can be controlled to yield better results. Fast for graphene, extremely
slow for hBN.
6) Put the tape under the optical microscope and search for atomic thick layers, the
thickness of the material can be determined by its color, more details on the optical
contrast of the layered materials will be discussed in: section 2.3.3 Optical contrast .

Figure 2-1 An optical image of graphene exfoliated on SiO2
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Figure 2-1 shows an optical microscope image of exfoliated graphene on a SiO2/Si chip,
different colors corresponding to different thickness. The thinnest flake (least contrast to
the background) in this image is a mono-layer graphene.
Mechanical exfoliation method works for almost all van der Waals materials [22],
however it is a rather random process in terms of the size and thickness of the produced
flakes. Chemical vapor deposition (CVD) can be used to produce large sized (cm2 scale)
monolayer materials [23–32], however the CVD method only works for certain materials,
and the produced monolayer flakes have many more defects and contaminations than the
mechanically exfoliated flakes.
In my own experiences, the growth of CVD graphene was successful and consistent,
both large scale uniform monolayer and monolayer with bilayer flakes can be produced in
a controllable manner. The growth of CVD hBN was attempted and large area multilayer
hBN were produced but the quality is much worse than the exfoliated hBN, cleaner setup
and optimization of the experimental setup may be required for better quality growth.
The setup for growing CVD graphene is in Figure 2-2:

Figure 2-2 Schematic of CVD graphene growing setup
The procedure for growing CVD graphene is listed below:
1) Cut a piece of copper sheet (0.025 mm thick, 99.8% Alfa Aesar) with size ~ 2 cm
by 6 cm.
2) Clean the copper sheet, put in acetone for 20 min ultrasound, then rinse in IPA for
10 min. Put in HCl: DI water (1:40) solution for 30 s, then rinse in IPA and dry
with nitrogen.
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3) Put the copper sheet in the center of a fused silica tube, evacuate, back fill with 2
sccm or 4 sccm flow of H2 and maintain a pressure of 40 mTorr by adjusting the
pump, heat up to 1000 ℃ with ramp rate of 20 ℃ per min.
4) Keep the temperature at 1000 ℃ for 20 min to anneal the copper sheet.
5) Introduce 35 sccm of CH4 while maintaining a pressure of 500 mTorr, keep the
temperature at 1000 ℃ for 30 min.
6) Rapidly cool the system down while maintaining both H2 and CH4 flow.

10μm

Figure 2-3 Optical image of CVD grown graphene on SiO2
Figure 2-3 shows an optical image of CVD grown graphene transferred on SiO2, the whole
area is covered by mono-layer graphene, darker flower shape area indicating bilayer and
trilayer graphene. As it can be seen, CVD graphene can be made in larger size but has more
contaminations.
The setup for growing CVD hBN is shown in Figure 2-4:

Figure 2-4 Schematic of CVD hBN growing setup

28
The procedure for growing CVD hBN is listed below:
1) Cut a piece of copper sheet (0.025 mm thick, 99.8% Alfa Aesar) with size ~ 2 cm
by 6 cm.
2) Clean the copper sheet, put in acetone for 20 min ultrasound, then rinse in IPA for
10 min. Put in HCl: DI water (1:40) solution for 30 s, then rinse in IPA and dry
with nitrogen.
3) Put 0.04 g Ammonia Borane in a fused silica boat, place the boat in a tube wrapped
by heating belt as shown in Figure 2-4, close the valve.
4) Evacuate the system, back fill with 20 sccm H2 and 50 sccm Ar, keep the pressure
around 350 mTorr by adjusting the pump. Heat up T2 to 1000 ℃ with ramp rate of
20 ℃ per min, then anneal the Cu foil for 120 min.
5) Heat up T1 to 70 ℃ while maintaining T2 at 1000 ℃. Let the valve open for 40 min
then close the valve.
6) Rapidly cool the system down while maintaining both H2 and CH4 flow.
An optical image of the CVD grown hBN transferred on SiO2 is shown as Figure 2-5:

Figure 2-5 Optical image of CVD grown hBN

2.1.2 Transfer process
Once we have the needed atomic thick materials, in order to make heterostructure
stackings, we need to transfer them on top of each other in the desired configurations.
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For CVD grown graphene and hBN, a piece of copper covered with graphene or hBN
was obtained previously. Now we need to transfer it onto a silicon chip, either blank or
with other van der Waals materials that was previous deposited on the chip, the wet transfer
process is listed below:
1) Cut the copper sheet with graphene into small pieces that are about the same size
as the silicon chips it will be transferred onto, usually squares with 5-8 mm side
length.
2) Lay the cut pieces flat on a glass slide, flatten them by gently pressing the side of
the copper with tweezers if necessary.
3) Spin-coat a layer of 950 PMMA (poly-methyl methacrylate) A4 with a thickness
about 200 nm (by spinning at 2000 rpm for a minute) one side of the copper foil,
cure the PMMA solution by baking the copper pieces at 150 ℃ for 5 minutes.
4) Let the copper pieces floating in a mixture of HCL, H2O2, and DI (deionized) water
(with a volume ratio of 10:1:100), the side coated with PMMA should be facing
upwards. Wait until the copper is completely dissolved.
5) Carefully scoop the floating films up with a clean glass slide and replace them in
fresh DI water (let the film floating), replace the DI water every 30 minutes for 3
times in total to rinse off the chemical residues.
6) Scoop the rinsed films with silicon chips, dry off most water on the chip by using
a low-pressure nitrogen blowing gun or touching the edges with an absorbing tissue.
Then bake the chips at 135 ℃ for 15 minutes to remove any remaining liquid.
7) Remove the PMMA layer by putting the chips in acetone for 20 minutes, then rinse
off the acetone residue in IPA (isopropanol), dry off with nitrogen blowing gun.
For exfoliated van der Waals flakes, dry transfer techniques can be used to make
various heterostructures with desired stacking order and even twist angle between the
layers. The idea here is basically using a stamp to pick up the flakes that were exfoliated
on the chips in sequential order and place them back down and remove the stamp. There
are multiple ways to do this, I will only introduce the methods that I have been using for
making my samples.
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The key component for dry transferring is a piece of PDMS (polydimethylsiloxane),
which can expand when heated up. The PDMS was prepared in a Petri dish with a flat
bottom, pump out the air inside the solution using vacuum and cure at 150 ℃ for at least
15 minutes, the cured thickness of PDMS should be about 2.5 mm.
Although PDMS alone can pick up the van der Waals materials, a sticking film is usually
made for increasing the success. The materials that are used for making this sticking film
are polymers like PC (Polycarbonate), PPC (polypropylene carbonate) or PVA (vinyl
alcohol). These polymers are dissolved in chloroform (for PC and PPC) or water (for PVA),
the concentration of the solution should be adjusted based on experience. Depending on
the desired heterostructure, different polymers are selected. Only PC can be used to pick
up graphene directly, and usually used for top-down techniques (picking up the top layer
of the heterostructure first). PPC and PVA are usually used for bottom up techniques
(picking up the bottom layer first and flip over).
The dry transfer process is listed below:
1) Cut the prepared PDMS into a square with a side length of about 5 mm, place it on
a clean glass slide.
2) Prepare the sticking film by placing several polymer solutions on a clean glass slide,
then put another clean glass slide on top, quickly push the top glass slide to the side
in order to obtain a flat film. Cure the film by baking it, temperature and time
depend on the type of polymer.
3) Punch a 1/4'' hole on a piece of Scotch tape, use this tape to peel of the sticking
film, the area enclose by the hole will be used for transferring.
4) Place double-sided tapes around the PDMS square, then place the Scotch tape with
the sticking film over the PDMS. PDMS should be roughly aligned with the center
of the hole on the tape, the double-sided tapes are used for securing the place of the
sticking film. Gently push the tape done with tweezers to make sure the sticking
film is in good contact with PDMS, the tension of the film however should not be
too tight. Now the stamp is ready.
5) Place the silicon chip with the flake that needs to be picked up on the probe station,
the position of the chip is usually fixed by a vacuum hole on the stage. Put the glass
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slide with the stamp on a XYZ positioner, since the stamp is transparent, we can
align the stamp with the flake on the chip using the optical microscope mounted on
the probe station.
6) Preheat the sample stage to 50 ℃, then slowly move the stamp down or sample up
with the XYZ positioner until they touch each other. The touch point can be easily
spotted with the optical microscope, usually appearing as a yellow or white
(depending on the light source) shape with Newton’s rings around it.
7) Slowly heat up the sample stage at 1 ℃ per minute and let the touch point expand
until it covers the flake on the chip. Heating after the flake is covered might be
needed based on individual experiences.
8) Cool the sample stage back down at 1 to 2 ℃ per minute, until the touch point is
no longer covering the flake. Lift the stamp up and check if the flake was
successfully picked up.
9) Repeat step 7 and 8 for every flake that are used to make the heterostructure, the
twist angle between the flakes can be changed by sample stage rotation.
10) After the stack is made on the stamp, remove the sticking film from the sample.
Depending on the polymer, different methods should be used:
i) For PC, this is done by heating up the stamp to about 200 ℃ while it is touching
the silicon chip, lift the stamp up, the PC is melted and will be left on the silicon
chip. Cool the chip down to room temperature, remove the PC by putting the
chip in chloroform for 30 minutes, rinse with IPA and dry with blowing gun.
ii) For PPC, peal the sticking film off the glass slide, flip it over and place it on a
clean silicon chip. Bake the chip to enhance contact, temperature and time
depend on experience. Remove the PPC by annealing under high vacuum at
300 ℃ for 6 hours.
iii) For PVA, it is similar to PPC, except the PVA is removed by putting the chip
in DI water.
Now we have the desired heterostructure on a silicon chip, for STM and electrical
transport measurements, we would need to put metal electrodes on the sample with
electron-beam (e-beam) lithography and physical vapor deposition (PVD).
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2.1.3 E-beam lithography and physical vapor deposition
E-beam lithography is a process that defines the shape of electrodes on the sample with
scanning electron microscope (SEM). The idea is to cover the whole sample with PMMA,
then exposure certain areas with electron beams so that those parts can be developed away
for later metal deposition. The desired pattern can be designed with DesignCAD, together
with the Nanometer Pattern Generation System (NPGS) software, a run file can be
generated for programming the SEM operation.

(b)

(a)

400μm

400μm

Figure 2-6 Optical image of: (a) developed PMMA; (b) finished metal electrodes on the sample.

The e-beam lithography process is listed below:
1) Design the pattern on the computer with DesignCAD, generate a run file for it with
NPGS, run simulation test in NPGS to validate the files.
2) Spin-coat a layer of 485 PMMA A5 on the sample and cure, then spin-coat another
layer of 950 PMMA A5 on the sample and cure. (Using two layers of PMMA with
the weaker one on the bottom can help with the removal of PMMA later.)
3) Scratch off the PMMA on the corners of the chip with a metal piece, this will help
the SEM focus on the sample plane and expose the silicon for back gate connection.
4) Load the sample and a Faraday cup in the SEM chamber and pump the chamber
back down to high vacuum. Use the Faraday cup to measure the current for each
beam spot size and change the run file accordingly.
5) Locate the flake with SEM, this can be done by measuring the relative distance of
the flake from the corners of the chip under optical microscope beforehand.
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6) Use the alignment markers around the sample to align the sample with the origin
for NPGS, the alignment markers can be made with e-beam lithography or
photolithography on the chip beforehand. Run the run file.
7) Take the sample out of SEM chamber after writing, put the sample in a developer
solution made of IPA, methyl isobutyl ketone (MIBK), and methyl ethyl ketone
(MEK) with a volume ratio of 750:250:13 for 30 seconds, then rinse in IPA for
another 30 seconds.
Now part of the PMMA that has been exposed by the electron beams are removed, Figure
2-6 (a) shows an optical image of developed PMMA on a sample with a typical electrode
shape for STM measurements. We use physical vapor deposition (PVD) to deposit a 5 nm
thick Cr, acting as a sticking layer, then 30 to 50 nm thick Au on top. The Au layer should
be thicker than the van der Waals heterostructure to prevent the electrodes from breaking.
After deposition, put the sample in acetone until the PMMA covered with gold completely
lifts off from the sample, then rinse in IPA and dry.
The reason we use two arrows pointing towards the flake is to make it easier to land on
the flake with the STM tip. When the sample is loaded in STM, we first need to use an
optical camera to guide the tip close to the sample, as shown in Figure 2-7.

Figure 2-7 Optical image from the camera mounted on the STM showing a STM tip and
its reflection on the sample chip.
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2.1.4 Annealing and “nano-squeegee”
Since the fabricated heterostructure has gone through many processes involving
chemical solutions and polymers, there will be chemical residues on the surface as well as
contaminations between the layers. It is necessary to clean the sample for STM
measurements, this can be done by thermal annealing and/or “nano-squeegee” [33]. The
details of “nano-squeegee” method will be presented together with atomic force
microscopy in later sections. For annealing, place the sample in a tube furnace, it can be
purged with gas (500 sccm of H2 and Ar) or be pumped down to high vacuum (<10-6 mbar)
depending on if the sample is air sensitive or not. Annealing can be done both before
electrode deposition and after, when annealing with electrodes, it is necessary to ramp up
the temperature slowly (2 ℃ per minute) to avoid rapid differential thermal contractions
between the metal contacts, flake, and substrate. For heterostructures only composed of
graphene and hBN, the samples are usually annealed at 350 ℃ for three hours, lower
temperatures are used depending on the materials (300℃ for TMDs).

2.2 Operation and experimental details of STM
A commercially available Omicron ultra-high vacuum low temperature STM (UHV-LT
STM) was used for all the STM measurements presented in this thesis. It can achieve a
UHV condition with a pressure under 3 × 10−11 mbar and a temperature of 4.6 K when
filled with liquid He (LHe). In this section, we will introduce the experimental techniques
needed for measuring van der Waals heterostructures with STM. Other details like the
maintenance of STM and the usage of Matrix software will not be presented here because
they can be found in the user manual.

2.2.1 Mounting, wiring, and loading the sample
Once the sample is annealed, it should be mounted on a STM sample plate and
transferred into the STM UHV chamber as soon as possible to avoid any unintentional
doping and contamination of the sample. The process for mounting and wiring of the
sample is listed below:
1) Clean the STM sample plate by sonicating it in acetone and then IPA, blow dry
with nitrogen blowing gun.
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2) Cut a piece of Kapton into a rectangle that is bigger than the sample chip and
slightly smaller than the STM sample plate.
3) Prepare silver epoxy by mixing the resin and hardener on clean aluminum foil in
50:50 mixture by weight, usually 0.1 g in total is a good balance between mixture
quality and conservation. It is important to make sure it is mixed thoroughly to
prevent bonding failure.
4) Bond the Kapton piece on the STM sample plate, scratch the surface of the Kapton
where the silver epoxy will be applied to improve adhesion.
5) Bond the sample chip on top of the Kapton piece with silver epoxy, it is important
to align the sample flake well at the very center of the STM sample stage, so it is
within the working range of the STM piezo.
6) Put the mounted sample plate in an oven to bake it at ~135 ℃ until the silver epoxy
is fully cured. The bond strength can be checked by using a pair of carbon fiber
tipped tweezers to push the side of the silicon chip, baking the remaining silver
epoxy together with the sample can also help check the silver epoxy without
touching the sample.
7) Use wire bonder to connect the deposited Au pad to the electrodes on the STM
sample plate, Figure 2-7 shows how the wire is bonded on the sample.
8) Put the sample in the load-lock of the STM, pump the load-lock down below
2 × 10−6 mbar, slowly open the gate valve between the UHV chamber and the
load lock and transfer the sample in the carrier cell inside the UHV chamber.

2.2.2 Tip preparation
The STM tips can be made from electrochemical etched tungsten wires (0.25 mm in
diameter), the setup is shown in Figure 2-8. A tungsten wire is cut into about 1 cm in length
and spot welded to the side of an STM tip holder, the wire should be welded straight and
centered with respect to the tip to ensure the tip can land on the sample flake. Rinse the
welded tip in DI water before putting it in the electrolyte, which is diluted NaOH solution
(2g NaOH in 40 mL DI water). Clamp the tweezer that is holding the STM tip, adjust the
height of it so there is only about 2 mm of tungsten wire exposed in air. Connect the end
of the metal tweezer and the copper ring siting in the electrolyte to the electrodes on a
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variable AC transformer. Setting the transformer output to 7% of its maximum output
(140V), turn on the power of transformer to start the etching, there will be significant
bubbling of the solution around the tungsten wire.

Figure 2-8 Setup for electrochemical etching of the tungsten STM tip.

The process is completed once the bubbling stops, turn off the transformer, remove the
tip from the solution and rinse it in DI water, blow dry with nitrogen gun. It is important to
blow upwards from the base towards the tip end to avoid potential contaminations. Then
carefully load the tip into the central hole of the STM tip carrier and let it snap into place
by the small magnet inside the tip carrier. Before putting the tip carrier in STM, we need
to check the tip with optical microscope to make sure the tip is well-shaped and there is no
double tip ending. Figure 2-9 shows a good etched tungsten tip under optical microscope.
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Figure 2-9 Optical image of the etched tungsten tip
Once a good tip is obtained, put the tip carrier immediately in the STM load-lock and
pump down to avoid oxidization of the tungsten. Then the STM tip carrier can be
transferred into the STM UHV chamber using the same method as the STM sample stage.
Usually the tip needs to be conditioned in-situ while measuring the sample, this is done
by landing the tip on the Au contacts on the sample about 100 μm away from the
heterostructure, and then applying voltage pulses on the tip, usually -9 to +9 V for 50 to
100 ms. After the voltage pulse, the tip can be checked by doing spectroscopy on the Au
surface, repeated pulses will be needed until the tip shows a flat LDOS and good work
function on Au.

2.2.3 Cryogenics in STM
In order to achieve low temperature, cryogenic liquids must be filled in the two cryogen
chambers that enclose the STM. When filling cryogenic liquids, the STM head should be
in floating position, so that particles cryopump to the chamber walls instead of the STM
head, which could potentially freeze the piezo. If cooling the STM starting at room
temperature, liquid nitrogen (LN2) will be filled in both the inner and outer cryogen
chambers. It is important to disconnect the helium return line so that the nitrogen won’t
contaminate the helium recycling system. Once the system was cooled down to 77 K, the
remaining LN2 in the inner chamber needs to be purged into the outer chamber by
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pressurizing the inner chamber with He gas. It is important to completely purge the LN2
out, otherwise it will freeze when filling LHe later and limiting the lowest temperature that
the cryostat can reach.
Fill LHe immediately once the inner chamber is purged empty, now the LHe return line
needs to be connected back. The LHe should be filled slowly to avoid over pressurizing
and wasting, this can be controlled by the pressure in the LHe dewar, which usually should
be kept between 0.5 to 1 psi. The LHe can be checked with the level meter, stop filling
once it reads close to 300 mm. The LN2 and LHe needs to be refilled every 48 to 50 hours,
the LHe level meter should be checked to determine the time to refill. When refilling
cryogenic liquids while doing measurements, the tip needs to be lifted from the sample.
For LN2, hitting the “backward” on the controller will be enough; for LHe, the tip should
be retracted 30 steps since standing on the STM table will cause a lot of vibration.

2.2.4 Spectroscopy modes
The spectroscopies are taken with a Stanford Instruments SR830 lock-in amplifier, the
modulation voltage used are usually between 0.4 to 10 mV at a frequency of 617 Hz. At
4.6 K, the tip can only stay stable for about 30 s once the feedback loop is turned off, the
parameters that contribute to the total time needed for each spectroscopy measurement
should be set accordingly. In the previous chapter, we have briefly introduced constant
height spectroscopy and constant current spectroscopy. There are also other forms of
spectroscopy modes involving Z (tip-sample distance or relative height of the sample
surface), such as dZ/dV, which is done by connecting the Z monitoring channel from the
Matrix panel to the input of the lock-in amplifier. dI/dZ spectroscopy can also be useful,
this can be done by connecting the output of the lock-in amplifier to the Z modulation
channel on the Matrix panel. I vs Z spectroscopy is usually used to determine the work
function of the STM tip, this mode doesn’t require lock-in amplifier, it is done by recording
the current when the tip is moved away from the sample.

2.3 Optical and other characterization methods
Other than sample fabrications techniques and STM, other complimentary experimental
methods are used to characterize the materials. They can be used determine whether a flake
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is good for making a sample or a sample is good for STM measurements, which is very
helpful for avoiding the waste of resources. In this section, basic concepts of these
techniques and some application examples will be presented.

2.3.1 Raman spectroscopy
Raman spectroscopy can capture the electronic and phononic features of materials in a
fast and non-destructive manner by using monochromatic laser source which interacts with
phonons in the system, which resulting in the energy of photons being shifted up or down.
Our Raman spectroscopy measurements are performed with a home-built Raman system
using a 532 nm Nd: Vanadate laser as well as a commercially available Renishaw InVia
confocal Raman microscope with a 514 nm laser.
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Figure 2-10 Raman spectroscopy for: (a) multilayer and bilayer hBN; (b) bulk NbSe2.
Raman spectroscopy is used in this thesis for identifying thin layer hBN and bulk NbSe2
by their characteristic Raman peaks. Figure 2-10 (a) shows the Raman peak located at
~1366 cm-1 for a multilayer hBN flake and a bilayer hBN flake measured at room
temperature. The signal is normalized with the Raman signal of Si at 520 cm-1 (not shown)
for both flakes. Since the Raman peak intensity of hBN is proportional to its thickness [34],
it is helpful for us to distinguish monolayer and bilayer hBN combined with optical contrast
measurements. Figure 2-10 (b) shows the Raman peaks for 2H-NbSe2. The soft phonon
modes represent the collective movement of atoms that transform a higher-symmetry
1
crystal structure into a lower-symmetry crystal structure at finite temperature. 𝐴1𝑔 and 𝐸2𝑔
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are out-of-plane and in-plane modes, as illustrated in Figure 2-11. 𝐸2𝑔
mode in hBN is

defined in a similar way, expect B and N atoms are in the same plane for each layer of hBN.
(a)

(b)

𝐴1𝑔

1
𝐸2𝑔

Figure 2-11 Phonon modes for 2H-NbSe2.

2.3.2 Second harmonic generation
Second-harmonic generation (SHG) is a nonlinear optical process when two photons
with same frequency interact with a nonlinear material and generate a new photon with
twice the frequency of the initial photons. SHG can be observed in monolayer TMDs [35]
due to the broken inversion symmetry mentioned before. When using a polarized laser for
SHG, the signal will be polarization dependent so the SHG can be used to determine the
in-plane symmetry axis for TMDs. For bilayer TMDs, the SHG intensity depends on the
twist angle between the two layers, it is strongest when the two layers are AA-stacked and
close to zero when the two layers are AB-stacked (Bernal stacking). Thus, SHG can be
used to determine the stacking configurations of twisted bilayer TMDs.
Figure 2-12 (a) shows the SHG measurement for a twisted bilayer WSe2 (tWSe2) sample,
the red curve shows a strong peak, indicating that the tWSe2 is AA stacked. The blue curve
is the SHG measured on the graphene/hBN (G/hBN) area showing no SHG signal, as
expected. Figure 2-12 (b) and (c) show the position of the laser beam on different parts of
the sample. The red and black dashed lines indicate the two layers of WSe2, the blue dashed
lines indicate the G/hBN area, and the yellow dashed lines are the top hBN flakes.
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Figure 2-12 (a) Polarization dependent SHG signal for tWSe2 and G/hBN. (b) Optical
image showing the laser beam on the tWSe2 area. (c) Optical image showing the laser
beam on the G/hBN area.

2.3.3 Optical contrast and searching of monolayer hBN flakes
Optical contrast is the most widely used criteria to identify thin layer van der Waals
materials, since optical contrast can be directly observed with human eyes while searching
the flakes under the microscope, an experienced researcher can easily identify monolayer
graphene just looking at the optical image. The optical contrast can also be quantitively
measured by using imaging processing software such as ImageJ, the measured contrast is
defined as:
contrast =
Where

flake

|𝐼flake −𝐼Si |

(2-1)

𝐼Si

is the averaged brightness of the sample flake over a certain area,

Si

is the

averaged brightness of the silicon oxide background over an area with the same size. It is
important to measure these two quantities at locations that are close together, so the light
source is uniform on both areas.
For monolayer hBN flakes, the white-light contrast between the hBN and the silicon
background is very small, less than 1.5% for the standard oxide thickness of ~300 nm SiO2,
while the contrast for graphene is 10% under the same conditions. At optimal condition
(using ~80 ±10 nm SiO2 chips and ~590 nm light source), the contrast can be improved to
~3% [34]. Figure 2-13 (a) shows an image of hBN on 90 nm SiO2 substrate, taken with
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white light source and a standard CCD (charge-coupled device), the monolayer hBN is
almost invisible and the measured contrast is <1%. Figure 2-13 (b) is an image of same
location as Figure 2-13 (a) but with the light source filtered by a 600 nm notch filter and
also using a monochromatic CCD, the measured contrast is 2%.

(a)

(b)
monolayer

20μm

monolayer

20μm

Figure 2-13 Optical image of monolayer hBN taken with: (a) white light source and
standard CCD. (b) filtered light source and monochromatic CCD.

2.3.4 Atomic force microscopy
Atomic force microscopy (AFM) can measure topography images by raster-scanning a
cantilever with a sharp tip over the sample surface. The height profile is recorded using a
photodiode and laser to detect the position change of the reflected laser beam. Although
the resolution of AFM is not as high as STM, it can scan over centimeter scaled area in a
relatively fast speed. AFM is helpful to directly measure the overall thickness and
cleanness of the van der Waals flakes, it can also be used to clean the sample with the
“nano-squeegee” method. All flakes are checked under AFM before they are used for
making heterostructure devices to make sure they are free from tape residues and the
quality of all made devices are checked with AFM before putting them into STM.
Usually a non-contact mode or tapping mode is used for measuring topography with
AFM, where the tip is vibrating while scanning on the sample surface. For the “nanosqueegee” method, contact mode is used, where the tip is always in contact with the sample.
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It is important to use minimum force exerted on the tip and never scanning over the edge
of the top van der Waals flake to avoid damaging the sample.
Figure 2-14 (a) shows an AFM topography image of a G/hBN device, the small white
dots are contaminations either on the surface or between the layers. Figure 2-14 (b) is the
topography image after a small window has been cleaned with AFM tip, the cleaned area
can be easily identified, the contaminations are pushed to the side of the window from the
cleaning process.
(a)

(b)

(c)

(d)

Figure 2-14 AFM topography images of: (a) G/hBN device before cleaning; (b) G/hBN
after cleaning; (c) G/hBN/NbSe2/hBN device before cleaning; (d) G/hBN/NbSe2/hBN
device after cleaning.
Figure 2-14 (c) and (d) are AFM topography images of a G/hBN/NbSe2/hBN device
before and after cleaning. Comparing to the G/hBN device, there are still some bubbles
visible after cleaning, this is because this device is more complicated and the bubbles can
exist deeper in the layers, but the surface is still drastically improved by the cleaning
process.
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2.3.5 Scanning electron microscopy
In section 2.1 Sample fabrication, SEM has been introduced for e-beam lithography. In
most applications, SEM is used to produce images of the sample surface. The electron
beam is raster-scanned on the sample surface and interacts with atoms in the sample,
producing various signals that contain information about the surface topography and
composition of the sample.

Figure 2-15 SEM image of CVD grown hBN on copper sheet
Figure 2-15 shows a SEM image of CVD grown hBN on a copper sheet, which is used
to evaluate the growth quality before transferring the hBN from the copper sheet to silicon
chips. The bright white dots are BN particles, dark round dots are contaminations.

2.3.6 Electrical transport measurements
Electrical transport can be helpful to check the resistance and back-gate response of
samples, we use lock-in amplifiers to apply a 1 mV voltage as the source and measure the
drain current. The resistance can be measured from the electrodes on the STM sample stage
while the sample is loaded in the STM chamber. Figure 2-16 shows the resistance versus
back gate voltage for a bilayer graphene device measured at 4.61K, the peak is where the
Fermi level meets the Dirac point of the graphene.
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Figure 2-16 The resistance as a function of back gate voltage for a bilayer graphene
device
When measuring the resistance as a function of temperature, we can also measure the
transition temperature for superconducting devices, which will be presented in later
chapters.

46

Chapter 3 Correlated states in graphene induced by
proximity effects
3.1 Introduction
When a normal metal is placed in good contact with a superconductor, Cooper pairs can
be induced in the normal metal through the proximity effect [36–38]. Because of the unique
geometry and electronic structure of graphene [4], recently there has been a significant
interest on inducing correlated states such as superconductivity in this relativistic quantum
system [39–48]. Graphene have exhibited low contact resistance and weak scattering when
connected to superconductor electrodes [49,50], making it an ideal candidate for probing
proximity effects. The gate tunability and the unique Dirac electrons in graphene have
enabled interesting physics phenomenon such as specular Andreev reflection [1,12,51,52],
Klein-like tunneling [53] and the interplay between Andreev states with quantum hall
states [54,55]. Furthermore, superconducting graphene has been proposed to be a building
block for hosting Majorana modes [56–59] and facilitating future topologically protected
quantum computation schemes [60].
The advances of van der Waals fabricating techniques [21,61] have allowed researchers
to create atomically sharp interfaces between graphene and other 2D materials. One of the
ideal candidates for making a graphene-superconductor junction is NbSe2, a two
dimensional material with both superconductivity and charge density wave (CDW)
transitions at low temperatures [62,63]. Although several electrical transport experiments
have already been performed with heterostructure devices made of graphene and
NbSe2 [52,55,64–66], there is still a lack of local spectroscopic and topographic
information for this heterostructure. In this study, we use scanning tunneling microscopy
and spectroscopy to directly probe the superconducting gap, doping level, CDWs and
vortex lattices in a graphene-NbSe2 vertical heterostructure. Furthermore, with the insertion
of a monolayer hBN (MLhBN) between the hBN and NbSe2, we have found that the
correlated states can be completely blocked.
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3.2 Experiment
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Figure 3-1 (a) Optical microscopy image of the measured device. Gray and blue dashed
lines enclose the monolayer graphene and monolayer hBN flakes. (b) Schematic of the
STM experimental setup, black and red arrows indicated the position where the dI/dV
curves in (c) and (d) were taken. (c) dI/dV spectra acquired with I = 100 pA, Vmod = 5
mV. (d) dI/dV spectra acquired with I = 500 pA, Vmod = 0.4mV.
To fabricate our device, graphene and hBN were mechanically exfoliated from bulk
crystals and deposited on 285 nm and 90 nm thick SiO2 wafers, respectively. The MLhBN
was identified under an optical microscope with 590 nm monochromatic light to optimize
the contrast [34]. The NbSe2 flake with a thickness of ~45 nm was exfoliated inside a
glovebox environment with oxygen level < 1ppm. The thickness of NbSe2 was determined
by an AFM inside the glovebox, the flake can be regarded as bulk sample due to its
thickness [67]. The vdW heterostructure was created with a dry transfer technique [21]
inside the glovebox and the NbSe2 is encapsulated by the graphene and a thick hBN flake
to prevent it from oxidizing. The heterostructure was fabricated such that the MLhBN
partially covered the NbSe2, giving a region where graphene was in direct contact with
NbSe2 and another region where they were separated by a monolayer of hBN. 5nm-Cr/
50nm-Au contacts were created with e-beam lithography and PVD. The sample was
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annealed under vacuum to remove chemical residues and contaminations before putting
into the STM, the relative angles between the flakes became stable once the sample was
annealed. The optical image of the completed device is shown in Figure 3-1(a), where the
gray and blue dashed lines indicate the graphene (G) and MLhBN respectively.
Figure 3-1(b) shows a schematic of the experimental setup. dI/dV spectroscopies were
acquired by adding 0.4~5 mV modulation voltages (Vmod) at a frequency of 617 Hz to the
bias voltage and measuring the current with lock-in detection. All the tips were first
checked on the Au surface to ensure that they had the proper work function based on the
decay of the tunnel current with distance from the sample. In addition, dI/dV spectroscopy
was performed on the Au surface to ensure that the tip had a constant density of states. A
small perpendicular magnetic field was applied to the device by mounting the sample on
top of a permanent magnet (D43-N52, K&J Magnetics).

3.3 Results and discussion
3.3.1 Dirac point and superconducting gap
Figure 3-1 (c) shows dI/dV spectra on the two different stacking configurations as
indicated by the black and red arrows in Figure 3-1 (b). For both areas, the spectra show
an overall V-shaped graphene density of states feature and the graphene is hole-doped. The
Dirac point of the graphene is at ~0.65 V in the G/NbSe2 area, and ~0.43 V in the
G/hBN/NbSe2 area, as indicated by the purple arrows. This is because the MLhBN lowers
the work function [68] of the heterostructure under the graphene, making the graphene less
p-doped. Beyond changing the work function, the insertion of MLhBN increases the
spacing between the graphene and NbSe2 layers, effectively increasing the barrier between
the layers.
Figure 3-1 (d) shows high resolution spectroscopy on the two stacking configurations
near the Fermi level. There is a soft gap opened near the Fermi level in the G/NbSe2 area
but not in the G/hBN/NbSe2 area, indicating that the graphene directly sitting on the NbSe2
area becomes superconducting as predicted by theory [69], while the graphene remains
normal when there is the MLhBN between the graphene and the superconducting NbSe2.
The soft gap we observed here is deviated from the U-shaped spectra from BCS theory [70]
due to the finite temperature and disorder effect [71]. From the tunneling model of the

49
superconducting proximity effect [37], the induced superconductivity depends on the
barrier height between the superconductor and the normal metal. In our case, the insertion
of a MLhBN not only induces an additional atomic layer of hBN but also creates different
interfaces between the materials, thus increasing the barrier height between the graphene
and NbSe2 and making the induced gap not observable under our experimental conditions.

3.3.2 Determination of stacking configurations
By taking high resolution topography images of different areas of the device, we can
determine the stacking orientations from the moirépattern formed between the different
lattices. Figure 3-2 (a), (c), and (e) show topography images of the three different stacking
configurations from the same device as shown in Figure 3-1 (a), which are: graphene on
NbSe2 (G/NbSe2), graphene on MLhBN on NbSe2 (G/hBN/NbSe2) and MLhBN on NbSe2
(hBN/NbSe2).

Figure 3-2 (a), (c), (e): Topography images of the three different stacking configurations,
acquired with Vbias = 0.3 V, I = 100 pA. (b), (d), (f): Symmetrized Fourier transform of
(a), (c) and (e). Blue hexagons and orange rectangles mark the graphene and NbSe2 lattices;
red circles mark the charge density waves; green, yellow and purple triangles mark the
graphene-NbSe2 moiré, graphene-hBN moiréand hBN-NbSe2 moirérespectively. (g)-(i):
Theory calculation of moiré wavelengths and θ for three different configurations, colored
dots indicate the experimental values and dashed lines indicate the obtained twist angle.
Figure 3-2 (b), (d), and (f) are the Fourier transforms of the corresponding topography
images. Due to the hexagonal symmetry of the lattices, we have employed a six-fold
symmetrization procedure [72] to increase the signal-to-noise ratio in our Fourier
transforms. Blue hexagons and orange rectangles mark the graphene and NbSe2 lattices
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respectively. Colored triangles mark the moirésuperlattices formed by the three different
possible combinations of two lattices. The wavelength of the moirépattern is given by [5]:
𝜆=

(1 + δ)𝑎
√2(1 + δ)(1 − cos𝜙) + δ2

(3-1)

where 𝑎 is the shorter lattice constant of the two lattices, δ and 𝜙 are the lattice mismatch
and the twist angle between the two lattices. The relative angle θ of the moiré pattern with
respect to the shorter lattice is given by [5]:
tan 𝜃 =

sin 𝜙
(1 + δ) − cos 𝜙

(3-2)

Figure 3-2 (g)-(i) plot the wavelength and 𝜃 as a function of twist angle for all three
possible combinations of two lattices. From Figure 3-2 (b), (d), and (f) we can measure 𝜆
and 𝜃 for three different moirépatterns and match their values on the theoretical curves in
Figure 3-2 (g)-(i), the colored dots are experimental values. When the measured 𝜆 and 𝜃
are aligned vertically as marked with colored dashed lines on the graph, the twist angle
between different atomic layers can then be determined. The fact that graphene-NbSe2
moirépattern only shows up in the G/NbSe2 area but not in G/hBN/NbSe2 area indicates
that the MLhBN blocks the strong electronic coupling between the graphene and the NbSe2.
Red circles in Figure 3-2 (b) mark the charge density waves (CDWs), which have similar
feature as the CDWs that have been observed in NbSe2 [73]: disks in the Fourier transform
that are centered at three times the wavelength of the NbSe2 lattice. Such features are not
obvious in the hBN/NbSe2 area and not observable in the G/hBN/NbSe2 area, indicating
that the CDWs can be induced in graphene when the graphene is sitting directly on the
NbSe2, while the characteristics of the CDWs are not preserved when the electrons are
tunneling through MLhBN. We didn’t observe a clear CDW gap opening in our
spectroscopic measurements in Figure 3-1 (c) and Figure 3-1 (d) compared to a plain NbSe2
sample [74]. This is because the proximitized CDW we observed here are much weaker.
By fitting the CDW peak and NbSe2 lattice peak in Figure 3-2 (b) with Gaussian functions,
we find that the amplitude ratio between the CDW peak and the NbSe2 lattice peak is ~0.47,
which is much smaller than it is in plain NbSe2 (~3) [74].
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3.3.3 Vortices in graphene on NbSe2
To further study the properties of the induced superconductivity in graphene, we apply
a 0.26 T magnetic field perpendicular to the sample and investigate the vortices that form
in the G/NbSe2 area. Figure 3-3 (a) shows a local density of states (LDOS) map measured
by fixing Vbias at -3 mV and scanning over the sample area while recording dI/dV as a
function of real space position. From the image, we can clearly see the emergence of
Abrikosov vortices [75], providing further evidence that the superconductivity is induced
in the graphene by the underlying NbSe2.
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Figure 3-3 (a) dI/dV map showing the vortices in graphene/NbSe2 area, acquired with
Vbias = -3 mV, I = 200 pA, Vmod = 0.4 mV. Blue arrow indicates the position where the
line cut spectroscopy were taken. (b) dI/dV spectra at different distances from the center
of a vortex, acquired with I = 500 pA, Vmod = 0.4 mV. (c) Extracted superconducting gap
plotted against the distance from the vortex center, black curve indicates the fitting function.
Insert: Normalized zero bias conductance plotted against the distance from the vortex
center, black curve indicates the fitting function. (d) Two terminal resistance measurement
as a function of temperature, dashed line corresponding to the critical temperature.
Figure 3-3 (b) shows multiple dI/dV spectroscopies measured at different distances from
the center of the vortex along the line indicated by the blue arrow in Figure 3-3 (a), the
superconducting gap centered around the Fermi level becomes smaller and the
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quasiparticle peak at around 4 mV is weaker when it is closer to the center of the vortex.
The asymmetry of the spectra is from the fact that the Dirac point is higher in energy than
the Fermi level and the superconducting gap is superimposed on the graphene density of
states.
To see how the superconducting gap changes as a function of distance from the vortex
center, we fit each dI/dV spectroscopy curve and extract the superconducting gap. At zero
temperature, the Dynes formula [71] is given by:
𝜌(𝐸, Γ) = 𝜌0 Re [

𝐸 − 𝑖Γ
]
(𝐸 − 𝑖Γ)2 − Δ2

(3-3)

where 𝜌 is the density of states, 𝜌0 is the normal-state density of states at the Fermi level,
Γ accounts for the broadening effects other than temperature. To include the finite
temperature effects, we integrate the density of states with the derivative of the FermiDirac distribution 𝑓, the measured density of states N is then given by:
∞

𝑁( ) = 𝑁𝑔 ∫ 𝑑𝐸 (−
−∞

𝜕𝑓
) 𝜌(𝐸 + 𝑒 , Γ)
𝜕𝐸

(3-4)

In above equation, 𝑁𝑔 is the background density of states, accounting for the asymmetry
density of states induced by the presence of doped graphene and possibly also tip effects,
we use a two-segment linear function to model this factor:
𝑁𝑔 ( ) = {

𝑁0 + 𝛼
𝑁0 + 𝛽

<0
≥0

(3-5)

where 𝑁0 , 𝛼, and 𝛽 are constants.
Figure 3-3 (c) shows the extracted superconducting gap as a function of the distance
from the vortex center r. The superconducting gap far away from the vortex ∆0 was
determined by the two-terminal temperature dependent resistance measurement shown in
Figure 3-3 (d). We define the measured critical temperature 𝑇𝐶 as the midpoint of the step
transition, then ∆0 was calculated by using the equation [70]: ∆0 = 1.764𝑘𝐵 𝑇𝐶 . For our
device, we have obtained that 𝑇𝐶 ~ 6.1 𝐾 and ∆0 = 0.93meV, which is ~85% percent of
the value for a bulk NbSe2 crystal [62]. This ratio describes the quality of the interface
between the normal graphene and the superconducting NbSe2. Our reduction in Tc is
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comparable to another experiment when aluminum was directly deposited on the
graphene [12], indicating that a high quality interface was achieved by our sample
fabrication process.
Another parameter that can represent the interface quality between a type II
superconductor and normal metal is the coherence length ξ, which is expected to increase
for decreasing interface transparency [76]. We use the following equation [77] to obtain
the coherence length from the extracted superconducting gap:
Δ
𝑟
(𝑟) = tanh( )
∆0
ξ

(3-6)

from the fitting curve in Figure 3-3 (d) we have obtained that ξ = (18.6 ± 0.4) nm. An
alternate way of extracting the coherence is by fitting the zero-bias conductance (ZBC) line
profile crossing the center of the vortex, with the equation given by [78]:
𝜎(𝑟, 0) = 𝜎0 + (1 − 𝜎0 )[1 − tanh ( 𝑟/√2ξ)]

(3-7)

where 𝜎 is the normalized ZBC, and 𝜎0 is the normalized ZBC away from the vortex center.
The insert of Figure 3-3 (c) shows the normalized ZBC data and the fitting results, giving
ξ = (23.2 ± 6.6)nm. The coherence lengths that we have obtained from two different
methods agree with each other and they are comparable to the previously reported
coherence length (7.7 to 28.2 nm) for bulk NbSe2 [78–81], which further confirms that our
graphene is in good contact with NbSe2.

3.3.4 Scattering waves
In Figure 3-1 (d) we have shown that the superconducting gap is not present for the
G/hBN/NbSe2 area, we further confirm this by imaging the LDOS near the MLhBN edge
in the presence of an external magnetic field, as shown in Figure 3-4, the upper area is the
G/NbSe2 area and the lower area is the G/hBN/NbSe2 area. When imaging close to the
superconducting gap, Vbias = -2 mV, from Figure 3-4 (a) we can see that the Abrikosov
vortices are only present in the upper area, consistent with our spectroscopic data.
Additionally, we observed long-wavelength scattering waves in the lower area, similar to
those observed in graphene near an atomic step edge [82,83] or near defects [84]. When
imaging at a higher voltage, Vbias = 10 mV, both the vortices and the scattering waves are
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gone, as shown in Figure 3-4 (b), since the amplitude of the scattering waves in graphene
decay very fast with energy [82].
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Figure 3-4 (a) dI/dV map under a perpendicular magnetic field around the monolayer hBN edge,
acquired with Vbias = -2 mV, I = 200 pA, Vmod = 0.4 mV. (b) Same image as (a) except acquired
with Vbias = 10 mV.

The scattering waves can be used to determine the dispersion of the material. We
measure the LDOS maps at different energies in an area close to many surface defects so
that the scattering waves are strong. Figure 3-5 (a), (c), and (e) are selected LDOS images
taken at negative tip voltage, close to the Fermi level and positive tip voltage. Figure 3-5
(b), (d), (f) are the Fourier transforms of the above images, the disk-like feature at the center
is due to intravalley scattering process [72]. Its size shrinks as the wavelength of electrons
becomes longer and therefore by measuring its diameter as a function of tip voltage, we
can obtain the energy versus momentum dispersion relation. Figure 3-5 (g) shows the
wavevectors of the scattering waves measured from the Fourier transform images, as
expected from the graphene band structure, it can be fit with a linear equation [82]:
𝑘( ) =
where e is the charge of an electron,

2
(𝑒 − 𝑒 0 )
ℏ𝑣𝑓
0

(3-8)

is the position of the Dirac point, 𝑣𝑓 is the fermi

velocity of the electrons. From the fitting we obtained that

0

= (437 ± 15) meV ,
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consistent with the Dirac point obtained from our spectroscopy data in Figure 3-1 (c). The
fitted 𝑣𝑓 = (1.00 ± 0.03) × 106 m/s is consistent with theory [4].
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Figure 3-5 (a) dI/dV map near surface defects, acquired with Vbias = -40 mV, I = 500 pA, Vmod
= 3 mV. (b) dI/dV map acquired with Vbias = -0.5 mV, I = 50 pA, Vmod = 0.4 mV. (c) dI/dV map
acquired with Vbias = 90 mV, I = 40 pA, Vmod = 5 mV. (b), (d), (f): Fourier transform of (a), (c),
(e). (g) Wave vector of the scattering wave as a function of bias voltage, solid black line indicates
the fitting function.

The scattering waves observed in the G/hBN/NbSe2 area are identical to those observed
in G/hBN heterostructures [82–84], while the absence of scattering waves in the G/NbSe2
area is consistent with electrical transport measurements that reporting low electronic
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scattering between the graphene and the superconductor when they are in contact [15,16].
The suppression of scattering waves in graphene happened simultaneously with proximity
effect induced superconductivity, which can be an interesting aspect for future studies.

3.4 Conclusions
In summary, we have found that both proximitized superconductivity and CDWs exist
in the graphene-NbSe2 heterostructure. By applying a magnetic field, we directly imaged
the Abrikosov vortices in the G/NbSe2 area and extracted the coherence length from the
distance dependent ZBC and superconducting gap. Furthermore, by inserting a MLhBN
between the graphene and the NbSe2, both the CDWs and superconductivity are suppressed
in graphene, which demonstrates the importance of the barrier between the normal metal
and superconductor interface for proximitized effects. From the scattering waves, we have
obtained the dispersion relation of the graphene on the G/MLhBN/NbSe2 substrate, which
is consistent with our spectroscopic study and the theory [4], the absence of scattering
waves in the G/NbSe2 area is consistent with transport measurements that observed low
scattering [15,16]. The above observations indicate that even a monolayer of hBN is a very
good barrier to block interactions between the graphene and the NbSe2.
Our experiment is the first local characterization of the graphene-NbSe2 heterostructure.
We have demonstrated the importance of the interface barrier height for the proximitized
correlated states including CDWs and superconductivity in vdW heterostructures.
Moreover, we provide an innovative way to engineer the proximitized correlated states by
the insertion of MLhBN, which opens the possibility of making more versatile
superconducting devices and circuits in the future.
This work has been published in Physical Review B [85].
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Chapter 4 Correlated states and flat bands in magic angle
graphene
4.1 Introduction
When two layers of graphene are twisted away from each other at the “magic angle”,
around 1.1 degree, the long wavelength moiré pattern leads to the folding of the band
structure into a mini-Brillouin zone and the formation of ultra-flat bands [7,8,86–90]. As
the twist angle approaches the magic angle, the bands become flatter and the ratio between
the Coulomb interaction and their bandwidth increases leading to increased correlation
effects [91–104] and broken symmetry states [105–107]. Superconductivity and correlated
insulating states [2,3,108–110] have been discovered in magic angle twisted bilayer
graphene (MATBG) when the flat bands are tuned to commensurate filling factors ν = 0,
±1, ±2, ±3 electron per moiré unit cell. For ν = ±1(± 3), there is only one electron(hole) in
one of the flat bands, hence both the spin and valley degeneracy must be broken while for
even filling factors one of these degeneracies must be restored. Due to the correlated nature
of these states, small changes in the filling factors can lead to dramatic changes in the
wavefunctions. Transport studies [99,108–110] have revealed that the phenomenology of
the commensurate states at odd filling levels are different from those at even filling levels.
Theory calculations [99,105,111,112] suggest that odd and even filling levels will lead to
different symmetry breaking phases.
Since there is still considerable theoretical uncertainty in the exact nature of the
wavefunctions at each of the commensurate fillings, direct imaging of the wavefunctions
can provide experimental insights for explaining the coherent states that have been
observed in MATBG. For example, revealing the exact spatial distribution of flat band
wavefunctions at different commensurate fillings can provide information such as
anisotropy and localization properties. Our STM/STS study focuses on the difference in
the wavefunctions between even and odd filling factors, which has not been explored by
previous STM studies on MATBG [106,107,113–115]. We find that for the partially filled
bands, the wavefunctions are localized on different part of the moiréunit cell. We further
explore the properties of wavefunctions by quantitively extracting the anisotropy,
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localization, and radial distribution for various energy and filling levels, providing a
comprehensive local characterization of flat bands in MATBG.

4.2 Experiment
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Figure 4-1 (a) Schematic of the experimental setup showing the STM tip and an optical

microscope image of the measured MATBG sample. (b) Atomic resolution STM
topography of the 1.10°moiré superlattice. (c) Schematic of different atomic stacking
arrangements arising from the twist of the two layers of graphene. (d) dI/dV spectroscopy
of the MATBG on AA and AB sites of 1.10°moiréwhen the flat bands are fully filled,
where Vg = 8 V.
Figure 4-1 (a) shows a schematic of the experimental setup. All measurements were
performed in ultra-high vacuum at a temperature of 4.6 K. Samples were fabricated by a
dry transfer technique with controlled rotational alignment between the two layers of
graphene [21]. A bias voltage (Vb) applied between the tip and the sample is used for
probing different energy levels, while the gate voltage (Vg) applied between the Si substrate
and the sample is used for tuning the doping level of the MATBG. Figure 4-1 (b) shows an
STM topography image of a 1.10°MATBG moirépattern, the twist angle is determined
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by measuring the moiré wavelengths in 3 different directions (L1, L2, L3) and using a
uniaxial heterostrain model [107]. The bright spots in the topography image correspond to
the AA sites of the moirésuperlattice, other high symmetry sites are labeled as AB, BA.
The atomic arrangements of these high symmetry points are illustrated in the schematic for
a 5° moiré pattern in Figure 4-1 (c). Figure 4-1 (d) shows the scanning tunneling
spectroscopy (STS) on the AA and AB sites when the flat bands are fully occupied. The
two sharp peaks between -0.05 V and 0 V in the spectroscopy of the AA site correspond to
the strong local density of states (LDOS) of the flat bands, while the LDOS in this energy
range is much weaker on the AB site, indicating that the flat bands are localized on the AA
site [7,88].

4.3 Tunneling spectroscopy

Figure 4-2 (a) Gate dependent STS spectroscopy on the AA site of the 1.07° moiré
superlattice before the tip gating correction. (b) Gate dependent STS spectroscopy after the
bias voltage is decoupled from the carrier density.
To study the electronic properties of the flat bands at different doping levels, we
performed STS measurements on the AA site as a function of both Vb and Vg. For each Vg,
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the tip height was stabilized at a bias voltage of 0.1 V and tunnel current of 50 pA, the
modulation voltage for lock-in detection is 1 mV. Before analyzing the spectroscopic data,
the tip gating effect [114] should be corrected from the data, this is done by utilizing the
quantum dots that induced by the formation of insulating states [114], they appear as
constant density resonance lines in Figure 4-2, indicated by the red arrows. In the
uncorrected image, Figure 4-2 (a), the constant density lines are slopped due to tip gating
effects. In Figure 4-2 (b) we correct the tip gating effect by shifting the dI/dV curves to
make the constant density lines vertical, thus the bias voltage and carrier density are
decoupled in the corrected image.
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Figure 4-3 (a) Gate dependent STS spectroscopy on the AA site of the 1.07° moiré
superlattice. Dashed lines indicate the position of commensurate fillings: ν = -4 (red), ν =
0 (black), ν = 1 (purple), ν = 2 (green). (b) dI/dV curve at CNP, Vg = -26 V. (c) dI/dV curve
at FD, Vg = -54 V. (d) The flat band width extracted from (a) as a function of Vg.
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Now we can observe the corrected spectroscopy and obtain useful insight from it, as
shown in Figure 4-3 (a), when the two flat bands are fully filled (Vg >14 V) or fully depleted
(Vg <-50 V), they are close together with a peak to peak separation of ~14 mV and their
energy shifts linearly with respect to Vg with a slope of ~3 mV per volt in Vg. In contrast,
in the region where the flat bands are overlapping with the Fermi level (-50 V< Vg<14 V),
the energy of the flat bands changes much slower with respect to Vg. On top of this, various
new features of the flat bands emerge:
1) The total band width of the flat bands, defined as the full width at the half maximum
on either side of the flat bands, indicated in Figure 4-3 (b) and Figure 4-3 (c), is
broadened in this region, shown by the black curve in Figure 4-3 (d). The overall
broadening indicates stronger electron-electron interactions and the breakdown of
a single particle picture [111,113].
2) Near the CNP, the width of the upper conduction band is wider than the lower
valence band in the p-doped region (Vg < -26 V) and vice versa in the n-doped
region (Vg > -26 V), see the red and blue curves in Figure 4-3 (f). The spectral
weight redistribution between the two flat bands as a function of doping is
consistent with previous experiments suggesting a correlated charge ordered
phase [106], Mott-insulating states as well as superconductivity near CNP have also
been observed in transport measurements [109].
3) The separation between the two flat bands is enhanced near the charge neutrality
point (CNP, defined as where the conduction band and valence band are equidistant
from the Fermi level and have the same peak LDOS) around Vg = -26 V, which is
a result of stronger interlayer exchange interactions [111,113,114]. To illustrate
that this effect is strongest near the magic angle of 1.1°, we measured the total band
width at CNP (WCNP) and when both bands are fully depleted (WFD) from dI/dV
measurements of different twist angle devices. The total band width as a function
of angle is plotted in Figure 4-4 (a), while the band width decreases with the twist
angle, the difference between WCNP and WFD increases at small angle. As shown in
Figure 4-4 (b), the ratio between WCNP and WFD shows a peak around 1.07°,
confirming that the exchange interaction is indeed strongest around the magic angle.
Figure 4-4 (c) and (d) shows that the band widths of the individual bands also
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decrease with angle, but the difference between the CNP and FD do not show clear
indication of enhancement around the magic angle, suggesting that the enhanced
separation at CNP originates from inter-band interactions. Figure 4-4 (e) shows the
van Hove singularity (VHS) separation decreases with angle, the ratio of VHS
separation at the CNP compared to FD also increases at small angle as shown in
Figure 4-4 (f). Figures 7(g) and (h) show the gap between the valence flat band and
lower dispersive band and the gap between the conduction flat band and the higher
dispersive both decrease with angle, consistent with theoretical predictions [89] and
previous STS measurements [114].
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Figure 4-4 Angle dependence of: (a) flat band width at two different fillings; (b) the ratio
of flat band width at two different fillings; (c) the conduction band width; (d) the valence
band width; (e) the VHS separation;(f) The ratio of the VHS separation between CNP and
FD, (g) The gap between the valence flat band and the lower dispersive band, and (h) the
gap between the conduction flat band and the higher dispersive band. The red circles are
when the band is fully depleted, and the black circles are at the CNP.
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4) In the range of -15 V< Vg<13 V when the lower band is fully filled and the upper
band is partially filled, both bands show various distortions. Dips appear in the
LDOS in the upper band at certain doping levels and the lower band is broadened
when the upper band is partially filled. To better identify the location of the dips
and compare our STS results with transport experiments [2,3,108–110], we plot the
LDOS at the Fermi level as a function of Vg in Figure 4-5 (a), which is a horizontal
line cut from Figure 4-3 (a) at zero bias voltage. Consistent with transport
measurements [2,3,108–110], strong insulating states appear when the bands are
fully filled (Vg >14 V), fully depleted (Vg <-50 V) and around the CNP (-46 V<Vg
< -20 V). Additional dips in the LDOS show up around Vg = -12 V, -1 V and 9 V,
similar to the insulating states with filling factors of ν = 1, 2 and 3 observed in
transport measurements [2,3,108–110]. From the individual dI/dV curves at these
gate voltages in Figure 4-5 (b), a soft gap like structure appeared at the Fermi level
for Vg = -12V (ν = 1) and Vg = -1V (ν = 2) but not for Vg = 9V (ν = 3).

Figure 4-5 (a) Gate dependent LDOS at the Fermi level on the 1.07°moirésuperlattice,
colored dashed line corresponding to different commensurate fillings. (b) dI/dV curves at
different commensurate fillings, vertical dashed line marks the fermi level. (c) Illustration
of the evolution of the flat bands at different filling levels. Pink and gray correspond to the
upper band and lower band respectively while solid dots are electrons and circles are holes.
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Figure 4-5 (c) illustrates the evolution of the two flat bands as a function of filling levels,
pink and gray rectangles correspond to the upper and lower bands respectively, solid and
empty dots correspond to electrons and holes that are occupying the flat bands. At ν = 0,
both bands are broadened, and their separation is enhanced comparing to ν = ±4. When the
upper band is partially filled (ν = 1, 2, 3), the upper band is split into two bands on either
side of the Fermi level, meanwhile the lower band is further broadened.

Figure 4-6 (a) Gate dependent STS spectroscopy on the AA site of the 1.11°moirésuperlattice
without strong tip band bending effect. (b) Gate dependent STS spectroscopy on the AA site of
the 1.09°moirésuperlattice with strong tip band bending effect.

The asymmetry of the dI/dV as a function of Vg as well the missing a gap at ν = 3 in
in Figure 4-3 (a) is because of tip-induced band bending, which can be explained by the
difference in the work function between the STM tip and the sample [113]. With different
tip conditions, we observed symmetric gate dependent spectroscopy with no tip-induced
bending as well as asymmetric gate dependent spectroscopy with tip-induced bending in a
different direction, as shown in Figure 4-6. The dI/dV signal in Fig. 2(a) is much stronger
when the flat bands are fully filled, this is because we are setting the tip at a positive voltage
(0.1V) when starting to take the spectroscopy. When the bands are fully filled, there is
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almost no density of states present from the Fermi level up to the positive tip voltage, thus
the tip height will be stabilized closer to the sample in order to reach the set current, which
in turn increases the dI/dV signal. By setting the starting voltage at a negative voltage, the
dI/dV signal is stronger when the flat bands are fully depleted, as shown in Figure 4-7.

Figure 4-7 (a) Gate dependent STS spectroscopy on the AA site of the 1.08° moiré
superlattice with a setpoint voltage of 0.15 V. (b) Gate dependent STS spectroscopy on the
AA site of the 1.08°moirésuperlattice with a setpoint voltage of -0.15 V.
To show that the correlation effects we discussed above are only present in the moiré
flat bands close to the magic angle, Figure 4-8 shows the gate dependent STS
spectroscopies

for

1.30° and

2.31° twist

angles.

Consistent

with

pervious

observations [116], VHS peaks are still present for both areas, however, in contrast to the
magic angle area, there is no broadening of the peaks when they are partially filled. The
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separation between the peaks is almost constant for all gate voltages, and no significant
distortion of the peaks occurs near commensurate fillings.

Figure 4-8 (a) Gate dependent STS spectroscopy on the AA site of the 1.30°twist angle
device. (b) Gate dependent STS spectroscopy on the AA site of the 2.31°twist angle device.

4.4 Density of states maps
Although gap opening and insulating behavior has been observed at all commensurate
fillings: ν = 0 (CNP), ±1, ±2 and ±3. The intrinsic gap driving mechanism for these states
can

be

very

different [96,99,108,111,112].

Parallel

field

dependent

transport

measurements [108] have found that the ν = ±1 and ν = ±3 states are spin-polarized while
the ν = ±2 states are not. A ferromagnetic state [110] and intrinsic quantized anomalous
Hall effect [103] have been found in the ν = 3 state, Chern insulating states have been
discovered for the ν = ±1 states [109]. To highlight the difference between the different
commensurate filling states, which have not been addressed in the previous STM studies
on MATBG [106,107,113,114], we measure the spatial profile of the wave functions at
various energy and doping levels by mapping the LDOS with different Vb and Vg.
The LDOS maps at the energies of the flat bands for different commensurate fillings are
shown in Figure 4-9, each one of them are averaged over several unit cells and plotted in
the Wigner-Seitz cell of the moirélattice centered at the AA site. independent of the setting
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of the color scale. In order to compare these LDOS maps between different fillings, all
LDOS images are plotted under the same color scale.
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Figure 4-9 (a) Uniaxial strain directions relative to the unit cell. (b) Topography of the unit
cell. (c) LDOS maps at CNP (ν = 0), dashed ovals highlight the shape of the wave functions
and dashed lines shows the symmetry axes. (d) LDOS maps when the upper band is filled
with fully filled (ν = 4). (e) LDOS maps when the upper band has one electron (ν = 1). (f)
LDOS maps when the upper flat band is half filled (ν = 2).
The dI/dV value is normalized so that the summation of dI/dV over the unit cell is one,
then the average value is subtracted, thus the average value will always appear as white
color in the color plot, The strain directions that are extracted from the uniaxial heterostrain
model [107] are plotted in Figure 4-9 (a) with respect to the unit cell, where the strain
percentage was found to be ε = 0.17% using the Poisson ratio δ = 0.16 for graphene. Figure
4-9 (b) shows the unit cell topography of the same area, which has almost the full C6
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symmetry, only slightly altered by the strain. In contrast, the LDOS maps at the CNP,
Figure 4-9 (c), show reduced symmetry with the symmetry axes perpendicular to each other
between the lower band (Vb = -18 mV) and the upper band (Vb = 14 mV), which is a result
of a charge ordered state [106]. When both bands are fully filled, Figure 4-9 (d), similar
broken symmetry still exists but the shape of the wavefunctions for the lower (Vb = -106
mV) and upper (Vb = -90 mV) bands are not as perpendicular to each other as they are in
Figure 4-9 (b), indicating the absence of a charge ordered state [106]. Interestingly, the
nature of the wavefunctions changes dramatically when the bands are partially filled, as
shown in Figure 4-9 (e) and Figure 4-9 (f) for ν = 1 and ν = 2. The wavefunctions of the
fully filled lower band (Vb = -32 mV for ν = 1, Vb = -23 mV for ν = 2) are much less
localized compared to Figure 4-9 (b) and Figure 4-9 (e). The width of the bands in our
spectroscopy measurements is related to their flatness in momentum space. The larger the
range of momenta for a given state, the more localized it will be in real space. Thus, the
delocalization when the upper band is partially filled is related to the broadening of the
lower band as shown previously in Figure 4-3. The delocalization of the wavefunction
further supports that the broadening of the flat bands is intrinsic, not from tip induced
effects.
For the partially filled upper band, the wavefunctions are no longer localized at AA sites
when ν = 1, the occupied state (Vb = -7 mV) and the unoccupied state (Vb = 5 mV) are
localized on opposite locations somewhere between AA (center of the unit cell) and the
boundary of the unit cell. On the other hand, the wavefunctions of the upper band for ν =
2 are still localized on the AA sites. Compared to Figure 4-9 (b), these wavefunctions do
not have rotational symmetry and further they are not perpendicular to each other, which
provides further evidence that the perpendicularity of wavefunctions at the CNP originates
from a charge ordered state [106], since both the occupied and unoccupied wavefunctions
here at ν = 2 are from the upper band. The stark difference of the conduction band wave
functions between ν = 1 and ν = 2 fillings indicates that they are intrinsically different
correlated states, which could be attributed to the fact that the ν = 1 state is both spin and
valley polarized while the ν = 2 state can only either be spin-polarized or valley
polarized [99,108,109,111,112]. Theoretical studies focusing on the spatially resolved
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calculation of wavefunctions with different degeneracies could provide understanding of
the broken symmetries in this system.

Figure 4-10 (a) LDOS maps at different energies for ν = 1. (b)Anisotropy extracted from
(a) as a function of bias voltage. (c) Radial distribution extracted from (a) as a function of
bias votlage. (d) Color plot plotted against left axis: histogram of (a), black curve ploted
against right axis: STS spectroscopy on the center of AA site.
In addition to Figure 4-9, Figure 4-10 (a) shows a series of LDOS maps around the flat
band energies for ν = 1. To quantify the C3 rotational symmetry breaking, we follow the
definition of energy-dependent anisotropy 𝐴(𝐸) as [107]:
𝐴(𝐸) =
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is the spatial LDOS profile when the image is aligned with the unit cell,
240° (𝐸)

correspond to the spatial LDOS profile when

0° (𝐸)

is rotated 120°

and 240°respectively. As seen in Figure 4-10 (b), when the wavefunctions are delocalized
near the filled valence flat band energies (Vb = -36 — -32 mV), their anisotropy is
comparable to the anisotropy of the topography image (Figure 4-9 (b)), which is 2.94%. In
contrast, the anisotropies for the partially filled conduction flat band wavefunctions are
much larger. To quantify how centered the wavefunctions are at the AA site, we define the
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radial distribution by averaging the LDOS over a circle at each radial distance from the
center of the AA site, then normalized so that the summation over the full unit cell is 1.
Figure 4-10 (c) shows the radial distribution of the wavefunctions, gray area means that
the LDOS maps are not available in Figure 4-10 (a). Here the delocalized wavefunctions
show uniform distribution, while the unoccupied valence flat band states (Vb = 1 — 5mV)
are gradually shifted away from the AA sites. To quantify the overall localization of the
wavefunctions, we plot in Figure 4-10 (d) a histogram at each bias voltage of the
normalized LDOS for each wavefunction in Figure 4-10 (a), together with the STS
spectroscopy taken at the center of the AA site plotted against the right axis. When the
histogram is more concentrated as a function of LDOS, the wavefunction is more uniform
or delocalized, because most pixels in the image have the same intensity. When the
histogram has a broader distribution of LDOS values, there is more contrast in the image,
which means more contrast or more localization. Figure 4-10 (d) shows that the filled
valence flat band states are strongly delocalized, while the partially filled conduction flat
band states are still localized.

Figure 4-11 (a) LDOS maps at different energies for ν = 0. (b)Anisotropy extracted from
(a) as a function of bias voltage. (c) Radial distribution extracted from (a) as a function of
bias voltage. (d) Color plot plotted against left axis: histogram of (a), black curve plotted
against right axis: STS spectroscopy on the center of AA site.
The same analysis is applied for ν = 0, 2, 3, 4 and -4 and shown from Figure 4-11 to
Figure 4-15. For ν = 0, 4 and -4, the wavefunctions are always localized on the AA sites.
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For ν = 2 and 3, the filled valence flat band is delocalized, consistent with our findings in
Figure 4-9. The partially filled conduction flat band is still localized on AA for ν = 2 but
localized on a different location for ν = 3. Due to tip-induced band bending, all flat band
energies are below the Fermi level for ν = 3. However, their wavefunctions still show
similar behavior as the wavefunctions for ν = 1.

Figure 4-12 (a) LDOS maps at different energies for ν = 2. (b)Anisotropy extracted from
(a) as a function of bias voltage. (c) Radial distribution extracted from (a) as a function of
bias voltage. (d) Color plot plotted against left axis: histogram of (a), black curve plotted
against right axis: STS spectroscopy on the center of AA site.
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Figure 4-13 (a) LDOS maps at different energies for ν = 3. (b)Anisotropy extracted from
(a) as a function of bias voltage. (c) Radial distribution extracted from (a) as a function of
bias voltage. (d) Color plot plotted against left axis: histogram of (a), black curve plotted
against right axis: STS spectroscopy on the center of AA site.

Figure 4-14 (a) LDOS maps at different energies for ν = 4. (b)Anisotropy extracted from
(a) as a function of bias voltage. (c) Radial distribution extracted from (a) as a function of
bias voltage. (d) Color plot plotted against left axis: histogram of (a), black curve plotted
against right axis: STS spectroscopy on the center of AA site.
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Figure 4-15 (a) LDOS maps at different energies for ν = -4. ((b)Anisotropy extracted from
(a) as a function of bias voltage. (c) Radial distribution extracted from (a) as a function of
bias voltage. (d) Color plot plotted against left axis: histogram of (a), black curve plotted
against right axis: STS spectroscopy on the center of AA site.

4.5 Conclusions
In summary, we have shown that the wavefunctions of the insulating state at CNP is
consistent with stripe charge order [106]. The insulating states at ν = 1 and ν = 2 have
distinct wavefunctions, their lower valence band wavefunctions are delocalized while their
conduction band wavefunctions are localized on different sites. The coherent-driven
broken symmetry states that we have observed are consistent with transport
measurements [2,3,108–110] and previous STM studies [106,107,113,114] but highlight
the intrinsic difference between the correlated insulating states at different commensurate
fillings, which was not discovered previously. By direct measurement of the LDOS maps
and the localization of these wavefunctions, we visualized the spatial dependence of the
flat band wavefunctions as a function of doping level, providing a deeper understanding
towards the nature of correlated states in MATBG at various commensurate fillings.
This work has been published in Physical Review Research [117].
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Chapter 5 Flat bands in twisted bilayer WSe2
5.1 Introduction
The formation of moirésuperlattices between two layers of van der Waals materials,
with either a twist angle or lattice mismatch between them can dramatically alter the band
structure and hence their electronic properties [2,3,5,106,107,113,114,118–125]. Novel
electronic states, such as replica Dirac cones and the Hofstadter butterfly pattern have been
observed in graphene/hexagonal boron nitride (hBN) heterostructures [5,120–122]. In a
certain range of small twist angles, the folding of the band structure into a mini-Brillouin
zone can form flat bands, giving rise to the localization of electronic states and the
enhancement of electron-electron interactions [8,126–130]. When the Coulomb potential
surpasses the kinetic energy of the band electrons, strong correlated states such as Mott
insulators, or unconventional superconductivity can arise from the flat bands. Recent
transport experiments revealed these states for both magic-angle twisted bilayer
graphene [2,3].
Apart from graphene-based moiré superlattices, twisted bilayer transition metal
dichalcogenides (tTMDs) are also predicted to host flat bands at small twist angles for both
homobilayers [126,127] and heterobilayers [128,131]. Furthermore, theoretical studies
show that owing to the tight confinement of Wannier orbital states in the low energy bands
of tTMDs, they can more accurately simulate the Hubbard model [128] compared to the
case of magic-angle twisted bilayer graphene [88,132]. In contrast to twisted bilayer
graphene, where the flat bands only form within ±0.2° around a magic angle [87], in
tTMDs flat bands are predicted to form over a wide range of angles and their band width
monotonically decreases with the twist angle close to 0°and 60°rotation [126], which
allows a more versatile platform for the design of flat band devices and wider control of
model parameters. Lastly, the spin-valley locking in TMDs leads to a peculiar, electricfield induced transition from trivial to topological insulator between the lowest moirébands
in tTMDs, at small ~2°twist angles [127].
In tTMDs, 0°(AA) rotation has broken inversion symmetry while 60°(AB) rotation has
inversion symmetry unlike twisted bilayer graphene which has 60°symmetry such that
these twist angles are identical giving an additional degree of control. For heterobilayer
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TMDs, recent scanning tunneling experiments have shown quantum-confined states related
to the sharp peaks around band edges for aligned MoS2-WSe2 heterobilayers [118]. For
homobilayer TMDs, optical studies have shown band gap variations due to stacking
effects [133] in twisted bilayer MoS2 [134–136]. However, a direct measurement of moiré
flat bands and localized states in the long moiré wavelength regime (0° < θ ≤ 7° or 52° ≤ θ
< 60°) for tTMDs have not been performed yet. In this study we present local
characterization of 3° and 57.5° twisted bilayer WSe2 (tWSe2) via scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy (STS). We observe spectroscopic
signatures of a flat band around the valence band edge for both angles, and directly image
the localized nature of this flat band.

5.2 Experiments
5.2.1 Experiment setup and topography images
An optical image of the 3°device and a schematic of our experimental setup are shown
in Figure 5-1a, b. The tWSe2 sits on a bilayer graphene flake to provide a conducting
substrate for collecting the tunneling current from the STM tip. A hBN flake partially
covers the tWSe2 in order to clamp it down and prevent it from rotating from the designed
twist angle. The 57.5°tWSe2 device was fabricated by a similar fashion as the 3°tWSe2
device, Figure 5-2a shows an optical image of the completed device. Figure 5-2b shows
the STM topography image of the 57.5°tWSe2 moiréarea. Figure 5-1c shows the STM
topography of the 3°sample, both a graphene-hBN moiré(𝜆 ≈ 11 nm) and the tWSe2 moiré
(𝜆 ≈ 6 nm) are visible.
The high symmetry points are labeled as AA, BW/Se, BSe/W and Br, where AA means
eclipsed stacking with W atom over W atom, Se atom over Se atom; BW/Se means staggered
stacking with W over Se; BSe/W means staggered stacking with Se over W; Br means the
bridge that connects neighboring AA sites.

The location assignment of the stacking

configurations is based on topographic and spectroscopic data along with theory
calculations [126,133]. Figure 5-1e and Figure 5-2c illustrates the top view and the side
view of the different high symmetry stackings that are identified in the tWSe2 superlattice
for the two devices.
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Figure 5-1 Stacking configurations of the 3° tWSe2 device. a, Optical image of the
measured device. Blue and gray dashed lines highlight the hBN and bilayer graphene flakes,
red dashed lines mark the tWSe2 region. b, Schematic of the STM setup on the tWSe2
device. c, Atomic-resolution STM topography on the 3°tWSe2 sample, probed at fixed
bias voltage Vbias = -2.5 V and current I = 100 pA. d, A zoomed-in view of panel c with
the graphene-hBN moiréfiltered out. e, Illustration of the different stacking configurations:
AA, BW/Se, BSe/W. The blue and cyan colors denote the W atoms, while pink and yellow
denote the Se atoms in the two layers.
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Figure 5-2 Stacking configuration of the 57.5°tWSe2 device. a, Optical image of the 57.5°
device. Blue and gray dashed lines highlight the hBN and bilayer flakes, red dashed lines
mark the tWSe2 region. b, Atomic-resolution STM topography on the 57.5°tWSe2 sample,
probed at fixed bias voltage of Vbias = 3 V and current I = 100 pA. c, Illustration of the
different stacking configurations: BSe/Se, BW/W and AB. The blue and cyan colors denote
the W atoms, while pink and yellow denote the Se atoms in the two layers.

5.1.2 Determination of local twist angle and strain
The graphene-hBN moiré in the 3°device arises from the bilayer graphene and the
bottom hBN having only a small twist angle between them. In order to extract the precise
local twist angle and identify the different stacking configurations of the tWSe2, we filtered
out the graphene-hBN moiréwith a low-pass filter in Figure 5-1d. To do this, we apply a
spatial short-pass filter by removing all the features with wavelength longer than 9.5 nm
from the Fourier transform of the topography image. Figure 5-3a is the original STM
topography taken with a setpoint voltage of Vbias = -2.5 V and current of I = 100 pA. We
have performed an FFT on this image to obtain the wavevectors present in the image and
the results are displayed in Figure 5-3b. The resulting FFT is filtered to remove the long
wavelength components which occur at the center of the image as shown by the black circle
in Figure 5-3c. The inverse Fourier transform then leads to the image shown in Figure
5-3d, which contains only the moirépattern from the tWSe2.
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Figure 5-3 Filtering of the topography. a, Atomic-resolution STM topography on the 3°
tWSe2 sample, with a fixed bias voltage Vbias = -2.5 V and set current I = 100 pA. b, Fourier
transform of panel a. c, Filtered Fourier transform, black area at the center indicates the
components being removed. d, Topography image after the short-pass filter was applied,
white dashed lines indicate the distance between nearest-neighbor AA sites in 3 different
directions.
To determine the local twist angle and strain of the tWSe2, we first fit the 3 nearest AA
sites with Gaussian functions to obtain the coordinates of their centers and thus the shortest
distance between them (L1, L2, L3). Then we follow a uniaxial heterostrain model [107]
to express L1, L2 and L3 by:
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Where k is reciprocal wavevector of the unstrained WSe2 lattice, θT is the twist angle
between the two layers of WSe2, θS is the angle between the direction of applied strain and
the direction of one of the WSe2 crystal lattice, ε is the strain percentage, 𝛿 is the Poisson
ratio of WSe2 (estimated [137] to be 0.19). We numerically solve for the three unknown
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optimization parameters θT, θS, and ε that best fit the experimentally measured moiré
wavelengths L1, L2 and L3.
For the 3°tWSe2 device, by using Fig. ED2d we obtained L1 = 6.51 nm, L2 = 6.46 nm,
L3 = 6.05 nm giving values of θT = 3.00°, θS = 17.74°, ε = 0.42%. The twist angle is exactly
as we have designed, the strain percentage is in agreement with the theory calculation [126]
for a relaxed moirélattice.
For the 57.5°tWSe2 device, there is no long wavelength graphene-hBN moirépresent
in the topography image thus we do not need to use the low-pass filter. From Fig. ED1b
we obtained L1 = 7.37 nm, L2 = 7.34 nm, L3 = 7.12 nm giving values of θT = 57.50°, θS =
17.72°, ε = 0.16%.

5.2.3 Sample fabrication and uniform moirépattern
Our tWSe2 sample was fabricated by sequential pickup steps using a hemispherical
handle substrate with rotational control. Starting with a large single grain monolayer WSe2
trimmed into two separate sections by plasma etching, we sequentially picked up the two
sections using a bilayer graphene-hBN heterostructure attached to the hemispherical handle,
with the bilayer graphene in direct contact to tWSe2. Between the first, and second WSe2
section pick-up, the substrate was rotated by 3°or 57.5°to create the tWSe2. Another hBN
flake partially covering the tWSe2 was subsequently picked up in order to clamp the tWSe2
down and prevent rotation from the designed twist angle. The stacking structure was then
placed on a SiO2/Si substrate with tWSe2 and hBN clamp on top. Metal electrodes were
defined and deposited with Ni/Au to complete the device. This van der Waals stacking
procedure produced a nearly uniform moiréacross the entire sample (several microns),
with only small patches (<100 nm by 100 nm) of different twist angle area.
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Figure 5-4 a, Topography of the 3°tWSe2 area, with a fixed bias voltage Vbias = -2.5 V and
set current I = 100 pA. b, Fourier transform of a, showing both the 6nm WSe2-WSe2 moiré
and 11nm graphene-hBN moiré. c, Topography of the 2.3°tWSe2 area, with a set bias
voltage Vbias = -1.2 V and set current I = 100 pA.
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5.2 Tunneling spectroscopy
5.2.1 Spectroscopy of the 3°tWSe2 device
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Figure 5-5 dI/dV spectra on the 4 high symmetry points for the 3°tWSe2. a, Constant height
mode dI/dV vs. bias voltage data, acquired at I =100 pA, probing states in both conduction
and valence band. b, Constant current mode dI/dV vs. bias voltage, acquired at I =10 pA,
probing states in the valence band. c, Constant current dI/dV vs. bias voltage data measured
at the AA point (black), along with fitting functions (red). d, Bias voltage values at fitted
peak positions at the four high symmetry points. e, Schematic of the band structure of AA
stacked WSe2 with all of the measured band extrema labeled. f, A zoom-in plot of d around
the valence band edge.
Figure 5-5a shows the constant height STS measurements of the local density of states
(LDOS) of the 3°device taken on the 4 different high symmetry sites shown in Figure 5-1d.
For each of these measurements the tip height was stabilized at a bias voltage of -2.4 V and

82
tunnel current of 100 pA. Then the feedback circuit was switched off, a small ac voltage
(10 mV) was applied to the bias voltage and the differential conductance dI/dV was
measured as a function of bias voltage using lock-in detection. The constant height dI/dV
shows a band gap of 2.2 eV for the AA site and 2.1 eV for all the other sites, an energy
difference which is mainly contributed by a valence band edge shift of approximately 80
meV. While the constant height dI/dV can accurately measure the LDOS around the Γpoint in the center of the Brillouin zone, it fails to detect other states with a large parallel
momentum, such as the states that near the K-point [138]. This can be overcome by
employing a constant current spectroscopy method, where the tip height is adjusted by a
feedback loop when the effective tunnel barrier changes due to higher parallel momentum.
Figure 5-5b shows the constant current STS measurements of the critical points in the
valence band for the four high symmetry sites. For all of these measurements the tunnel
current was fixed at 10 pA, and the differential conductance was measured. While the peak
at -1.9 V aligned well for all the locations, the features around the band edge shows
significant location dependence. The most striking feature are the sharp peaks present at
the BW/Se, BSe/W and bridge sites, indicating evidence of flat bands in this type of system as
predicted by theory [126,127].
Figure 5-5e is a schematic band diagram of AA stacked WSe2 that labels the band
extrema that are probed with our STS measurements. For each dI/dV curve there are a set
of 3 closely spaced peaks between -1.0 V and -1.2 V and another isolated peak near -1.9
V. We first notice that the Γv point for the AA site is shifted down by about 0.2 V compared
with other high symmetry sites, which is consistent with the constant height dI/dV
measurements. Other bands only show small shifts between different stackings. There is
also a small splitting between the first two Q points in the conduction band and a bigger
splitting between the first two K points in the valence band. These splittings are due to the
lack of inversion symmetry of the sample, since the in-plane dipole momentum of the top
and bottom layers of WSe2 are almost parallel to each other. We note that such a splitting
is not present in the inversion symmetric 2H-stacked bilayer WSe2 where the in-plane
dipole momentum of the two layers are anti-parallel [139]. The observed spin-orbitinduced splitting (∆𝑠𝑜 ≈ 130 meV) in 3°tWSe2 is much smaller than the calculated spinorbit splitting in a pure AA stacked bilayer WSe2 (∆𝑠𝑜 ≈ 400mV) [126], this is because the
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formation of a moirésuperlattice folds the band structure into a mini-Brillouin zone thus
bringing the bands closer together.
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Figure 5-6 Line cut dI/dV spectra of the 3°device. a, Illustration of the line along where
the dI/dV spectra was taken. b, Constant current dI/dV spectra line cut, acquired at I = 10
pA. The dashed vertical lines label the location of high symmetry sites.
To further study the location dependence of the critical points, we perform spatially
resolved tunneling spectroscopy at constant current along a line (indicated in Fig. 3a)
crossing all the high symmetry points. There are a set of states located between -1.0 V and
-1.4 V that evolve with position as seen in Fig. 3b. The continuous shift of the Γv point
resembles the smooth transition between the high symmetry points in the MSL. The sharp
peak around -1.1 V due to the presence of the flat band shows only a slight spatial variation
within the AB-Br-BA region, comparable to the small variation of the Kv and the Γ2 points.
In contrast, this sharp peak is almost completely missing on the AA sites, indicating that
the flat band is localized on the AB-Br-BA region and away from the AA sites.

5.2.2 (dI/dV)I and (dZ/dV)I fitting details
To better identify the locations of the critical points at different high symmetry sites, we
fit each constant current dI/dV curve with Lorentzian functions (see Figure 5-5c for an
example at the AA site and Figure 5-7), and compare their peak positions in Figure 5-5d.
The details of the fittings are shown in Figure 5-7a and Figure 5-8a for the valence band
and the conduction band respectively. For each of the valence band curves, we have fit the
spectra with four Lorentzian functions corresponding to the two upper most band edges at
the K and  points. For the conduction band, we have used three Lorentzian functions for
the lowest two band edges at the Q point and the lowest band at the K point. The middle
panel shows the measured data (solid black curves) and the fitted curves (dashed red
curves), the dashed green line shows a constant background from the fit. The top panel
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shows the fit residual, defined as the difference between the measured data and fitted curve.
The Lorentzian fit curves for each individual peak are shown in the bottom panel.

Figure 5-7 Fitting of the spectroscopies for the valence band. a, (dI/dV)I fittings for 4
different high symmetry sites, top panel shows the fitting residuals; middle panel shows
the the measured curve (solid black line), fitted curve (dashed red line), and the back
ground of the fitting (dashed green line); bottom panel shows the individual fit curves for
each of the peaks. b, same as a except using the (dZ/dV)I measurements.

Figure 5-8 Fitting of the spectroscopies for the conduction band. a, (dI/dV)I fittings for 4
different high symmetry sites, top panel shows the fitting residuals; middle panel shows
the measured curve (solid black line), the fitted curve (dashed red line), and the back
ground of the fitting (dashed green line); bottom panel shows the individual fit curves for
each of the peaks. b, same as a except using the (dZ/dV)I measurements.
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Figure 5-9 a, Bias voltage values of band edges from (dZ/dV)I data at the four high
symmetry points (left panel). and a zoom-in plot around the valence band edge (right panel).
b, Schematic of the band diagram of BW/Se/BSe/W stacked WSe2 with the band extrema
labeled. c, A zoom-in plot of a around the valence band edge.
An alternate way of identifying the band edges is (dZ/dV)I measurements, where the
height signal as the input of the lock-in and dZ/dV is measured with the current feedback
engaged. As the bias voltage is changed through a band edge, the density of states of the
sample abruptly changes. With the feedback engaged, the tip must move to maintain the
same tunnel current and therefore this is a peak in (dZ/dV)I at the band edge. For all the
(dZ/dV)I measurements, the tunneling current was fixed at 10 pA and a 10 mV ac voltage
was applied to the bias voltage. Following the same method as we did with the (dI/dV) I
data, we fitted the (dZ/dV)I data with Lorentzian functions. The details of the fittings are
shown in Figure 5-7b and Figure 5-8b. Note that here we use a linear background to
compensate for the Z movement due to the changing bias voltage. We plot the fitted peak
locations versus high symmetry sites in Figure 5-9, the position of the band edges and the
energy separations between them are in excellent agreement with Figure 5-5 obtained from
(dI/dV)I measurements.
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5.2.3 Point Spectroscopy of the 57.5°tWSe2 device
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Figure 5-10 dI/dV spectra on the 4 high symmetry points for the 57.5°tWSe2. a and c
Constant height mode dI/dV vs. bias voltage for the valence band and conduction band
respectively, acquired at I =100 pA. b and d, Constant current mode dI/dV vs. bias voltage
for the valence band and conduction band respectively, acquired at I = 50 pA.
For the 57.5°tWSe2 device, similar band edge shifts between different high symmetry
stackings can also be observed in the constant height spectroscopy, as shown in Figure
5-10a and Figure 5-10b. For the constant current spectroscopy in Figure 5-10c, multiple
sharp peaks around the valence band edge can be seen for the AB and Br sites, indicating
that the flat bands are localized in the triangular region centered around the AB site. The
structure of the spectroscopy of the 57.5°device is much more complicated due to the
existence of multiple flat bands. This leads to the spectroscopy being very sensitive to the
location within the unit cell. It is hard to identify the edge of the main bands using curve
fitting as we did for the 3°tWSe2 device. Different from the 3°tWSe2, one of the sharp
peaks in the constant current spectroscopy is also evident in the constant height
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spectroscopy. This is due to a smaller band width of the flat bands in the 57.5°tWSe2 than
the 3°tWSe2, as predicted by theory [126].

5.2.4 Decay constant measurements and the assignment of band edges

Figure 5-11 Decay constant as a function of bias voltage at the high symmetry points for
a, the valence band and b, the conduction band.
Previously we have mentioned that for (dI/dV)z it is difficult to detect states with a large
parallel momentum, because the effective tunneling decay constant κ can be expressed
by [72]:

𝜅=√

2𝑚𝜙
+ 𝑘∥ 2
2
ℏ

(5-4)

where m is the effective mass of the electrons, 𝜙 is the effective work function for the STM
junction, ℏ is the reduced Planck constant, and 𝑘∥ is the parallel momentum. Measuring
the decay constants for different states allows them to be assigned to different band edges
in momentum space. We measure the decay constant by directly measuring I(Z) where Z
is the tip-sample separation. For each bias voltage the tip was first stabilized with a current
setpoint of 10 pA, then the tip was gradually retracted by 5 Å while recording the current.
The tunnel current exponentially depends on tip-sample separation ∝ 𝑒 −2𝜅𝑍 , allowing for
the decay constant to be extracted. By fitting each I(Z) curve with an exponential function,
we obtain the decay constant κ as a function of bias voltage, as shown in Figure 5-11.
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For the valence band (Figure 5-11a), there is a small dip around -1.9 V for all 4 high
symmetry sites, indicating this state is at the Γ point in momentum space. At the valence
band edge, on BW/Se, Br and BSe/W sites there is a big dip along with two small peaks on
both sides of the minimum, indicating the momentum space locations of the three states
near the valence band edge are ordered as K-Γ-K. On the AA site, the decay constant starts
to drop at -1.4 V as the bias voltage is getting closer to the band edge, while for other sites
the decay constant starts to drop at -1.2 V, indicating that the state at Γv is shifted down in
energy on AA site. Thus, we assign the highest three states in the valence band on AA site
as K-K-Γ.
For the conduction band (Figure 5-11b), there is a dip around 1.0 V on all 4 high
symmetry sites. We assign this state to the Q point because it has lower momentum than
the K point, while the Γ point for the conduction band is located at much higher
energy [126,138]. The state that is around 1.3 V has no clear features in our decay constant
measurements, this is because the K point and M* point (defined as the midpoint between
Γ point and the M point) in the conduction band are almost degenerate in energy [126],
their contribution to the decay constant partially cancel each other. Thus, we assign the
state around 1.3 V as KC + M*C and label it as just KC for simplicity. The energy differences
between our assigned band edges within the conduction band or valence band agrees well
with the theory calculation [126].
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5.2.5 Gate tunability
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Figure 5-12 Gate dependent spectroscopy taken on the AA site of a 5.5°twisted bilayer
WSe2 on bilayer graphene device.
Previous STM studies of transition metal dichalcogenides (TMDs) have shown that for
the current to tunnel from the STM tip through the TMDs to an electrode requires a
conducting substrate directly under the TMD [72,118,138,140]. In our device, we have
bilayer graphene below the WSe2 flake and above the bottom hBN flake to collect tunneling
current from the tip. Since the bilayer graphene is gate tunable and very thin in thickness,
it is possible to dope the WSe2 with our device structure. Figure 5-12 shows the gate
dependent spectroscopy of a 5.5°twisted bilayer WSe2 on bilayer graphene device, where
the gate voltage is applied to the Si substrate under the hBN. The device was made using
the same fabrication procedures as the device shown in the main text. It can be seen that
the band edges move approximately 2 mV per volt on the back gate. However, the band
edges are far away from the Fermi level. Thus, our current device structure has limited
gate tunability and thus it is not possible to tune the valence band edge to the Fermi level
with this device structure.

5.2.6 The effect of ac modulation voltage on dI/dV measurements
To illustrate the energy resolution of our spectroscopy measurements, we perform both
constant current and constant height dI/dV measurements on the AB site of the 57.5°tWSe2
device, as shown in Figure 5-13. For the constant current spectra, ac modulation voltages
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up to 10 mV do not change the spectra. In particular, they do not widen the peaks near the
band edge. For the constant height spectroscopy, the ac modulation does produce a slight
broadening of the features. However, a lower modulation voltage results in a lower signalto-noise ratio making it difficult to identify features in the spectroscopy. The flat band
assignments in the main text have been made using constant current spectroscopy and
LDOS maps and therefore we have used a 10 mV ac modulation throughout for consistency
as this does not affect those measurements.

Figure 5-13 a, b, Constant current and constant height spectra on the AB site of the 57.5°
device with different modulation voltages.

5.3 Density of states maps
5.3.1 Density of states maps of the 3°tWSe2 device
c

b

a
Br

BSe/W AA

Br

Br

BW/Se

4nm

-1.1V Flat Band

BSe/WAA BW/Se

BSe/WAA BW/Se

4nm

4nm

-1.4V ΓV

-1.8V Γ2

Figure 5-14 Spatially resolved LDOS at different energy. a, LDOS maps at the flat band
energy (Vbias = -1.1 V), acquired at I = 10 pA. b and c, LDOS maps at the Γ energies that
are away from the flat band (Vbias = -1.4 V and -1.8 V respectively), acquired at I = 10 pA.
The spectroscopy measurements showed sharp peaks at the BW/Se and BSe/W sites and to
verify the localization of the flat band wave function at these locations, we measured the
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LDOS as a function of bias voltage. Figure 5-14a is the LDOS map at the flat band energy,
in excellent agreement with the predicted wave function of the flat band for a relaxed (ε ≥
0.3%) moirésuperlattice [126], it features a conductive hexagon enclosing the insulating
AA region. On the other hand, LDOS maps at energies away from the flat band (Figure
5-14 b, c) show the AA regions as triangular bright spots indicating that at these energies
the electrons are at the center of the unit cell. The energies in Figure 5-14b and Figure
5-14c correspond to the top of the first and second valence band at the Γ point. Extended
Data Fig. 3 contains additional LDOS images for all of the band edges, the peaks in the
local density of states occurs on different sites for different energies, due to band edge
variations between the different stacking orders. None of these images show the hexagonal
network appearance seen for the flat band energy, indicating that the wavefunction of the
flat band is distinctively different from the ordinary wavefunctions that arise from the
moirépattern.
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Figure 5-15 Local density of states maps at different energies for the 3°tWSe2 device. a,
Lowest energy band at Q in the conduction band. b, Second band at Q in the conduction
band. c, Lowest band at K in the conduction band. d, Highest band at K in the valence band.
e, second highest band at K in the valence band.
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5.3.2 Spatial variation of the flat bands in the 57.5°tWSe2 device
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Figure 5-16 Spatially dependent spectroscopy of the 57.5°tWSe2 device. a, Topography
image with illustration of the line along where the dI/dV spectra was taken. High symmetry
locations are marked as AB, BW/W and BSe/Se where AB corresponds to direct stacking with
W over Se and Se over W, BW/W corresponds to staggered stacking with W over W and
BSe/Se corresponds to staggered stacking with Se over Se. b LDOS maps of the flat band,
acquired at Vbias = -1.09 V, I = 50 pA. c, Line cut showing constant current dI/dV spectra,
acquired at I = 50 pA.
Unlike the case of twisted bilayer graphene, where rotations by even or odd multiples of
60°yield the same moirépattern and band structure, a rotation by an odd multiple of 60°
leads to a distinct moirépattern and energy bands in tWSe2. We perform spatially resolved
tunneling spectroscopy at constant current along a line (indicated in Figure 5-16a) crossing
all the high symmetry points. There are a set of states located between -1.1 V and -1.4 V
that evolve with position as seen in Figure 5-16c. The sharp peak around -1.1 V at the AB
site is due to the presence of a flat band. Different from the 3°case (Figure 5-6), this flat
band is isolated from other bands indicating a gap opening below the flat band energy,
consistent with theory calculation [126]. There are also multiple sharp peaks between -
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1.2V and -1.3V, these states are quantum confined states that originate from the triangular
potential and lower energy flat bands [141], similar to the aligned hetero-bilayer
tTMDs [118]. Figure 5-16b shows the density of states at the energy of the flat band
showing that the state is localized on the AB site unlike the 3°device which has the first
flat band localized on the hexagon enclosing the AA region. This difference between the
nature of the flat band wavefunctions for 3°, and 57.5°is due to differences in symmetry
caused by the stacking as predicted by theory [126].

5.5 Conclusions
Our spectroscopic measurements highlight the existence of moiré flat bands in long
wavelength tWSe2 originating from the highest valence band at the Γ point. In contrast to
magic-angle twisted bilayer graphene, where the filled flat bands are localized on the AA
sites [106,107,113,114], the filled flat band in 3°tWSe2 is localized on the hexagonal
network separating the AA sites, while the first flat band in 57.5°tWSe2 are localized on
the AB sites. Our results match well with theoretical predications [126], and open up the
possibility of probing flat bands in a vast family of small angle tTMDs. Future, gate-tunable
experiments could reveal the phenomenology of correlated states in these systems, such as
topological insulating states [127], when the flat bands are tuned to be partially filled.
This work has been published in Nature Physics [142].
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Chapter 6 Conclusions and future directions
In summary, we have studied correlated states in three different van der Waals
heterostructure systems. In the graphene/NbSe2 heterostructure, both the superconductivity
and charge density waves are induced in graphene, but not when a monolayer hBN is
inserted in between them. With a vertical magnetic field, the property of the proximitized
superconductivity was further explored. In the monolayer hBN on NbSe2 area, we have
also observed interesting energy-dependent wavelength distribution change of charge
density waves.

-8 mV

-13 mV

(b)

(a)

1nm-1

1nm-1

Figure 6-1 Fourier transforms of LDOS maps on the monolayer-hBN/NbSe2 area, taken
with a bias voltage of: (a) -8 mV (b) -13mV.

Figure 6-1 shows the Fourier transform images of LDOS maps on the monolayerhBN/NbSe2 area, the shape of charge density wave signal is different from that of NbSe2
and graphene/NbSe2, this might be related to the electron scattering process in hBN. The
signal we saw here is very small compared to that of NbSe2, making it hard to analyze.
Improving the signal to noise ratio or enhancing the strength of charge density waves might
be helpful for exploring this phenomenon further in the future. The dependence of
superconductivity on the twist angle between the graphene and NbSe2 is also an interesting
direction, as it has been proposed by recent theory calculations [69].
For the twisted bilayer WSe2 project, we have found that the flat bands exist near the
valence band edge for both the 3°and 57.5°twist angle devices. The localization nature of
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the wavefunctions for the flat bands is also in excellent agreement with theoretical
predictions. Since we used a bilayer graphene under the twisted bilayer WSe2 to collect the
current from the STM tip, gate dependent spectroscopy was not possible. Innovative device
geometry has just been proposed recently [143], making the gate tunability a promising
future direction. Moreover, the large family of transition metal dichalcogenides left
numerous combinations for exploring flat bands and correlated states in them.
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